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  Pref ace   

 Over the last three decades, the utilization of high-throughput screening (HTS) 
methodologies has led to an increase in the number of high-activity therapeutic 
compounds. In this modern age of drug discovery, improvements in laboratory auto-
mation, combinatorial chemistry, target identifi cation, and models of druggable tar-
gets have all contributed to a vast improvement in the quality of small molecule 
therapies. While HTS has produced an increased number of lead therapeutic candi-
dates coming out of drug discovery labs, many of these molecules are poorly water 
soluble, creating a new challenge for formulation scientists. 

 It is a central tenet to drug delivery that before a compound can elicit its designed 
therapeutic effect, it must fi rst be dissolved in physiological fl uids. A tendency 
toward larger molecular weight, lipophilic compounds in HTS efforts have resulted 
in the majority (over 80 %) of new compounds demonstrating poor aqueous solubil-
ity, ultimately resulting in classifi cation as either BCS class II or IV. While it might 
be possible to overcome poor solubility by simply increasing the drug dose, this 
approach is not only wasteful, but often results in high variability and potential 
toxicity. In response, formulation scientists have developed a number of strategies 
to improve drug solubility. These solubility enhancing approaches vary depending 
on the desired physicochemical properties, routes of delivery, and manufacturing 
resources and are highly dependent on the intrinsic properties of the active ingredi-
ent. This book is intended to combine and explain the extensive body of literature 
dedicated toward formulating poorly water soluble compounds. In this single, 
updated text, we have addressed a breadth of topics in the fi eld of pharmaceutical 
solubility enhancement and included chapters dedicated to characterization of phys-
iochemical properties, solid-state modifi cations, advanced formulation design, 
nonconventional process technologies, advanced analytical characterization, and 
specialized product performance analysis. In addition, the fi nal chapter discusses 
special considerations that must be taken from a regulatory perspective due to 
the novel and unconventional methods used in poorly soluble drug formulation. 

 In this second edition of our book, we have revised each chapter and added the 
latest innovations, from industry and academia, aimed toward enhancing the water 
solubility of drugs. Substantial updates have been considered and added to each 
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chapter to ensure that this text gives state-the-art applications at the time of publica-
tion. In Chap.   1    , route-specifi c challenges in oral, parenteral, and pulmonary deliv-
ery are described with added sections for consideration of alternative routes such as 
ocular and nasal delivery. Approaches to formulation optimization are outlined in 
Chap.   2     and features expanded discussion of Flory-Huggins theory as well as the 
latest techniques for characterization of amorphous material. Chapter   3     discusses 
solid-state approaches (which covers salts, co-crystals, metastable polymorphs, and 
amorphous forms) with a more in-depth discussion of co-crystal preparation. 
Mechanical particle size reduction is a well-established approach for solubility 
enhancement and is described in Chap.   4     with added coverage of novel combination 
of top-down/bottom-up technologies. 

 In our fi fth chapter, the authors focus on solubilized formulation using co- 
solvents and complexation. Here, a more thorough focus has been placed on the 
utility and characterization of cyclodextrins and their extensive use in commercial-
ized formulations. Signifi cant updates have been made to Chap.   6     covering inject-
able formulations, including an expansion of sections describing disperse systems 
of emulsions, liposomes, micelles, and nanosuspensions, as well as consideration of 
intrathecal and intra-articular routes. Chapter   7     reviews lipid-based approaches for 
solubility enhancement and has been comprehensively updated to include recent 
thoughts from relevant academic-industrial consortia as well as lipid solidifi cation 
techniques. An overview of amorphous systems is provided in Chap.   8     and contains 
increased focus on considerations for choosing spray drying and hot melt extrusion 
as well as methods for prediction of phase diagrams. In Chap.   9    , melt extrusion 
discussion has been updated with new information regarding extrudate character-
ization as well as process scale-up. With the increasing application of spray drying 
for solubility enhancement, the authors of Chap.   10     have added examples from 
industry and academia published in the past three years that focus on the production 
of amorphous solid dispersions. Chapter   11     describes particle engineering 
approaches involving cryogenic technology and has been updated with new applica-
tions of spray freeze drying and thin fi lm freezing for oral and non-oral routes. 
Advancements in particle engineering via controlled precipitation and supercritical 
fl uid precipitation are described in Chap.   12    ; the chapter has been updated with 
recent improvements in this rapidly developing fi eld. Emerging technologies such 
as Kinetisol ® , drug-loaded mesoporous carriers, and co-amorphous drug-drug mix-
tures have also seen extensive new work in recent years, which is reviewed in 
Chap.   13     of this edition. To coincide with new progressing and analytical technol-
ogy, Chap.   14     provides an update of the regulatory outlook from the perspective of 
the FDA on poorly soluble compound formulation. In each of these chapters, our 
authors have included updated methodologies, applications, and marketed success 
stories in each of their respective fi elds. While drug delivery technology is advanc-
ing at an increasingly rapid rate, our hope is that this edition serves as the preferred 
reference that formulation scientists use over the next several years. 

 In healthcare today, patients are continuing to benefi t from improvements in drug 
discovery through compounds with improved target affi nity and reduced off-target 
effects. New phenotypic discovery processes have led to several fi rst-in-class 
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therapies; however, without simultaneous advances in formulation technology, 
many of these breakthrough compounds would not have made it to market. Allowing 
developers to consider poorly soluble compounds as a feasible lead candidate, 
rather than a more soluble but less active counterpart, has played a major role in 
bringing many breakthrough therapies to the clinic. At the time of the publication of 
the fi rst edition of this book in 2012, ivacaftor, a small molecule breakthrough ther-
apy in Cystic Fibrosis (CF), was newly approved by the FDA. Its discovery is the 
result of over 20 years of genetics research and application of HTS techniques. 
Often overlooked, however, is the fact that ivacaftor too is a poorly water-soluble 
compound, having single-digit bioavailability without specialized formulation. It 
was the eventual production of ivacaftor as a stabilized amorphous dosage (covered 
in Chap.   10     of this book) that enabled its development and ultimate approval for the 
treatment of CF. Improvement of oral bioavailability was particularly important in 
this patient population giving the GI absorption defi ciency inherent in CF. Ivacaftor 
has led the way in a new class of disease augmenting compounds in CF and has been 
a seminal moment in the history of CF treatment. This case is merely one example 
of hundreds provided in this text that describes the utilization of formulation exper-
tise to enable delivery of poorly soluble compounds. In this updated edition, we aim 
to be a resource for educating current and future scientists on both the established 
and emerging formulation approaches for poorly soluble medicines that will ulti-
mately enable continued improvement of drug therapy. 

 The editors would like to thank all authors, both of this second edition and the 
prior edition, for their efforts and willingness to share their expertise with their fel-
low pharmaceutical scientists.  

  Austin, TX, USA     Robert     O.     Williams     III   
 Austin, TX, USA     Alan     B.     Watts    
 Georgetown, TX, USA     Dave     A.     Miller     
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Chapter 1
Route-Specific Challenges in the Delivery 
of Poorly Water-Soluble Drugs

Zachary Warnken, Hugh D.C. Smyth, and Robert O. Williams III

Abstract Poor aqueous solubility of new chemical entities presents various chal-
lenges in the development of effective drug-delivery systems for various delivery 
routes. Poorly soluble drugs that are delivered orally commonly result in low bio-
availability and are subject to considerable food effects. In addition, poorly soluble 
drugs intended for parenteral delivery generally have to be solubilized with large 
amounts of co-solvents and surfactants, oftentimes resulting in adverse physiologi-
cal reactions. Ocular delivery of poorly soluble drugs is challenging due to the 
absorption barriers and clearance mechanisms. Poorly soluble drugs administered 
nasally are limited by a relatively small administered volume, the geometry of the 
nasal cavity and the strict safety requirements of the excipients used in the formula-
tion. Finally, successful formulation design of poorly soluble drugs intended for 
pulmonary administration is hindered by the limited number of excipients generally 
recognized as safe for this route of delivery and the anatomical and physiological 
clearance mechanisms found in the airways. In summary, this chapter reviews the 
specific challenges faced in the delivery of poorly water-soluble drugs via oral, 
parenteral, and pulmonary administration.

Keywords Oral • Parenteral • Pulmonary administration • Aqueous solubility • 
Food effects • Metabolism • Biopharmaceutics Drug Disposition Classification 
System (BDDCS)

1.1  Introduction

Adequate aqueous solubility of new chemical entities (NCEs) is one of the key 
properties required for successful pharmaceutical formulation development. 
Solubility is generally defined as the concentration of the compound in a 
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solution which is in contact with an excess amount of the solid compound when 
the concentration and the solid form do not change over time (Sugano et al. 
2007). Solubility is closely related to dissolution which is a kinetic process that 
involves the detachment of drug molecules from the solid surface and subse-
quent diffusion across the diffusion layer surrounding the solid surface. The 
relationship of solubility and dissolution rate is described by the Nernst–
Brunner/Noyes–Whitney equation:

 

d

d
,

M

t

D A

h
c cs t= -( )

 

where dM/dt is the dissolution rate, D the diffusion coefficient, A the surface 
area, h the diffusion layer thickness, cs the saturation solubility of the drug in the 
bulk medium, and ct the amount of drug in solution at time t (Noyes and Whitney 
1897; Nernst 1904). The use of high-throughput screening and combinatorial 
chemistry for the development of NCEs has resulted in an increasingly number 
of compounds that are characterized by low aqueous solubility (Lipinski 2000). 
From the Nernst–Brunner/Noyes–Whitney equation, it is evident that com-
pounds characterized by low solubility (cs) will only establish a small concen-
tration gradient (cs−ct), resulting in low dissolution rates. This, in turn, causes 
many problems in vivo when poorly soluble drugs are administered via various 
routes of administration. Poorly soluble drugs that are delivered orally com-
monly result in low bioavailability and high intersubject variability. Additionally, 
poorly soluble compounds are known to have a higher predisposition for inter-
action with food resulting in high fast/fed variability (Gu et al. 2007). In order 
to make low solubility drugs available for intravenous administration, they gen-
erally have to be solubilized employing large amounts of cosolvents and surfac-
tants. Problems often arise from the fact that these excipients may not be well 
tolerated, potentially causing hemolysis and/or hypersensitivity reactions 
(Yalkowsky et al. 1998). In addition, there is the risk of drug precipitation upon 
injection due to the subsequent dilution of the solubilized formulation. 
Depending on the intended target tissue, ocular delivery may be accomplished 
utilizing various dosage forms, from topical eye drops to more invasive intra-
ocular injections. Anatomical features of the eye form barriers for drug absorp-
tion into the eye. Additionally, clearance mechanisms on the surface and inside 
the eye add challenges to effective drug delivery. Poorly soluble drugs delivered 
nasally are limited by the small deliverable volumes, nasal mucosal irritation 
and relatively short retention times for absorption. Finally, formulation design 
of poorly soluble drugs intended for pulmonary administration is limited by the 
few excipients already in approved products and generally recognized as safe 
for this route of delivery. This chapter reviews the specific challenges faced in 
the delivery of poorly water- soluble drugs for oral, parenteral, ocular, nasal, and 
pulmonary delivery.

Z. Warnken et al.
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1.2  Oral Route of Administration

Despite significant advances in pulmonary, transdermal, and other sites of drug 
delivery, the oral route remains the most favored method of administration. Not only 
are oral drug products conveniently and painlessly administered resulting in high 
acceptability, they can also be produced in a wide variety of dosage forms at compa-
rably low costs, making them attractive for patients and pharmaceutical companies 
alike (Sastry et al. 2000; Gabor et al. 2010). In theory, the physiology of the gastroin-
testinal (GI) tract with its high intestinal surface area and rich mucosal vasculature 
offers the potential for excellent drug absorption and accordingly high bioavailability 
(Lee and Yang 2001). Still, oral bioavailability is often low and variable as the process 
of drug absorption from the GI tract is far more complex and influenced by physiolog-
ical factors such as GI motility, pH, efflux transporters, and presystemic metabolism; 
extrinsic factors such as food intake and formulation design; and critically, the physi-
cochemical properties of the drug (Levine 1970; Martinez and Amidon 2002).

Following oral administration of a solid dosage form, the drug must first dissolve in 
the GI fluids and then be absorbed across the intestinal mucosa to reach the systemic 
circulation and exert its pharmacological effect. Accordingly, the key properties of 
potential drug candidates defining the extent of oral bioavailability and thus being vital 
for successful oral product development include aqueous solubility and intestinal per-
meability. Based on these two crucial parameters, the Biopharmaceutics Classification 
System (BCS) assigns drugs to one of four categories: high solubility, high permeabil-
ity (BCS I); low solubility, high permeability (BSC II); high solubility, low permeabil-
ity (BCS III); and low solubility and low permeability (BCS IV) (Amidon et al. 1995).

Ideally, a NCE is characterized by high aqueous solubility and permeability 
(BCS I); yet, only about 5 % of NCEs fulfill this requirement, while approximately 
90 % of NCEs are considered poorly soluble in combination with either high or low 
permeability (BCS II and IV) (Benet et al. 2006). Due to the combination of low 
permeability and low solubility, BCS IV compounds are generally troublesome 
drug candidates and, therefore, rarely developed and marketed. BCS II compounds 
are usually more promising candidates since permeability through the GI mucosa is 
not a problem. Nevertheless, intestinal absorption is solubility/dissolution rate- 
limited, oftentimes resulting in low and erratic oral bioavailability.

Overall, problems associated with poorly soluble compounds not only revolve 
around low oral bioavailability but also involve high susceptibility to factors such as 
food and metabolism as discussed in more detail in the following sections.

1.2.1  Challenges in Oral Delivery of Poorly Water-Soluble 
Drugs

Co-administration of oral dosage forms with meals generally results in one of three 
scenarios: (1) the extent of absorption decreases which is referred to as a negative 
food effect; (2) the extent of absorption increases corresponding to a positive food 

1 Route-Specific Challenges in the Delivery of Poorly Water-Soluble Drugs
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effect; and (3) no substantial change in the extent of absorption takes place (Welling 
1996). Given the fact that food intake commonly translates into universal physiologi-
cal actions, predictions of what scenario will take place may be made based on the 
physicochemical properties of the drug (Gu et al. 2007). For instance, Fleisher et al. 
estimated the effect of food on the extent of drug absorption based on the characteris-
tics of the drug as classified by the BCS (Fleisher et al. 1999). Specifically, it was 
suggested that the extent of absorption of a poorly water-soluble, highly permeable 
BCS II drug is most likely increased, while it will remain unchanged for a highly 
water-soluble and permeable BCS I drug. In fact, the same trend was observed by Gu 
and coworkers, who evaluated the effect of food intake on the extent of absorption, 
defined as the area under the curve of the time–plasma concentration curve (AUC), by 
analyzing clinical data of 90 marketed drug products (Gu et al. 2007). For the majority 
of products containing a BCS I compound (67 %), no statistically significant differ-
ence in the AUC in the fasted and fed state was observed. In contrast, more than 70 % 
of the drug products comprising BCS II or BCS IV drugs exhibited a positive food 
effect as indicated by a significant increase in the AUC in the fed state compared to 
the fasted state (Fig. 1.1). Mathias et al. further confirmed this effect by studying 
in vitro-in vivo relationships of 22 new chemical entities (Mathias et al. 2015).

The positive food effect oftentimes encountered with poorly water-soluble drugs 
can be primarily ascribed to several physiological changes in the GI environment 
that ultimately increase drug solubility and dissolution. First of all, the intake of 
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Fig. 1.1 Occurrence of food effects (positive, negative, or no effect) in percent by Biopharmaceutics 
Classifications System (BCS) category (Gu et al. 2007). Adapted with permission
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food is known to delay gastric emptying which, in turn, is beneficial in terms of 
absorption as it increases the time available for drug dissolution (Charman et al. 
1997). Second, a substantial rise in the gastric and intestinal fluid volume in the fed 
state offers the potential for increased dissolution rates (Custodio et al. 2008; Tanaka 
et al. 2015). Furthermore, food intake stimulates the release of bile from the 
gallbladder into the duodenum where its components, primarily bile salts, 
cholesterol, and phospholipids, solubilize dietary lipids into mixed micelles 
(Hofmann and Mysels 1987). Similarly, these mixed micelles have the ability to 
incorporate lipophilic drug molecules potentially boosting drug solubility by several 
orders of magnitude (Dressman et al. 2007). Bile salts may also enhance the 
dissolution rate of poorly soluble drugs by improved wetting which is predominantly 
the case when their concentration stays below the critical micelle concentration. As 
an example, a study conducted in healthy male volunteers found that the oral 
bioavailability of danazol, a BCS II drug, was increased by 400 % when administered 
together with a lipid-rich meal (Sunesen et al. 2005). This can be attributed to the 
presence of bile salts and lecithin in the small intestine allowing for micellar 
solubilization of the drug (Anby et al. 2014). In addition, an increase in gastric 
emptying time from 13 min (fasted state) to 49 min (fed state) was considered to 
play a role in bioavailability enhancement.

In the case of weakly acidic or basic drugs, which in the aqueous GI environment 
exist in ionized and unionized form, variations in gastrointestinal pH due to food 
intake can significantly increase or decrease drug solubility. In healthy subjects, the 
gastric pH in the fasted state typically lies in the range of 1–3, but may temporarily 
rise to 4–7 after meal intake (Lee and Yang 2001; Dressman et al. 2007). Studies using 
the SmartPill®, a telemetric capsule which can monitor pH changes during motility in 
the gastrointestinal track, found the pH increases to 3.3–5.3 after intake of a high 
caloric, high fat meal (Koziolek et al. 2015). Since the extent of ionization and conse-
quently the solubility of a weakly acidic drug are greater at elevated pH, food intake 
may enhance drug dissolution in the stomach. In contrast, the extent of ionization of a 
weakly basic drug will be reduced at increased gastric pH, resulting in reduced dis-
solution and/or potential precipitation of already dissolved drug molecules.

Due to their high sensitivity to gastrointestinal changes caused by food intake, 
poorly soluble compounds are often associated with extremely variable and 
unpredictable oral bioavailability. Especially in the case of drugs that exhibit a 
narrow therapeutic window, sub-therapeutic, or toxic concentrations of the drug in 
the systemic circulation may easily occur. To prevent either scenario, patients 
generally have to adhere to certain food restrictions, potentially compromising 
patient compliance, and quality of life.

It should be noted though that the occurrence of food effects may be prevented 
by selection of an appropriate formulation design. Several formulation approaches 
that enhance drug solubility and therefore enable class II drugs to act as class I drugs 
have already been successfully applied to reduce or eliminate fed/fasted variability 
(Yasuji et al. 2011). These include, among others, nanoparticulate (Jinno et al. 2006; 
Sauron et al. 2006), self-emulsifying (Perlman et al. 2008; Woo et al. 2008), and 
solid dispersion-based drug-delivery systems (Klein et al. 2007; Mogalian et al. 
2014), all of which will be addressed in depth in upcoming chapters.
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The extent of oral bioavailability is affected not only by drug characteristics such 
as solubility and gastrointestinal permeability but also by a drug molecule’s suscep-
tibility to intestinal and hepatic metabolism and active influx/efflux transporters.

The presence of metabolic enzymes of cytochrome P 450 (CYP 450) within the 
endoplasmic reticulum of hepatocytes and intestinal enterocytes may significantly 
decrease oral bioavailability of many drugs (Lee and Yang 2001; Paine et al. 2006). 
Pre-systemic metabolism of drugs is often referred to as first-pass metabolism. 
Smith et al. suggested that this will particularly be the case for drugs that are 
lipophilic and therefore easily cross cell membranes, thereby gaining access to CYP 
enzymes (Smith et al. 1996). Further analysis by Wu and Benet confirmed that 
highly permeable BCS I and BCS II drugs are primarily eliminated via metabolism, 
while poorly permeable BCS III and IV drugs are mostly eliminated unchanged into 
the urine and bile (Wu and Benet 2005; Benet 2010). It should be, however, noted 
that the low/high permeability characteristics as defined in the BCS reflects the 
differences in access of the drug to metabolic enzymes within the cells and not 
necessarily differences in permeability into the cells (Custodio et al. 2008).

Based on their findings, Wu and Benet proposed the Biopharmaceutics Drug 
Disposition Classification System (BDDCS) in which drugs are categorized in 
terms of extent of metabolism and solubility as opposed to permeability and 
solubility used in the BCS (Fig. 1.2). According to the BDDCS, poorly soluble, 
highly permeable BCS II compounds are characterized by extensive metabolism 
defined as ≥70 % metabolism of an oral dose in vivo in humans.

Fig. 1.2 The Biopharmaceutics Drug Disposition Classification System (BDDCS) (Custodio 
et al. 2008). Reprinted with permission

Z. Warnken et al.
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The BDDCS also considers the influence of active uptake/efflux transporters on drug 
disposition as shown in Fig. 1.3. Since most BCS II compounds are substrates or inhibi-
tors for P-glycoprotein (P-gp), a transmembrane efflux transporter, it is expected that the 
interplay of P-gp and metabolizing enzymes will notably influence the extent of meta-
bolic extraction and oral bioavailability of BCS II substrates (Custodio et al. 2008).

Results from a number of studies aimed at understanding the interaction of CYP 
450 enzymes and P-gp and its effect on compounds that are dual substrates suggest 
that both work synergistically to increase pre-systemic metabolism (Hochman et al. 
2000). It is assumed that exposure of drugs, which are substrates of P-gp, to intestinal 
CYP 450 enzymes is increased due to repeated cycles of intracellular uptake and 
efflux. However, the complexity of metabolic enzyme-P-gp interactions is still only 
partially understood (Knight et al. 2006; Mudra et al. 2011).

1.3  Parenteral Route of Administration

Parenteral administration is commonly defined as the injection of dosage forms by 
subcutaneous, intramuscular, intra-arterial, and intravenous (i.v.) routes (Jain 2008). 
In the case of i.v. administration, the drug is directly delivered to the bloodstream, 
thereby allowing for rapid distribution to highly perfused organs. The consequently 
rapid onset of pharmacological effect that is achieved by i.v. administration is critical 

Fig. 1.3 Transporter effects, following oral dosing, by Biopharmaceutics Drug Disposition 
Classification System (BDDCS) class (Custodio et al. 2008). Reprinted with permission
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for several clinical conditions that require immediate action such as cardiac arrest 
and anaphylactic shock (Shi et al. 2009). In addition, i.v. administration is advanta-
geous for drugs for which oral delivery would result in low and erratic bioavailability 
due to gastrointestinal degradation or significant presystemic/first- pass metabolism. 
Overall, i.v. administration offers excellent control over the actual dose and rate at 
which the drug is delivered, providing more predictable pharmacokinetic, and phar-
macodynamic profiles than obtained after oral administration (Bhalla 2007).

Since i.v. formulations are directly injected into the bloodstream, they are subject 
to strict regulatory requirements regarding their physical and chemical stability as 
well as their microbiological characteristics. The latter implicates that products 
intended for i.v. administration must be sterile and free of pyrogens (Akers 2014). 
Additionally the pH and tonicity of i.v. products should be carefully considered to 
prevent irritation, pain, and hemolysis of blood cells. To achieve the highest possible 
in vivo tolerability for an i.v. product, it should ideally be formulated as an aqueous- 
based solution that is isotonic and possesses a pH of 7.4. Clearly, this is not feasible 
for drugs that are characterized by poor aqueous solubility at this specific 
pH. Generally, poorly soluble compounds may be solubilized by pH adjustment (if 
the drug molecule is ionizable), the use of organic solvent mixtures, or mixed 
aqueous/organic cosolvents, and cyclodextrin complexation (Strickley 2004; Bracq 
et al. 2008). However, all these solubilization approaches are associated with major 
drawbacks such as increased toxicity or the possibility of drug precipitation upon 
injection and subsequent dilution (Yalkowsky et al. 1998).

Alternatively, the drug can be formulated in the form of a dispersion of particles 
which are suspended in aqueous media. The size distribution of intravenous 
suspensions is critical for safety and distribution of particles in vivo and generally 
restricted to the submicron range (Wong et al. 2008). Preventing particle 
agglomeration, aggregation, or crystal growth by adding suitable stabilizers is vital 
as an increase in particle size could result in the mechanical blockage of small- 
caliber arterioles and capillaries. The choice of stabilizers and generally excipients 
accepted for i.v administration is, however, rather limited which presents a common 
challenge for all formulation strategies mentioned.

1.3.1  Challenges in Parenteral Delivery of Poorly  
Water- Soluble Drugs

Poorly soluble weak acids or bases may be solubilized by pH modification of the 
solution to be administered. Yet, if the drug is characterized by very low solubility, 
pH-adjustment to extreme values might be necessary to achieve the desired drug 
concentration in solution (Lee et al. 2003). It is recommended, however, that the pH 
for i.v. infusions should be in the range of 2–10 in order to reduce side effects such 
as irritation and pain at the injection side (Egger-Heigold 2005).

Z. Warnken et al.
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Side effects may occur not only due to extreme pH values but also due to potential 
precipitation of the drug upon injection. A change in pH caused by dilution in the 
bloodstream may reduce the solubility of the drug below the solubility limit resulting 
in precipitation. Buffer species as well as buffer strength have been identified as key 
factors influencing drug solubility and consequently precipitation in pH-adjusted for-
mulations (Narazaki et al. 2007). Phenytoin is a weakly acidic drug which is poorly 
soluble at pH 7.4 and has been reported to precipitate after injection. Addition of a 
cyclodextrin as a solubilizing agent was shown to reduce the risk of precipitation 
upon dilution (McDonald and Muzumdar 1998). It is essential to prevent precipita-
tion as precipitated drug crystals may cause inflammation of the vein wall, also 
known as phlebitis, mainly due to mechanical irritation and prolonged drug exposure 
at the vein wall (Johnson et al. 2003). Besides, precipitation of solubilized drug mol-
ecules may result in erratic or reduced bioavailability as well as altered pharmacoki-
netics (Yalkowsky et al. 1998). For instance, precipitated particles in the low micron 
to submicron range may be taken up by macrophages of the reticuloendothelial sys-
tem resulting in a significantly increased drug plasma clearance rates (Bittner and 
Mountfield 2002). Furthermore, dissolution of precipitated drug at later time points 
may increase the terminal half-life as well as the volume of distribution.

Drugs that are not sufficiently solubilized by pH adjustment or drugs that have 
no ionizable groups may be formulated using organic water-miscible cosolvents and 
surfactants. Frequently used cosolvents for i.v. formulations are propylene glycol, 
ethanol, and polyethylene glycols while commonly used surfactants include 
polysorbate 80, Cremophor EL, and Cremophor RH 60 (Strickley 2004; Bracq et al. 
2008). Highly lipophilic compounds may even require formulation in a nonaqueous, 
organic vehicle comprising only water-miscible solvents and/or surfactants. These 
are commonly concentrates which are diluted with aqueous media prior to 
administration. Overall, the number and concentration of organic solvents and 
surfactants is limited as they may cause side effects. Organic solvents as well as 
surfactants have been reported to provoke hemolysis, the rupturing of erythrocytes 
(Reed and Yalkowsky 1987; Shalel et al. 2002). Resulting hemoglobin release into 
the blood plasma may induce vascular irritation, phlebitis, anemia, kernicterus, and 
acute renal failure (Krzyzaniak et al. 1997; Amin and Dannenfelser 2006). The 
hemolytic potential of these additives has been evaluated in numerous studies 
(Zaslavsky et al. 1978; Ohnishi and Sagitani 1993; Mottu et al. 2001). Yet, conflicting 
results have been reported due to different methodologies used. Table 1.1 summarizes 
in vitro hemolysis data for different cosolvent systems obtained in rabbit, dog, and 
human blood compared to human in vivo data acquired from the literature (Amin 
and Dannenfelser 2006). For all vehicles a higher percentage of hemolysis is seen 
for data obtained with human blood followed by rabbit and dog blood; yet, the rank 
order of different vehicles evaluated is similar for the different species evaluated.

Just like solubilization via pH adjustment, solubilization by means of cosolvents 
has the limitation of potential drug precipitation (Li and Zhao 2007). Figure 1.4 
exemplarily depicts the solubility curve of a drug at different cosolvent levels 
(squares) compared to the drug concentration curve based on dilution (dots). The 
saturation solubility of the drug in a 50 % (v/v) cosolvent system is 2.4 mg/mL, 
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while the drug is formulated at a concentration of 1.6 mg/mL. Upon injection, the 
concentrations of the cosolvent and drug will decrease linearly due to dilution in the 
bloodstream. In contrast, drug solubility will decrease exponentially, causing it to 
fall below the actual drug concentration rapidly. This means that the drug is present 
in the supersaturated state where it is susceptible to precipitation. It has been 
suggested that the addition of surfactants to cosolvent formulations, even in small 
concentrations (0.05–0.5 % w/v), may prevent precipitation upon i.v. administration 
(Li and Zhao 2007).

Table 1.1 Detection of hemolysis by in vivo and in vitro methods

Formulation composition
In vivo 
literature

In vitro (% hemolysis detected)

Human 
blood

Rabbit 
blood Dog blood

Normal saline (NS) No 0.0 0.0 0.0

10 % EtOH in NS No 0.0 0.0 10.0

30 % EtOH in NS No 0.0 0.0 2.5

40 % PG in NS Yes 61.0 37.3 29.7

60 % PG in water Yes 100.00 96.7 53.4

10 % PG + 30 % EtOH in NS No 0.0 0.0 0.0

10 % EtOH + 20 % PG in water No 8.8 0.0 0.3

10 % EtOH + 40 % PG in water Yes 69.2 52.6 31.5

20 % EtOH + 30 % PEG 400 in 
water

No 0.0 0.0 3.3

PG propylene glycol, EtOH ethanol; Amin and Dannenfelser 2006. Reprinted with permission
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Fig. 1.4 Illustration of precipitation of a drug formulated in a 50 % (v/v) cosolvent system (Li and 
Zhao 2007). Reprinted with permission
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The formulation of i.v. products with surfactants, especially in high concentrations, 
has been associated with acute hypersensitivity reactions characterized by dyspnea, 
flushing, rash, chest pain, tachycardia, and hypotension (ten Tije et al. 2003). 
Paclitaxel, a poorly water-soluble molecule with antineoplastic activity, was first for-
mulated in form of a nonaqueous solution for i.v. infusion (Taxol®), in which the drug 
is solubilized in a mixture of Cremphor EL and ethanol (Singla et al. 2002). This 
formulation can cause significant hypersensitivity reactions, which are primarily 
attributed to Cremophor EL, necessitating premedication of patients with steroids and 
antihistamines. Complement activation due to binding of the hydroxyl- rich surface of 
Cremophor EL to naturally occurring anti-cholesterol antibodies has been proposed as 
a possible underlying mechanism for the occurrence of these hypersensitivity reac-
tions (Szebeni et al. 1998). Docetaxel, a semi-synthetic analog of paclitaxel, is solubi-
lized with the nonionic surfactant polysorbate 80 in its marketed formulation Taxotere® 
(Engels et al. 2007). This concentrate is further diluted with 13 % ethanol in water for 
injection and saline or dextrose solution before i.v. administration. Like Taxol®, 
Taxotere® often results in severe side effects specifically, severe hypersensitivity reac-
tions mainly caused due to the presence of polysorbate 80 in the formulation.

The use of surfactants in i.v. formulations may not only cause hypersensitivity 
reactions but also alter drug pharmacokinetics by interfering with distribution 
processes, transporters, or metabolic enzymes (Egger-Heigold 2005). It has been 
reported that Cremophor EL modifies the pharmacokinetics of several drugs such as 
etoposide, doxorubicin, and paclitaxel (Ellis et al. 1996; Webster et al. 1996; 
Sparreboom et al. 1996). A study conducted in mice, which received Taxol® (pacli-
taxel solubilized in Cremophor EL and ethanol) by i.v. injection at three different 
dose levels, revealed a nonlinear pharmacokinetic behavior of paclitaxel 
(Sparreboom et al. 1996). In particular, a disproportional increase in cmax and a 
decrease in the plasma clearance upon dosage escalation were observed. In contrast, 
i.v. administration of a Cremophor EL-free solution of paclitaxel in the organic 
solvent dimethylacetamide resulted in a cmax that varied proportionally with dosage 
as well as a dose-independent clearance. Studies in mice with Cremophor EL and 
various other active ingredients have confirmed these findings to be an effect of the 
surfactant (Liu et al. 2016). The same nonlinear pharmacokinetic was also observed 
in an in vivo study involving patients with solid tumors who were treated with 
different dose levels of Taxol® (van Zuylen et al. 2001). It has been suggested that 
the Cremophor EL-related nonlinear paclitaxel pharmacokinetics is caused by 
entrapment of the drug into Cremophor EL micelles which function as the primary 
carrier in the systemic circulation leading to a disproportionate paclitaxel 
accumulation in the plasma (Sparreboom et al. 1999).

Finally, complexation of poorly water-soluble drugs with cyclodextrins has been 
explored as an alternative approach for i.v. delivery of these troublesome compounds. 
Cyclodextrins are cyclic oligosaccharides composed of six, seven, or eight (α-1, 
4)-linked α-d-glucopyranose units corresponding to α-, β-, and γ-cyclodextrins, 
respectively (Brewster and Loftsson 2007). They are characterized by a hydrophilic 
outer surface and a lipophilic inner cavity, which is capable of accommodating 
suitable drug compounds. Cyclodextrins employed for parenteral delivery, that is, 
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hydroxypropyl-β-cyclodextrin, and sulfobutylether-β-cylcodextrin, are derivatives 
of β-cyclodextrin with increased aqueous solubility and improved in vivo safety 
profiles (Stella and He 2008). Cyclodextrins oftentimes solubilize drug molecules 
as a linear function of their concentration. Consequently, dilution of the formulation 
in the blood stream upon i.v. administration will result in a linear reduction of both 
drug and cyclodextrin concentration. Based on that, drug precipitation that is 
oftentimes seen with cosolvent or pH-adjusted systems is very unlikely to occur 
with cyclodextrin-based formulations. Nevertheless, there are several shortcomings 
associated with the use of cyclodextrins as means of solubility enhancers. 
Solubilization by cyclodextrins is not generally applicable to all drug molecules. In 
order to successfully form a stable cyclodextrin-drug inclusion complex, the drug 
molecule needs to have the appropriate size, shape, and polarity to fit into the central 
cyclodextrin cavity (Radi and Eissa 2010). Additionally, cyclodextrins are excreted 
in the urine and accumulation could occur in patients with renal insufficiency (Stella 
and He 2008). Drug release from cyclodextrin inclusion complexes after i.v. 
injection is generally rapid and quantitative, with the main driving force being the 
dilution in the blood stream (Stella et al. 1999). Problems may however arise for 
strongly bound drugs with high complex-forming constants where the drug does not 
rapidly dissociate from the complex potentially altering pharmacokinetics.

1.4  Ocular Route of Administration

Drug delivery by the ophthalmic route is characterized by specialized preparations 
which are intended to provide direct contact with the eye. Currently the most com-
monly used commercial eye medications are prepared as eye drops, as they are rela-
tively easy to administer by patients (Vandervoort and Ludwig 2007). However, other 
ophthalmic dosage forms exist; including gel and ointment- based topicals, intravitreal 
injections, periocular drug delivery preparations and ocular devices. Each of these pos-
sess their own advantages and disadvantages for treating certain diseases of the eye. 
Ophthalmic formulations are targeted for local treatment of ocular diseases. By using 
the ophthalmic route of delivery, therapy can be maximized at the site of action while 
minimizing systemic exposure, reducing the chances for adverse events. Drug delivery 
to the eye is met with its own unique challenges which must be overcome to achieve 
therapeutic delivery which can be reliably used by patients.

The eye comprises two main regions, the anterior and posterior compartments, 
which are separated and delineated by the crystalline lens. The layer at the most 
anterior portion of the eye is the cornea, a window located in front of the lens that 
allows light to enter the eye. Eye drops and other topical ophthalmic preparations 
are intended for absorption across the cornea into the aqueous humor, the fluid 
residing in the anterior compartment. This is the site of action for many therapeutic 
agents, largely including those which lower intraocular pressure for treating 
glaucoma (Weinreb and Khaw 2004). The posterior part of the eye is where the 
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photoreceptors are located, allowing visual information to be relayed to the brain 
(Alqawlaq et al. 2012). The chamber in the back of the eye is filled with vitreous 
humor. Unlike the aqueous humor, this vitreous humor media is more gel-like in 
nature and contributes to the orbital structure of the eye (Chowhan et al. 2012). The 
vitreous humor is approximately 4 mL in volume and composed of 98 % water 
along with hyaluronic acid, collagen fibrils and some phagocytic mononuclear cells 
(Martens et al 2013; Sebag 2013). Excluding the cornea, the outermost layer of the 
eye is made up of the sclera. The sclera is a tough fibrous layer which is the white 
of the eye. Drugs which are administered by periorbital routes may be absorbed 
through the sclera (Ahmed and Patton 1985). Periorbital routes include peribulbar, 
subconjunctival, posterior juxtascleral, sub-Tenon and retrobulbar injections, which 
administer drugs in contact with the sclera for transscleral penetration into the 
vitreous humor and to the retina. The retinal and vitreal drug bioavailability is about 
0.01–0.1 % via these routes, which is much higher than that of topical delivery 
(0.001 % and less) (Tsuji et al. 1988; Kim et al. 2004; Kaur and Kakkar 2014). 
Intravitreal injections, injections directly into the vitreous humor, are the most direct 
method of delivering medications to the posterior portion of the eye. Periorbital, but 
most often, intravitreal injections can be used for treating conditions like age-related 
macular degeneration residing in the posterior portion of the eye.

1.4.1  Challenges in Ocular Delivery of Poorly Water-Soluble 
Drugs

For many topically applied drugs to have efficacy, they must permeate across the 
cornea membrane. Transcorneal absorption is the predominate mechanism of 
entrance for small molecules entering the eye (Urtti 2006). However, absorption 
into the eye from the external environment is hindered by a number of mechanisms 
resulting in ocular bioavailability which is typically less than 5 % (Urtti 2006). One 
of these mechanisms is related to the structure of the cornea as depicted in Fig. 1.5. 
It consists of five layers which drugs must pass through to enter the aqueous humor. 
The outermost layer of the cornea is the hydrophobic stratified squamous epithe-
lium, beneath this is the Bowman’s membrane. The thickest layer of the cornea is a 
hydrophilic matrix located underneath the Bowman’s membrane called the stroma. 
Following the stroma is the Descemet’s membrane then the corneal endothelium, 
another hydrophobic layer (Edwards and Prausnitz 1998; Friedman et al. 2007). 
The complexity of the cornea, transitioning from hydrophobic to hydrophilic to 
hydrophobic layers, makes transcorneal drug transport a challenging route for 
delivery. Current methods to overcome this barrier include; increasing the dissolu-
tion rate of the drugs and including excipients for increased permeability (Li et al. 
2013; Nagai et al. 2015). Formulating poorly soluble drugs as a nanosuspension has 
been shown to increase the ocular bioavailability as well as decrease irritation of the 
eye (Kim et al 2011).
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In addition to the permeability limits for absorption, topically administered drugs 
are limited by a relatively short residence time in contact with the cornea. The typical 
volume of the tear film, the liquid layer coating the rostral surface of the eye, is between 
5 and 7 μL, but the area as a whole has a maximum capacity of about 30 μL (Foster and 
Lee 2013). On average, the administered volume from commercial eye drops is 39 μL, 
ranging from 25.1 to 56.4 μL (Van Santvliet and Ludwig 2004). Volumes delivered 
above the maximum capacity of the eye are rapidly cleared, one avenue being through 
the nasolacrimal duct which leads to increased systemic absorption (Van Santvliet and 
Ludwig 2004). There are several formulation strategies which can be used to help 
reduce clearance of medications from the ocular surface. Administration of eye drops 
of smaller volume can be as efficacious as larger volume doses with the same concen-
tration solution by reducing the rate at which the preparation is removed from the site 
of absorption (Petursson et al. 1984). Formulating poorly soluble drugs, for example 
acetazolamide or pilocarpine, into eye drops which gel or increase in viscosity after 
coming into contact with the eye permits the ease of administration of an eye drop with 
an increase in residence time for absorption (Verma et al. 2013; Miyazaki et al. 2001). 
Gel and ointment-based formulations can also be utilized to increase contact time for 
absorption. However, these formulations are typically more difficult to administer than 
eye drops and suffer from greater dose variability (Chowhan et al. 2012).

Many reports have shown that cyclodextrin formulations can achieve effective 
drug delivery of poorly water soluble drugs administered ophthalmically (Kristinsson 
et al. 1996; Sigurdsson et al. 2005; Jansook et al. 2010; Ohira et al. 2015). 
Cyclodextrins can help improve ocular bioavailability by complexing and 
solubilizing poorly soluble drugs as well as by acting as permeation enhancers; 
increasing the diffusion of drugs across the gel-like inner most layer of the tear film 
(Loftsson et al. 2012). Jansook et al. formulated dorzalamide as a complex with 

Fig. 1.5 Illustration of the layers comprising the cornea membrane (Sharif et al. 2015). Reprinted 
with Permission
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γ-cyclodextrins which formed reversible mucoadhesive agglomerates in the 
microparticle range. These suspended particles were found to act as a reservoir for 
sustaining dorzolamide concentrations within the tear film. This resulted in 
concentrations detectable for up to 24 h after topical administration, while the 
commercial formulation was shown to have practically no drug left in the aqueous 
humor after only 8 h. It has also been reported that cyclodextrins can increase 
posterior drug delivery of topically applied medications (Loftsson et al. 2007, 2008; 
Jansook et al. 2010; Ohira et al. 2015) The enhanced posterior delivery is due to the 
higher permeability of the conjunctiva/sclera membrane compared to that of the 
cornea (Loftsson et al. 2008). Emulsion drug delivery systems have been reported 
to increase drug delivery of poorly soluble drugs (Naveh et al. 1994; Calvo et al. 
1996; Tamilvanan and Kumar 2011; Ying et al. 2013). Cyclosporin A, a poorly 
soluble drug used to treat chronic dry eye disease, is commercially available as 
Restasis®, a viscous emulsion intended for topical eye delivery. Restasis® utilizes 
castor oil as a disperse phase, which is stabilized with polysorbate 80 and carbomer 
1342, to produce an emulsion which is effective and nonirritating to the sensitive 
eye tissue (Ding et al. 1995; Tamilvanan and Benita 2004).

Intravitreal injections can be used to deliver medications directly into the vitreous 
humor of the posterior eye. The clearance of medications given intravitreally is often 
magnitudes slower than that for drugs absorbed into the aqueous humor, resulting in 
half-lives of days as opposed to hours. The smaller the particles injected into the vitre-
ous humor; the longer the residence time for the particles. For example, Sakurai et al. 
found that 50 nm polymeric nanoparticles have nearly twice the half- life (10.1 days) 
of similar 2 μm particles (5.4 days) (Sakurai et al. 2001) when administered by intra-
vitreal injection in rabbits. Due to the relatively long half-life for medications given 
intravitreally, dosing regimens can be extended to monthly and even quarterly admin-
istration for some medications (Kaur and Kakkar 2014). Intravitreal injection admin-
istration is more technically difficult than topical delivery to the eye and, therefore, 
requires the need of healthcare professionals. They also introduce additional risks 
compared to topical therapy such as retinal detachment, which may be irreversible 
(Meyer et al. 2011). Intravitreal inserts are designed to further improve the pharmaco-
kinetics by controlling drug release and reduce the number of needed injections. 
Iluvien®, an intravitreal implant delivering fluocinolone acetonide, lasts for up to 3 
years after injection into the eye which maximizes drug delivery to the retina while 
minimizing systemic and anterior chamber exposure (Kane et al. 2008).

1.5  Nasal Route of Administration

Nasal drug delivery can have many potential advantages and disadvantages over 
conventional oral drug delivery. Nasal drug delivery can be targeted for treating 
local, systemic and, more recently, explored for central nervous system (CNS) 
diseases. Traditionally, nasal delivery has been focused on treating local disease 
such as nasal congestion, nasal allergies and nasal infections (Illum 2003). Systemic 
delivery through nasal administration can be advantageous for a number of reasons. 
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The relatively high vascularization and permeability of the nasal respiratory 
epithelium often allows for favorable absorption. Additionally, the bioavailability 
can be increased for drugs which would otherwise undergo significant presystemic 
metabolism in the liver if given orally.

The nasal cavity (Fig. 1.6) is comprised of three main areas, the vestibule and 
nasal valve area, the respiratory area and the olfactory area, each of which is divided 
into two halves by the nasal septum (Clerico et al. 2003). The nasal valve area within 

Fig. 1.6 Anatomy of the nasal cavity and sinuses from a lateral (top) and anterior (bottom) view 
(Djupesland 2013) (with permission)
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the vestibule is the narrowest portion of the nasal cavity and is responsible for the 
majority of its airway resistance. The respiratory area, posterior to the nasal vesti-
bule, comprises of three turbinates. The inferior, middle and superior turbinates func-
tion to produce turbulent airflow within the nasal cavity. The airflow within the nasal 
cavity is designed to filter and condition the air before it reaches later stages of the 
respiratory system (Thomas and Ahsan 2008). The olfactory region is located in the 
uppermost portion of the nasal cavity and is responsible for our sense of smell. The 
region is comprised of olfactory neuroepithelium, the only place where first order 
neurons are in contact with the external environment (Lochhead and Thorne 2012).

Nasal drug delivery has been accomplished using several methods. One of the 
oldest methods of delivering liquids to the nasal cavity is the use of drops. Drops are 
advantageous as they are low-cost and relatively straightforward to manufacture 
(Kublik and Vidgren 1998). However, the dose from nasal drops is often difficult to 
control, the larger drop volume results in rapid clearance compared to sprays, and 
complex maneuvers can be required for proper administration by patients (Hardy 
et al. 1985). To overcome the disadvantages of nasal drops, most pharmaceutical 
liquids on the market today are delivered by meter-dosed pump sprays. Meter-dosed 
pump sprays accurately deliver volumes between 25 and 200 μL. The particle size 
of the drops from pump sprays is a product of the device, patient handling, as well 
as the formulation, which varies based on the viscosity and surface tension of the 
product (Dayal et al 2004). Although currently not on the market in the United 
States, nasal formulations can also be delivered as powders. Powder drug delivery 
provides the highest mass of active ingredients for a given volume, a limiting factor 
for nasal drug delivery (Kublik and Vidgren 1998).

1.5.1  Challenges in Nasal Delivery of Poorly Water-Soluble 
Drugs

Systemic absorption of drugs delivered nasally primarily takes place in the 
respiratory region due to the high surface area, vascularization, and airflow 
restriction (Kublik and Vidgren 1998). However, the narrow geometry of the nasal 
valve makes it challenging for dosage forms to deposit in this area. Several studies 
have shown that a majority of the droplets from meter-dose pump sprays deposit in 
the anterior third of the nasal cavity, which is mostly comprised of the vestibule and 
nasal valve area (Suman et al. 1999; Cheng et al 2001; Djupesland et al. 2006; Shah 
et al. 2014). The area which nasal sprays deposit is influenced by the geometry of 
the emitted plume. Narrower plume geometries are formed by modifying the device 
or increasing the viscosity of the formulation. Narrower plume geometries result in 
greater deposition to the posterior portions of the nasal cavity (Foo et al. 2007). 
Additionally, to successfully target CNS drug delivery by intranasal administration, 
drug deposition needs to reach the olfactory region, requiring novel device designs 
(Djupesland 2013). As the neurons in the neuroepithelium of the olfactory region 
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are in direct contact with the external environment, drugs can be directly transported 
from the nose to the brain, bypassing the blood–brain barrier (Dhuria et al. 2010). 
This can be beneficial for drugs which do not typically cross the blood–brain barrier 
to therapeutic concentrations, as well as for drugs which otherwise would cause 
high systemic adverse effects.

Due to the small volume limitations for nasal drug delivery dosages, delivery of 
poorly water-soluble drugs in quantities that are sufficient for a therapeutic response 
can be challenging. Many of the commercially available poorly soluble corticoste-
roids used nasally only require microgram doses for efficacy and are formulated as 
aqueous suspensions. For drugs requiring higher doses, formulation scientists may 
use excipients and alter the physical characteristics of the formulation to solubilize the 
drug to a greater extent. A study whose objective was to achieve CNS-targeted deliv-
ery of olanzapine, a drug typically requiring milligram doses for efficacy with limited 
solubility in water, was formulated in a nanoemulsion to obtain a concentration of 
8.5 mg/mL. The formulation, in combination with the targeted delivery, was effective 
in showing a pharmacodynamic response when dosed in rats (Kumar et al. 2008). 
Like other routes of administration, cyclodextrins can be used to increase the solubil-
ity of poorly water-soluble drugs. Additionally, cyclodextrins can act as permeation 
enhancers to increase the bioavailability for poorly permeable drugs (Marttin et al. 
1998; Kim et al. 2014). Another approach to providing larger doses is using powder 
delivery formulations. Depending on the bulk density of the powder, quantities up to 
about 50 mg can be dosed intranasally (Filipović-Grčić and Hafner 2008). A challenge 
to utilizing formulation parameters to enhance nasal drug delivery is the relatively 
limited list of inactive ingredients that have been approved in nasal products. Using 
new formulation technologies that require higher quantities and new excipients for the 
nasal route of delivery require toxicity studies to assure safety of the nasal mucosa 
(FDA Guidance for Industry 2005). The pH of the solution may be modulated to affect 
the solubility and permeability of the poorly water-soluble drugs. Pujara et al. report 
the nasal mucosa can withstand buffers with pH range of 3–10 with minimal signs of 
damage based on nasal epithelium irritation studies. Additionally, they found the con-
centration and type of buffer, including the buffer capacity, play a role in the safety of 
the formulation to the nasal mucosa (Pujara et al. 1995).

One of the limiting barriers to the bioavailability of drugs delivered nasally is the 
short residence time due to mucociliary clearance. The respiratory epithelium of the 
nasal cavity is equipped with motile cilia that beat at 1000 strokes per minute (Illum 
2003). This results in a mucus flow rate of 8–100 mm/min in the posterior regions of 
the nasal cavity, which is directed towards the nasopharynx where it will be swal-
lowed (Kublik and Vidgren 1998). To increase the residence time for nasal absorp-
tion of drugs after delivery, formulators add viscosity-increasing and mucoadhesive 
agents to the formulations (Chaturvedi et al. 2011). To permit effective dosing of the 
formulation while maintaining an increased residence time, Wang et al. prepared an 
in-situ gelling formulation utilizing deacetylated gellan gum. Curcumin was formu-
lated as a microemulsion as it is poorly soluble in water. The deacetylated gellan gum 
was incorporated into the aqueous phase of the microemulsion to facilitate the in-situ 
gelling action. When the formulation comes into contact with the nasal secretions of 
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the nasal mucosa, it turns from a liquid into a gel due to the presence of ions in the 
secretions (Wang et al. 2012). Other products, like Nasacort® AQ, take advantage of 
thixotropic rheological properties in order to have a low viscosity during actuation. 
However, these products have a higher relative viscosity during shelf life and after 
intranasal administration compared to during actuation (Kim 2011). Another method 
of utilizing mucoadhesive excipients in the formulation intended for nasal delivery is 
to produce microspheres of drug within the excipient. For example, carbamazepine 
has been spray-dried with chitosan to produce microspheres which provide high bio-
availability in sheep when compared to carbamazepine given alone. This could be 
contributed to the mucoadhesive ability of chitosan, however, in this case, it may also 
be due to the higher dissolution rate obtained when formulated as microspheres 
(Gavini et al. 2006).

1.6  Pulmonary Route of Administration

Pulmonary drug delivery may be aimed at treating numerous diseases either locally 
or systemically. Local therapy of conditions such as asthma or pulmonary infections 
is advantageous in that drug concentrations at the site of action are maximized while 
systemic exposure and associated adverse effects are minimized. The pulmonary 
route of administration also offers several benefits for systemic delivery of drugs 
including a large absorptive surface area, a thin epithelial barrier, and low metabolic 
activity (Patton et al. 2004).

The respiratory system comprises the upper airways, including nasopharynx, 
trachea, and large bronchi, and the respiratory region, including the small bronchi-
oles, and alveoli (Groneberg et al. 2003). It is known that the trans-epithelial trans-
port of inhaled compounds will differ significantly among these regions. Transport 
in the upper airways is generally restricted by its lower surface area, epithelium 
thickness, and blood flow as well as rapid clearance through the mucociliary esca-
lator. Accordingly, drugs intended for systemic delivery need to be targeted to the 
respiratory region where high surface area, thinner epithelium and rich vascular-
ization offer superior conditions for drug absorption (Groneberg et al. 2003; Patton 
and Byron 2007).

Several factors in regards to the formulation, such as particle diameter, shape, 
density, or electrical charge, have been shown to influence where and to what extent 
aerosolized particles deposit in the lungs (Crowder et al. 2002; Saini et al. 2007). 
Particularly, it has been demonstrated that particles with mass median aerodynamic 
diameters (MMAD) of 1–3 μm preferentially deposit in the deep lungs (Heyder 
et al. 1986; Carvalho et al. 2011). Particles with MMAD larger than 5 μm primarily 
deposit in the upper airways and near-bronchial branching points where they are 
rapidly cleared while particles smaller than 1 μm are, to the most part, not deposited 
in the airways but rather exhaled after inspiration.

Formulations for pulmonary delivery are restricted not only to the appropriate 
particle size range but also to the use of specific and very few excipients. Generally, 
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excipients intended for use in pulmonary products need to be either physiologically 
compatible with lung tissue in terms of pH, tonicity, and immunogenic potential, or 
of endogenous nature in order to avoid airway hyper-responsiveness, spasticity, or 
inflammation (Tolman and Williams 2009; Pilcer and Amighi 2010).

Several formulations of poorly soluble drugs for pulmonary delivery have been 
developed and reported in the literature; some of which, like several corticosterioids, 
have even been marketed. Formulation approaches employed mainly include 
solubilization in nonaqueous solvents and particle size reduction into the submicron 
range. Formulation development is however greatly challenged due to the very 
limited number of acceptable excipients and the fact that these can only be used in 
small concentrations in order to maintain adequate aerosol performance and prevent 
adverse physiological effects (Smyth 2006; Mogalian and Myrdal 2007).

1.6.1  Challenges in Pulmonary Delivery of Poorly Water- 
Soluble Drugs

In order to generate and deliver an aerosol of appropriate size distribution and 
reproducible dose to the lungs, different devices such as metered dose inhalers 
(MDIs), nebulizers, and dry powder inhalers (DPIs) have to be employed (Labiris 
and Dolovich 2003). Depending on the delivery device and the properties of the 
active pharmaceutical ingredient, inhalation products will be formulated with 
different types of excipients, i.e., to ensure effective aerosolization performance, to 
improve physical, or chemical stability of the API, or in the case of poorly soluble 
drugs to enhance solubility/dissolution.

MDIs emit an aerosol driven by a single propellant or a blend of various propel-
lants upon activation of an appropriate valve system. Generally, propellants are sub-
ject to strict selection criteria with the key requirements being: benign toxicology, 
suitable boiling point, solvent capacity, and density, as well as nonflammability 
(Noakes 2002). Since chlorofluorocarbons (CFCs) exhibit all of these desirable pro-
pellant characteristics, they have long been the propellants of choice. However, due 
to their harmful effects on the ozone layer, it is required that pharmaceutical aero-
sols have to be reformulated with non-ozone-depleting propellants such as hydro-
fluoroalkanes (HFAs). In MDI formulations, the drug is either dissolved or 
suspended in the propellant(s). In the case of solution-based formulations, it is 
imperative that the drug has sufficient solubility to allow therapeutic doses to be 
delivered in a few actuations (Smyth 2003). The use of cosolvents such as ethanol 
often times enables solubilization of satisfactory amounts of lipophilic drugs in the 
propellant or propellant mixture of interest. As an example, beclomethasone dipro-
prionate, a slightly water-soluble corticosteroid used in the treatment of asthma, is 
dissolved in the propellant HFA 134a with the help of ethanol in one of its marketed 
products (QVAR®). This cosolvent-based approach might however not be applica-
ble for all drugs. Especially, in the case of drugs that are very poorly soluble or 
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require a large delivered dose, great amounts of ethanol might be needed. This may 
be problematic in terms of aerosol performance as it has been demonstrated that 
increased ethanol concentrations can considerably affect aerosol characteristics. A 
study evaluating solubility and product performance of beclomethasone diproprion-
ate in various blends of HFA 134a and ethanol showed that with increasing ethanol 
concentrations, the solubility of the drug in the propellant was almost linearly 
increased. However, product performance was greatly reduced at ethanol concen-
trations above 10 % (w/w) as illustrated by a decrease in the respirable deposition 
(Fig. 1.7; Gupta et al. 2003).

Besides its negative impact on MDI aerosolization performance, ethanol may 
also cause some irritation of the lung tissue (Coon et al. 1970). However, pulmonary 
tolerance testing with 150 μL of a 10 % ethanol solution conducted in a rat model 
over 4 days found only limited cellular reactions, including minimal hypertrophy of 
globelet cells in the lungs and trachea, minimal hyperplasia in the tracheal epithelial 
and slight lung inflammation (Montharu et al. 2010).

Alternatively to solution-based MDI formulations, suspension-based systems 
can be employed. Most poorly water-soluble corticosteroids intended for pulmonary 
delivery have a sufficiently low solubility in the traditionally used CFC propellants 
and HFA propellants to be formulated in the form of suspensions. To efficiently 
disperse drug particles of preferred sizes between 1 and 3 μm in the propellant 
system, surfactants are commonly employed. Specifically, surfactants will prevent 
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particle agglomeration which is vital as particle-size changes will lead to irregulari-
ties in the emitted dose. Challenges arise from the fact that the number of possible 
surfactants to choose from is rather limited, with currently only oleic acid, sorbitane 
trioleate (Span 85), and soya-derived lecithin being accepted for inhalation (Pilcer 
and Amighi 2010).

Nebulizers are used to aerosolize aqueous solutions or suspensions by means of 
compressed air (jet nebulizers) or a vibrating mesh (ultrasonic nebulizers). In the 
case of poorly water-soluble drugs, solutions may be obtained by employing differ-
ent solubilizing agents such nonaqueous solvents or cyclodextrins. Otherwise sus-
pensions of micronized or even nanosized material which will show enhanced 
dissolution rates may be employed.

Solubilization and subsequent nebulization of poorly water-soluble drugs in the 
form of nonaqueous solutions have been attempted. This approach is however chal-
lenged by the generally lower tolerability of the lungs for nonaqueous solvents such 
as ethanol (Pilcer and Amighi 2010). Cyclosporine A, a highly lyophilic immuno-
suppressant, was initially formulated in ethanol and the efficacy and pharmacoki-
netics of this formulation after nebulization was evaluated in different animal 
models (Dowling et al. 1990; Blot et al. 1995; Mitruka et al. 1998). Even though 
inhaled solutions of cyclosporine resulted in high and sustained drug levels in the 
lung, local irritation due to the use of ethanol as a formulation vehicle was observed. 
As a result, further studies have been conducted using propylene glycol as the for-
mulation vehicle. Only scant data are available regarding effects of propylene gly-
col on the respiratory tract after pulmonary administration. However, a recent 
28-day repeat dose inhalation toxicity study in rats suggested its safety for inhala-
tion therapy as no adverse respiratory or systemic effects of high doses of propylene 
glycol were seen (Wang et al. 2007). Still, the high viscosity of propylene glycol 
presents a significant challenge for effective aerosol generation via nebulization, 
generally requiring longer nebulization times and resulting in lower output rates 
(McCallion et al. 1995; Corcoran 2006).

As cyclodextrins have shown to be valuable excipients in the delivery of poorly 
soluble drugs via the oral or parenteral route, great interest has been created to 
extent their use into pulmonary delivery as well. Several studies have demonstrated 
that aqueous solutions containing inclusion complexes of poorly water-soluble 
drugs and cyclodextrins can be successfully nebulized with droplet sizes suitable for 
deep lung delivery (Tewes et al. 2008; Thi et al. 2009; Yang et al. 2010). Cyclodextrin 
containing dry powders have also demonstrated suitable characteristics for effective 
lung delivery (Drumond et al. 2014; Dufour et al. 2015). Despite their potential 
benefits in pulmonary delivery of poorly soluble drugs, little data regarding their 
safety via this route of administration are available to date. A short-term toxicity 
study in mice assessing bronchoalveolar lavage, lung, and kidney histology as well 
as bronchial responsiveness after inhalation of 2-hydroxypropyl-β-cyclodextrin, 
randomly methylated-β-cyclodextrin, and γ-cyclodextrin concluded that the 
cyclodextrins tested were generally nontoxic at dosages between 20 and 100 mM 
(Evrard et al. 2004). Another study conducted in in vitro cell cultures demonstrated 
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that the effect of cyclodextrins on respiratory cell metabolic activity and permeability 
was concentration-dependent and varied with cyclodextrin type (β or γ), chemical 
derivatization, and degree of substitution (Salem et al. 2009). Especially, methylated 
cyclodextrins, which have a high affinity for membrane lipids such as 
phosphatidylcholine and cholesterol, are able to permeate the airway epithelium. 
Consequently, it cannot be excluded that cyclodextrins have the ability to be 
absorbed into the systemic circulation after pulmonary administration (Matilainen 
et al. 2008).

Alternatively to solutions, suspensions of poorly water-soluble drugs may be 
employed for inhalation therapy via nebulization. Considerable research has focused 
on the use of nanosuspensions which, due to their increased surface area, exhibit 
enhanced dissolution rates (Jacobs and Müller 2002; Tam et al. 2008; Yang et al. 
2008). Nanoparticles are also more uniformly distributed throughout the carrier 
droplets generated by nebulization than microparticles, thereby promoting more 
efficient drug distribution throughout the alveoli (Jacobs and Müller 2002). Despite 
these advantageous characteristics of nanosuspensions, the formulation of stable 
nanoparticulate suspensions remains challenging as surfactants, required for 
efficient stabilization, are limited in number and concentration when used for 
inhalation products (see above).

Aqueous nanosuspensions may also be dried, i.e., employing spray-drying or 
lyophilization, to be used in DPIs. Delivery of drug nanoparticles by means of DPI 
can however problematic since the particles are too small for efficient lung deposi-
tion and are mostly exhaled after inspiration (Duret et al 2012; Abdelbary et al. 
2015). El-Gendy et al. formulated agglomerated nanoparticles of budesonide by 
wet milling, NanoClusters, which behave as larger particles aerodynamically, 
emitting a large fine particle fraction (El-Gendy et al. 2012a, b). “Trojan” micron-
sized particles, which are porous structures completely composed of either 
nanoparticles or nanoparticles and suitable carrier materials such as sugars or 
phospholipids, have been suggested as an alternative (Tsapis et al. 2002). As a 
result of their larger size, they will more efficiently deposit in the deep lungs, 
where they then disassociate to release the nanoparticles. The in vivo performance 
of these types of particles has yet to be evaluated. Furthermore, inhalation of 
nanoparticles raises considerable concern regarding potential toxicity. Various 
studies that have evaluated the effects of inhaled ultrafine particles have reported 
inflammatory reactions as well as carcinogenicity (Oberdörster 1997; Renwick 
et al. 2004). However, most studies were conducted with insoluble, inorganic par-
ticles such as TiO2. It is likely that soluble or biodegradable excipients as princi-
pally employed for pulmonary drug delivery may behave differently. It is assumed 
that inorganic nanoparticles high surface area leads to oxidative stress and calcium 
changes in alveolar macrophages and epithelial cells, thereby activating cells for 
inflammation (Renwick et al. 2001; Donaldson 2001). Inflammation as well as 
inflammatory cell-derived oxidants may, in turn, induce, and stimulate neoplastic 
transformation of epithelial cells (Driscoll 1997).
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1.7  Summary

The increasing percentage of NCEs characterized by poor aqueous solubility pres-
ents various challenges in the development of effective drug-delivery systems. Oral 
delivery of poorly soluble drugs is often characterized by low bioavailability as well 
as increased likelihood for food effects. With the advances in various solubilization 
and particle-size reduction technologies, the obstacles faced may however be 
addressed and enable successful delivery of a wide range of drugs via oral delivery.

One of the main challenges in the delivery of poorly soluble drugs via the pul-
monary, nasal and parenteral route is the limited number of approved excipients. 
The development of novel excipients may offer new opportunities and enable more 
effective delivery of poorly soluble drugs. However, the time and costs involved in 
a complete toxicological evaluation of a novel excipient as well as the possibility of 
regulatory delays or even rejection may discourage pharmaceutical companies from 
developing new excipients.

Overall, significant achievements have already been made in the formulation of 
poorly soluble drugs. Several approaches aimed at enhancing solubility/dissolution such 
as nanosuspensions or cyclodextrin inclusion complexes have shown promising results 
in terms of enhanced in vivo performance. Still, concerns regarding the safety of certain 
excipients or delivery systems remain. Therefore, further studies need to be conducted 
in the future to make poorly soluble drugs available via various routes of delivery.
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Method Capsule 1
Development of a Self-Emulsifying Formulation that Reduces the Food Effect 
for Torcetrapib

Based on the method reported by Perlman et al. (2008)

Objective

• To achieve a lower food effect and higher dose of torcetrapib per unit through the 
use of self-emulsifying formulation.

Equipment and Reagents

• Torcetrapib (C log P 7.45; non-ionizable)
• Miglyol 812 BP (medium chain triglycerides)
• Triacetin (triacetyl glycerin)
• Polysorbate 80
• Capmul MCM (medium chain mono and diglycerides)
• Glass vessel
• Gelatin softgel shells
• Rotary-die encapsulation machine

Method

• Excipients are added to glass vessel (semisolid excipient Capmul MCM melted 
prior to addition).

• Mixture is stirred until it is homogeneous.
• Then the desired amount of the drug is added.
• The resulting mixture is stirred at ambient temperature with occasional scraping 

of the vessel walls until a solution is obtained.
• Softgels are manufactured on a rotary-die machine by encapsulation using a 

shell prepared from gelatin, glycerin, and water.

Results

• The mean droplet size of the emulsion formed by mixing the formulation and 
water at a ratio of 1:100 by five times gentle inversion was determined to be 
257 nm.

• Softgel capsules stored for 6 weeks at 5 °C/75 % RH, 30 °C/60 % RH and 
40 °C/75 % RH showed no change in potency as analyzed by HPLC. Also, no 
sign of crystallization in the fill under any condition based on microscopic 
examination was found.

• The use of the lipophilic, GRAS cosolvent triacetin in the formulation allowed a 
twofold increase in the dose per capsule as compared to the formulation used in 
early clinical trials where the drug was dissolved in Mygliol 812 BP only.

• Pharmacokinetic studies in dogs demonstrated that the food effect seen with 
Mygliol softgels was reduced from five to threefold with the Mygliol/Triacetin/
Polysorbate 80/Capmul MCM formulation.
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Method Capsule 2
Development of a novel ophthalmic ciclosporin A-loaded nanosuspension using 
top-down media milling methods

Based on the method reported by Kim et al. (2011)

Objective

• To develop a stable ciclosporin A nanosuspension which can be delivered to the 
eye and cause low ocular irritation.

Equipment and Reagents

• Ciclosporin A
• Polyvinyl alcohol
• Polyvinyl pyrrolidone
• Hydroxyethyl cellulose
• Hydroxypropyl cellulose
• Hypromellose
• 300 μm zirconia beads
• Water
• High shear homogenizer
• Bead mill

Method

• About 2.5 g ciclosporin A was added to 500 mL water
• 5 g surface stabilizing polymer is added to the mixture
• Mixture is homogenized at 7000 rpm for 30 min then transferred into the bead 

mill
• Mixture is milled with zirconia beads at 1000 rpm for 2 h

Results

• Formation of a nanosuspension with a minimum particle size of about 530 μm
• Nanosuspension remains physically and chemically stable for 2 months at room 

temperature
• Polyvinyl alcohol was shown to be the best at stabilizing particles from creaming 

and sedimentation as well as resulted in the smallest particle size after milling
• Draize irritation study in rabbits showed no different to commercial Restasis® 

formulation
• Schirmer tear test showed lower irritation from the nanosuspension compared to 

commercial formulation
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Method Capsule 3
Development of in-situ gelling microemulsion for nose-to-brain delivery

Based on the method reported by Wang et al. (2012)

Objective

• To develop a curcumin microemulsion formulation for nasal delivery which is 
liquid when administered but turns to a gel when in contact with the nasal 
mucosa.

Equipment and Reagents

• Curcumin
• Capryol 90
• Solutol HS15
• Transcutol HP
• Deacetylated gellan gum (DGG)
• Deionized water
• Glass Vessels

Method

• Capryol 90, Transcutol HP and Solutol HS15 were added to vial and stirred
• Curcumin was dissolved in above solution
• In a separate glass vessel DGG is added to deionized water and heated to 90 °C 

with stirring, then cooled to −4 °C
• To the curcumin solution, DGG solution is added dropwise under stirring

Results

• After addition of DGG the formulation remains a liquid. However, once added to 
artificial nasal fluid it forms a gel

• The average droplet size for the resulting curcumin loaded microemulsion was 
54.1 ± 1.66 nm

• In vitro release studies determined about 52 % of curcumin was released from the 
microemulsion within 5 h and 81 % released within 24 h

• When dosed intranasally to rats, the absolute bioavailability was higher than 
seen for oral delivery. Brain tissue concentrations showed nearly fourfold higher 
AUC in the brain after intranasal administration and was consistent with direct 
targeting of the brain from the nose
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Method Capsule 4
High Bioavailability from Nebulized Itraconazole Nanoparticle Dispersions 
with Biocompatible Stabilizers

Based on the method reported by Yang et al. (2008)

Objective

• To develop an itraconazole nanoparticle dispersion for pulmonary delivery by 
nebulization that does not require the use of synthetic polymers and surfactants 
to achieve high supersaturation values in vitro and high bioavailability in in vivo.

Equipment and Reagents

• Itraconazole (ITZ)
• Mannitol
• Lecithin
• 1,4-Dioxane
• Ultra-rapid freezing (URF) apparatus
• Lyophilizer

Method

• Lecithin (118 mg) is dissolved in a mixture of 1,4-dioxane and purified water 
(65/35, v/v) cosolvent system (200 mL) using a magnetic stirrer.

• ITZ (588 mg) and mannitol (294 mg) are subsequently dissolved in the mixture; 
this provides a dissolved solids ratio of ITZ:mannitol:lecithin of 1:0.5:0.2 by 
weight.

• The solution is rapidly frozen using the URF apparatus in which the solution is 
applied to a cryogenic solid substrate cooled to −70 °C.

• The resultant frozen solids are collected and lyophilized.

Results

• Particle-size distributions of lyophilized ITZ powder redispersed in water showed 
a narrow size range with a D50 and D90 (diameter at which the cumulative 
sample volume is under 50 and 90 %, respectively) of 230 and 540 nm, 
respectively.

• ITZ nanoparticles were found to be amorphous as indicated by the absence of the 
characteristic crystalline peaks of ITZ and mannitol.

• ITZ nanoparticles produced supersaturation levels 27 times the crystalline solu-
bility upon dissolution in simulated lung fluid.

• The colloidal dispersion obtained after redispersion of the powder in water dem-
onstrated optimal aerodynamic properties with a fine particle fraction of 66.96 % 
and a mass median aerodynamic diameter of nebulized droplets of 2.38 μm.

• An in vivo single-dose 24 h pharmacokinetics study of the nebulized colloidal 
dispersion demonstrated substantial lung deposition and systemic absorption 
with blood levels reaching a peak of 1.6 μg/mL serum in 2 h.
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Method Capsule 5
Amorphous Cyclosporin Nanodispersions for Enhanced Pulmonary Deposition 
and Dissolution

Based on the method reported by Tam et al. (2008)

Objective

• To nebulize stable amorphous nanoparticle dispersions of Cyclosporine A to 
achieve high fine particle fractions and high levels of absorption into the lung 
epithelium.

Equipment and Reagents

• Cyclosporin A
• Polysorbate 80
• Liquid nitrogen
• Methanol
• Glass vessel
• Temperature-controlled water bath
• Rotary evaporator

Method

• 15 g of methanol containing 3.2 % w/w cyclosporine A is injected into 50 g 
deionized water containing an appropriate amount of polysorbate 80 and 
maintained at 3 °C by means of a temperature-controlled water bath.

• Methanol is then separated from the aqueous dispersion via vacuum distillation.
• If the dry powder is desired, the aqueous dispersion can be frozen drop-wise into 

liquid nitrogen and then be lyophilized.

Results

• Static light scattering results demonstrated a cyclosporine to polysorbate 80 ratio 
of 1:0.1 produced particles with an average diameter of 300 nm.

• The absence of characteristic crystalline cyclosporine A peaks in XRD patterns 
indicated a primarily amorphous character.

• Dissolution of the aqueous cyclosporine A dispersion produced supersaturation 
values 18 times the aqueous equilibrium solubility of the drug.

• The sizes of the aerosolized aqueous droplets (1–4 μm) obtained by nebulization 
were found to be optimal for deep lung deposition.

• Nebulization of the dispersion to mice produced therapeutic lung levels and 
systemic concentrations below toxic limits.
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Method Capsule 6
Production and Characterization of a Budesonide Nanosuspension for 
Pulmonary Administration

Based on the method reported by Jacobs and Müller (2002)

Objective

• To develop a budesonide nanosuspension by high-pressure homogenization and 
to investigate the aerosolization properties of this nanosuspension

Equipment and Reagents

• Budesonide
• Soy lecithin
• Span 85
• Tyloxapol
• Cetylalcohol
• Ultra-Turrax
• High-pressure homogenizer

Method

• The surfactants are dissolved or dispersed in warm (~40 °C) bi-distilled water by 
using an Ultra-Turrax.

• Budesonide is then dispersed in the aqueous surfactant solution/dispersion by 
using the Ultra-Turrax for 1 min at 9500 rpm.

• The obtained premix is homogenized by using a Micron LAB 40 homogenizer at 
two cycles at 150 bar and two cycles at 500 bar as a kind of premilling and then 
20 homogenization cycles at 1500 bar to obtain the final product.

Results

• A combination of lecithin (0.5 %, w/w) and tyloxapol (0.2 %, w/w) proved to be 
most suitable to stabilize budesonide (1 %, w/w) nanosuspension.

• The mean particle size of this nanosuspension was 500 nm as analyzed by photon 
correlation spectroscopy.

• The scale-up of the formulation from 40 to 300 mL was successful with similar 
size distributions obtained for both batch sizes.

• The mean particle size as determined by photon correlation spectroscopy did not 
change after nebulization of the nanosuspension indicating suitability for 
pulmonary delivery.

• Nanosuspension stored at room temperature was stable in terms of size distribu-
tion over 1 year period.
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Method Capsule 7
Trojan Particles: Large Porous Carriers of Nanoparticles for Drug Delivery

Based on the method reported by Tsapis et al. (2002)

Objective

• To combine the drug release and delivery potential of nanoparticle (NP) systems 
with the ease of flow, processing, and aerosolization potential of large porous 
particle (LPP) systems by spray-drying solutions of NPs into large porous NP 
(LPNP) aggregates.

Equipment and Reagents

• 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
• 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE)
• Lactose monohydrate
• Hydroxypropylcellulose
• Bovine serum albumin (BSA)
• Ethanol
• Aqueous suspensions of surfactant-free carboxylate-modified polystyrene NP 

(PS-NP) or aqueous suspensions (pH 9) of Nyacol 9950 colloidal silica NP
• Spray-dryer

Method

• Solutions of NPs were prepared by mixing ethanol and water (70:30, v/v) to the 
desired w/v fraction.

• If desired, additional excipients may be included, e.g., sugars, lipids such as 
DPPC and DMPE, polymers, or proteins.

• The resulting mixture is spray-dried under the following conditions: the inlet 
temperature is fixed at 110 °C, the outlet temperature is about 46 °C, a V24 rotary 
atomizer spinning at 20,000 rpm is used, and the feed rate of the solution is 
70 mL/min, the drying air flow rate is 98 kg/h.

• Spray-dried particles are collected with a 6 in. cyclone.

Results

• The chemical nature of the NPs seemed to be of little importance, since LPNPs 
were also successfully produced with colloidal silica NPs instead of PS-NPs.

• The formation of LPNPs appears to be generally independent of the size of the 
NPs (25 and 170 nm NP were tested), provided they are much smaller than the 
ultimate physical dimension of the spray-dried LPNP.

• In all cases, the LPNPs had a solid deformable shell, consisting of several layers 
of NPs, and a wrinkled structure indicative of a low relative density, making their 
aerodynamic properties highly favorable.

• Additional control over LPNPs physical characteristics is achieved by adding 
other components to the spray-dried solutions, including sugars, lipids (DPPC, 
DMPE), polymers (hydroxypropylcellulose), and proteins (BSA).
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Chapter 2
Optimizing the Formulation of Poorly  
Water- Soluble Drugs

Daniel Ellenberger, Kevin P. O’Donnell, and Robert O. Williams III

Abstract With as high as 60 % of drugs in company pipelines exhibiting poor 
aqueous solubility, the ability to successfully develop a poorly water-soluble drug 
has become essential. Gaining a detailed understanding of a compound through 
preformulation studies can be especially challenging for poorly water-soluble drugs 
limiting their development. Therefore, this chapter focuses on the application of 
preformulation studies essential in understanding a poorly water-soluble drug, 
including solubility studies, solid-state characterization of the active ingredient and 
formulations thereof, and in vitro and in vivo testing of the lead formulations.

Keywords Solubility studies • Solid-state characterization • Lead formulations • 
Active pharmaceutical ingredients (APIs) • In vitro dissolution • In vivo dose admin-
istration • General solubility equation (GSE) • Aqueous suspension • pH- solubility • 
Flory-Huggins theory

2.1  Introduction

It is estimated that 60 % of drugs in company pipelines are poorly water soluble. 
Many of these active pharmaceutical ingredients (APIs) are designated BCS class II 
compounds (low solubility and high permeability), making their aqueous solubility 
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the limiting factor regarding bioavailability (Fahr and Liu 2007). This has led to 
numerous novel formulation approaches such as particle engineering, alterations of 
the API into a salt form, amorphization of the compound, the use of surface-active 
agents or cosolvents, inclusion of polymeric stabilizers for supersaturation, and the 
generation of solid dispersions/solutions, as well as many other novel techniques. 
Each of these techniques focuses on improving the extent or rate at which the drug 
enters solution in an effort to increase the bioavailability. During this formulation 
process, it is important to perform the correct studies to ensure that the development 
is proceeding in the desired direction. This includes tests designed to gain an under-
standing of the API alone, as well as experiments necessary in formulation 
optimization.

In the following sections, numerous analytical and experimental techniques will be 
presented, focusing on understanding and optimizing poorly water-soluble drugs or 
formulations thereof during development. This includes solubility testing, solid- state 
characterization studies, in vitro dissolution work, and in vivo dose administration.

2.1.1  Solubility Studies

As mentioned, approximately 60 % of drugs in company pipelines are poorly water- 
soluble, being designated BCS class II compounds (low solubility and high perme-
ability), making their aqueous solubility the limiting factor regarding bioavailability; 
formulation will thus focus on improving the extent or rate at which the drug enters 
solution (Fahr and Liu 2007). Additionally, an understanding of a compounds solu-
bility is required for pharmacological, toxicological, and pharmacokinetic studies 
as a solution of the drug is often required to perform such studies (Mashru et al. 
2005; Teijeiro and Briñón 2006). Aqueous solubility determination has proven 
extremely difficult for poorly water-soluble (PWS) drugs. This section describes 
both experimental and predictive (mathematical) methods for determining the aque-
ous solubility of a drug.

2.1.1.1  Solubility Prediction

The solubility of a solid compound may be mathematically predicted using the 
equation developed by Yalkowsky and Valvani (1980). Here, solubility (Sw) is 
defined in terms of the melting temperature (Tm), octanol–water partition coefficient 
(Pc), and the entropy of melting (ΔSf) of the substance such that:
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Analysis of multiple compounds led to a proposed universal value of 56.5 J/
mol/K for the entropy of melting and a reduction of the equation to:
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 log . log . . .S P tw c m= - - +1 05 0 012 0 87  

When applying the equation to a new chemical entity, the true entropy of melting 
should be experimentally determined (i.e., by differential scanning calorimetry) to 
be more precise.

More recently, (Jain and Yalkowsky 2001) analyzed 580 compounds and further 
refined the above equation such that:

 log . log . . .S P tw c m= - - +1 031 0 0102 0 679  

This equation is more commonly referred to as the general solubility equation 
(GSE) and can be used as an empirical estimation of the aqueous solubility of a 
compound.

Baena et al. have employed these equations in the solubility prediction of 
acetanilide derivatives. All three equations provided accurate predictions of the 
aqueous solubility of acetanilide and phenacetin; however, they were not accurate 
at estimating the aqueous solubility of acetaminophen (Baena et al. 2004). A similar 
study by Venkatesh et al. determined the solubility of cosalane by multiple methods. 
Indeed, empirical estimation yielded a difference of three orders of magnitude com-
pared to experimental determination for the PWS drug (Venkatesh et al. 1996).

Ran et al. (2002) analyzed 1026 nonelectrolytes by the GSE and compared them 
to their respective experimentally determined aqueous solubilities. As can be seen 
in Fig. 2.1, empirical calculation correlates well with experimental determination 
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Fig. 2.1 Calculated solubility from the GSE versus experimentally determined solubility. 
N = 1026. Reproduced with permission from Elsevier
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for many of the compounds analyzed (Radha et al. 2010). However, these studies 
demonstrate that while empirical analysis may provide a good estimation of solubil-
ity and should be employed when limited quantities of drug are available, they are 
not accurate for all compounds and experimental testing must be performed to vali-
date the calculated results.

2.1.2  Experimental Aqueous Solubility Determination

The most widely employed experimental method for solubility determination is by 
direct determination in aqueous suspension. In this method, excess drug is placed in a 
designated volume of water and held at constant temperature. Samples are taken peri-
odically and the drug concentration is determined analytically (i.e., HPLC analysis).

For example, Seedher et al. analyzed the solubility of seven PWS antidiabetic 
drugs. In their study, excess drug was placed in 5-mL of water in a sealed container. 
The suspensions were held at 25 °C and placed under magnetic stirring for 24 h at 
which point equilibrium was obtained. The suspensions were then centrifuged, 
filtered through a 0.45-μm membrane, and analyzed by UV absorbance for drug 
quantification (Seedher and Kanojia 2009). Applying the same method, the research-
ers also screened numerous cosolvents for their ability to enhance solubilization. 
It should be noted that the centrifugation and filtration steps are critical as they 
eliminate potential seeds for recrystallization and ensure that no particulate matter 
is dissolved upon dilution for analysis, which may provide inaccurate results.

Teijeiro analyzed the solubility of AZT-Iso, a derivative of zidovudine, by direct 
determination in aqueous suspension using excess drug in 4 mL of water under 
constant shaking. Again, filtration was applied following equilibration and the sam-
ples were analyzed by UV absorbance (Teijeiro and Briñón 2006).

It is crucial that compounds analyzed by direct determination in aqueous suspen-
sion be allowed to reach equilibrium. The aforementioned studies required only 
24 h to achieve equilibration; however, for many PWS drugs this time is insuffi-
cient. Venkatesh found that cosalane required 48 h to reach equilibrium at 25 °C. 
In contrast, Shaw et al. found that 5 days were required to attain equilibrium for 
ibuprofen at 37 °C (Shaw et al. 2005). For a new chemical entity, it is recommended 
that samples be taken every 8 h up to 24 h, and then every 24 h after for 4 days. 
If the determined concentration has not reached a plateau, the study may be continued 
for longer durations of time if necessary.

2.1.3  pH-Solubility Profiles

The pH-solubility profile of a PWS drug can be a driving factor in its course of 
development. Compounds such as itraconazole show a marked reduction in solubility 
upon entry into neutral media creating the need for gastric absorption or supersatu-
ration in the intestine to enhance bioavailability.

D. Ellenberger et al.



45

The direct determination in aqueous suspension method can be adapted to 
provide pH-solubility profiles. For example, Wang et al. placed excess sildenafil 
citrate in 10 mL of deionized water in multiple 15-mL vials. The pH values of indi-
vidual vials were then titrated to a pH of 3–11. These suspensions were then placed 
at 37 °C for 48 h. Following confirmation that no shift in pH had occurred, samples 
were filtered through 0.2-μm filters, diluted with mobile phase, and analyzed by 
HPLC (Wang et al. 2008). Table 2.1 shows that, indeed, the solubility of sildenafil 
drastically decreases above pH 4. Norfloxacin was analyzed in the same manner; 
however, in this case a solution of NaCl was added to each vial in amounts nec-
essary to achieve constant ionic strength among samples (Ahumada et al. 1993). 
The direct determination in aqueous suspension method was also employed for the 
pH- solubility profile of haloperidol free base and the corresponding hydrochloride 
and mesylate salts to identify the more soluble species (Li et al. 2005). In this itera-
tion, a single vial of each compound was prepared by adding excess solids to 5 mL 
of water. The suspensions were then titrated with HCl or NaOH solutions to the 
desired pH and allowed to equilibrate at 37 °C for 24 h. At 24 h, the pH was confirmed 
and an aliquot taken for analysis. The pH was then adjusted to the next desired level, 
the vials resealed, and the equilibration and sampling processes repeated. Indeed, such 
a process allows identification of the more soluble salt in media at physiologically 
relevant pH values.

A modified version of the method has been used to determine the solubility of a 
synthetic recombinant plague antigen (D’Souza et al. 2009). The researchers first 
prepared buffers with pH values ranging from 3 to 10. Aliquots of a stock solution 
of the monomer were then diluted with one of the buffers to a concentration of 
360 μg/mL. This solution was then placed in a dialysis cassette and dialyzed against 
the respective diluting buffer for 15 h under refrigeration. The dialysate was then 
filtered and analyzed by UV absorbance for solubilized compound.

The direct determination in aqueous suspension method is not without limita-
tions. Substances with extremely low solubilities may fall outside of the detection 
limits for many available analytical techniques. Additionally, molecules with 
 stability issues may undergo complexation or aggregation, yielding inaccurate 
results. An alternative to the direct determination in aqueous suspension method 
was presented by Avdeef et al., in which the solubility is determined through acid–
base titration. Using experimentally determined p Ka and log P values, the solubility 
of 12 generic drugs was determined and compared to values obtained by direct 
determination in aqueous suspension. Indeed, the data correlated well. Uniquely, 
the method not only allows for intrinsic solubility determination but also provides a 

Table 2.1 pH-solubility profile of sildenafil

pH

3 4 5 6 7 8 9 10 11

Solubility 
(mg/mL)

6.965 7.077 2.068 0.114 0.025 0.027 0.040 0.103 0.322

S.D. 0.092 0.047 0.042 0.001 0.001 0.001 0.001 0.001 0.058

Reproduced with permission from Elsevier

2 Optimizing the Formulation of Poorly Water-Soluble Drugs



46

complete pH- solubility profile for the drugs analyzed (Avdeef et al. 2000). This 
method was applied using the pSOL instrument and corresponding software in deter-
mining the solubility profile of an experimental PWS compound NP-647 (Khomane 
et al. 2011). The dissolution titration method provided the researchers with both 
intrinsic solubility and pH-solubility data.

2.1.4  Intrinsic Dissolution

The intrinsic dissolution rate of an API is the rate of dissolution of the compound 
under constant conditions (i.e., identical surface area, temperature, agitation rate, 
pH, and ionic strength of the dissolution media for all samples) and is used to dem-
onstrate equivalency of raw components (i.e., comparison of salt vs. free base) and 
physical mixtures of drugs and excipients or final formulations (Viegas et al. 
2001a, b; Lee et al. 2011). USP 32/NF 27 identifies two apparatuses for the deter-
mination of intrinsic dissolution rates: rotating disk and stationary disk. Regardless 
of the unit selected for dissolution analysis, the surface area of the material to be 
tested is held constant by generating a compact within the body of the device. This 
is done by attaching the body to a baseplate, filling the body cavity with a known 
amount of powder, placing a punch on top of the powder surface, and compressing 
the powder by means of a hydraulic press to a given pressure for a predetermined 
period of time. Figures 2.2 and 2.3 depict a rotating disk and stationary disk assembly, 
respectively.

Fig. 2.2 Rotating disk intrinsic dissolution apparatus diagram. From Viegas et al. (2001a, b)
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2.1.4.1  Compact Preparation

The preparation of an adequate compact for analysis is crucial in intrinsic dissolution 
testing to ensure that a constant surface area is maintained throughout the test. 
The term adequate compact refers to a compact which will not disintegrate during 
prolonged exposure to the dissolution media and that has been compressed suffi-
ciently to remove all air from the powder bed, thereby preventing the formation of 
capillaries and potential surface bubbles. The USP states that compression for 1 min 
at 15 MPa is sufficient; however, this is not universal and the compression pressure 
and time must be tailored to the formulation at hand such that upon testing the com-
pact does not disintegrate. High compression forces and excessive times may induce 
physical changes in a powder such as polymorphism or crystallization, and a com-
pact formed by the selected parameters should be analyzed for such transitions. For 
example, a novel quinolinone derivative required compression at 196 MPa to yield 
a solid nondisintegrating compact. X-ray diffraction revealed that no transforma-
tions took place upon compression, thereby validating the compaction procedure 
and obtained dissolution results (Kimura et al. 2001). In a study of 13 different 
APIs, a compression time of 1 min was sufficient for all materials; however, the 
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compression force required varied from 1.96 to 19.6 MPa (Zakeri-Milani et al. 2009). 
Viegas et al. (2001a, b) applied a force of 2000 psi for 4–5 min to achieve a satisfactory 
disk. As can be seen, the compression force will vary greatly between formulations; 
however, a study by Yu and co-workers demonstrated that the compression force 
applied during compact formation does not influence the intrinsic dissolution rate of a 
material, provided the compact does not undergo physical alterations (i.e., polymor-
phic transitions or crystallization) or disintegrate during testing (Yu et al. 2004).

2.1.4.2  Intrinsic Dissolution Testing

The above mentioned study by Yu additionally demonstrated that dissolution vol-
ume (provided sink conditions are maintained) and disk distance from the vessel 
bottom do not influence the intrinsic dissolution rate of a given compound. However, 
Viegas showed that for both types of ID apparatuses the rotation speed or paddle 
speed greatly influenced the dissolution rate and therefore must be held constant 
when comparing formulations. The literature supports values between 50 and 
150 rpm, with slower speeds being used for compacts more prone to disintegration. 
During dissolution testing, the media is to be heated to physiological temperature of 
37 °C. The standard apparatus 2 volume of 900 mL is often used; however, smaller 
volumes such as 250 mL can also be employed when larger volumes will lead to 
concentrations below the limit of detection for the compound (Viegas et al. 2001a, 
b; Lee et al. 2011).

The media for dissolution testing must be adequately degassed prior to experi-
mentation. This not only prevents potential oxidative degradation of dissolved 
compound but also prevents potential bubble formation on the surface of the com-
pact during testing, thereby disrupting the factor of constant surface area. Multiple 
methods can be employed to degas the media, including sparging with an inert gas 
(i.e., helium or nitrogen) for 30 min at 6 psi, stirring heated media under vacuum 
(41 °C, 160 mmHg), sonication (30 min), sonication under vacuum (60 mmHg), 
and equilibration at 37 °C for 24 h (Diebold and Dressman 1998; Gao et al. 2006). 
Selection of the appropriate method for the study at hand is at the discretion of the 
researcher.

Sampling time points will depend upon the compound under analysis. Sampling 
at 5 min intervals for 1 h has proven sufficient to obtain a dissolution profile with a 
region of linearity. Although no solid mass should be present as the compact is non-
disintegrating, filtration of the withdrawn media through a 0.45-μm filter is recom-
mended. As per the USPNF 32/27, the amount versus time profile is plotted; 
however, only the initial linear region is used for intrinsic dissolution rate calculation. 
Regions of nonlinearity are excluded from data analysis. The constant surface area 
dissolution rate (i.e., slope) is then reported in the units of mass/s and the dissolution 
flux reported as mass/cm2/s. Flux is obtained by dividing the calculated dissolution 
rate by the surface area of the compact and is the parameter to be reported with 
regard to intrinsic dissolution data reporting.
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2.2  Solid-State Characterization

Solid-state characterization of APIs, excipients, and combinations thereof is invalu-
able during product development. The techniques outlined in the following sections 
are utilized to gain an understanding of the API’s physical nature, interactions with 
excipients, and response to processing and environmental conditions. The following 
sections do not contain detailed information regarding the theory behind each tech-
nique. Rather, a discussion of how the methods should be utilized during PWS drug 
formulation is provided.

2.2.1  Thermal Analysis

2.2.1.1  Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is widely used for physical characteriza-
tion of drugs and formulations thereof including identification of melting, crystal-
lization, and thermal transition phenomena, as well as the associated changes in 
entropy and enthalpy. DSC has the advantage of requiring only minimal amounts of 
the compounds under study and a rapid timeline to completion. During analysis, a 
sample and reference pan are subjected to a heating profile and the energy and tem-
peratures associated with thermal events are assessed. For a detailed understanding 
of DSC theory, the reader is referred to (Craig and Reading 2007; Schick 2009). The 
following sections discuss the application of DSC to preformulation studies, includ-
ing selection of appropriate parameters, identification of prominent thermal events, 
and application in polymorph and excipient screening.

Parameter Selection Method

As mentioned earlier, DSC has the advantage of requiring only minimal amounts of the 
compounds under study and a rapid timeline to completion. Reported sample sizes 
range from 2 to 15 mg and can be selected to optimize the response profile. Increasing 
the sample size will increase the sensitivity of the system; however, this will also 
decrease the resolution of the trace. The converse holds true with smaller samples 
increasing the resolution at the sacrifice of sensitivity. It should additionally be noted 
that peak maximum temperature for thermal events will increase with increasing sam-
ple size and thus the sample size must be held nominal throughout a study.

While multiple pans can be used for sample analysis (i.e., aluminum crimp top 
and aluminum hermetic), it is imperative that during preparation sample contact with 
the pan be maximized. Improper sample contact can increase thermal lag within the 
system, creating inconsistent results. The most prevalent pan type for analysis is 
aluminum crimp top pans such as those offered by Perkin-Elmer. For materials 
which may undergo transitions induced by the pressure applied during crimping, a 
noncrimped pan with lid can be used, or pans capable of being hermetically sealed 
can be employed. Whichever pan type is selected, it is absolutely essential that the 

2 Optimizing the Formulation of Poorly Water-Soluble Drugs



50

corresponding reference pan be identical to that used for sampling (lid included if 
utilized), except only the material being analyzed. Additionally, it is crucial that 
samples which may undergo volume expansion upon heating be limited in their sam-
ple size to prevent spillage from the pain to the DSC cell surface. Such events can 
also be prevented by selection of the correct pan type. If contamination of the cell 
surface occurs, the system must be cleaned following manufacturer guidelines and 
recalibrated prior to subsequent analyses.

The heating rate selected for testing must be a compromise between resolution, 
sensitivity, and time. While slower heating rates allow greater separation of thermal 
events (i.e., increased resolution), the sensitivity to these events is reduced and the 
run time for each analysis is greatly increased. Conversely, higher heating rates will 
decrease the resolution, as thermal events separated by only a few degrees will 
overlap. However, faster heating rates generate greater sensitivity to thermal transi-
tions, allowing visualization of minor events while also drastically reducing the 
time for analysis. In fact, a ramp rate of ≥100 K/min was required in order to detect 
weak transitions occurring in a lyophilized protein sample and corresponding for-
mulations thereof (Carpenter et al. 2009). Additionally, increases in ramp rates will 
alter the Tmax of the melting endotherm (Abbas et al. 2008). Ramp rates for analysis 
of pharmaceutical materials of 2, 5, or 10 K/min are most prevalent in the literature. 
Regardless of the rate selected, all samples in a given study must be analyzed under 
the same heating rate for the purpose of comparison.

It is necessary to calibrate the instrument using standards of known temperatures 
and enthalpies of melting under the identical conditions to be used during analysis. 
The reference material(s) should have melting temperatures near those of the ana-
lytical samples to ensure accuracy. Materials for calibration include zinc, indium, 
aluminum, lead, silver, tin, gallium, and gold (Cammenga et al. 1993). Additional 
calibration standards include naphthalene, benzyl, benzoic acid, and anisic acid, 
which have proven useful for calibrating temperatures between the melting tem-
peratures of the metals indium and gallium (Charsley et al. 2006).

Modulated differential scanning calorimetry (mDSC) provides a linear heating 
ramp with a superimposed temperature oscillation yielding a modulation in the 
heating profile. mDSC provides identical data as that obtained by traditional DSC 
analysis (i.e., total heat flow). However, Fourier transform separation of the DSC 
signal allows the heat-capacity-related component (reversible signal) to be isolated. 
Furthermore, subtraction of the reversing component from the total heat flow allows 
for isolation of the nonreversing component of the scan (Aldén et al. 1995; Sauer 
et al. 2000). This ultimately allows the researcher to better visualize thermal events, 
as no exothermal events are present in the reversing signal. When mDSC is to be 
used, the underlying heating rate should be selected as outlined above based on the 
required resolution-to-sensitivity relationship. However, additional parameters are 
required, including the modulation temperature and frequency thereof. Selection of 
these parameters will be based on the applied heating rate as it is desired to have six 
modulations over the temperature range of a thermal event. As such, slower heating 
rates are often employed (i.e., 2–5 K/min) to ensure that these criteria are met. 
Modulation amplitudes should range between 0.1 and 2 K, as larger amplitudes may 
adversely affect data (Schawe 1996).
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Thermal Events

Proper identification of the thermal events occurring upon heating of a sample can 
prove rather challenging in practice. The most prevalent thermal event identified by 
DSC analysis is that of melting. Upon reaching the melt temperature of a substance, 
the sample will remain isothermal until the entire sample has melted, as a length of 
time is required to overcome the thermal lag across the sample. During this time, the 
trace yields an endothermic event; however, the manner in which the melting tem-
perature (Tm) is reported based on this event varies among researchers. Tm has been 
reported at the initial deviation from baseline, at the temperature of onset of the 
endothermal peak, the temperature at the peak, or the temperature at which the ther-
mogram returns to baseline. While these values may vary by as little as 3 °C for 
highly pure substances displaying narrow melting peaks, substances with low purity 
or compositions containing multiple crystalline forms (i.e., semi- crystalline poly-
mers) yield broad melting endotherms, causing large differences in Tm based on the 
report method (Brown 2001; Craig and Reading 2007). As peak broadening may 
occur in the presence of various excipients, or the pure substance itself may have a 
broad melting endotherm, the initial deviation, onset, and return to baseline tem-
peratures may vary drastically among samples in a single study. However, the peak 
temperature is likely to remain relatively unchanged in the absence of formulation 
component interactions provided the sample size and heating rate are held constant, 
making its selection as the reporting temperature more reliable (Abbas et al. 2008).

Amorphous systems such as solid solutions are becoming highly prevalent in 
the development of PWS drugs. Of great importance to these polymeric and amor-
phous systems is the glass transition temperature (Tg). The nature of the glass tran-
sition temperature has been discussed in numerous ways, including relaxation 
processes and changes of free volume in a system; however, at its simplest, the 
glass transition temperature is a change in the heat capacity of the material and is 
observed as an endothermic step change in the baseline of the DSC trace. Analysis 
of the reversing heat flow obtained through mDSC provides the best visualization 
of the Tg event. The Tg of a material will vary slightly based on the selected heating 
rate and frequency for mDSC, with increased frequencies increasing the Tg, and, 
therefore, should be held constant for all samples in a given study to ensure accu-
racy in their comparison (Schawe 1996). As will be discussed in a subsequent sec-
tion, polymer miscibility is crucial for amorphous systems to ensure homogeneity 
and stability and, oftentimes, the Tg values of a system are indicative of miscibility. 
The  theoretical glass transition temperature of a system can be predicted using the 
Gordon–Taylor equation:
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where Tg1 and Tg2 are the glass transition temperatures of raw components 1 and 2, 
respectively, and w is the weight fraction of the corresponding components. The 
value of K, the ratio of the components free volume, is such that:
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with values for Δα being found in the literature. For materials in which Δα is not 
available, the value of K can be estimated using the true densities of components 1 
and 2 such that:
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Direct comparison of the theoretical (calculated) Tg to the experimentally observed 
Tg allows assessment of drug–polymer or polymer–polymer miscibility (Gordon 
and Taylor 1952; Boyer and Simha 1973).

As the thermal event associated with the glass transition occurs over a broad 
temperature range (i.e., 10 °C), the Tg has been reported in multiple ways, includ-
ing step onset, midpoint, and endpoint temperatures. Analogous to Tm, the exact 
onset and endpoint temperatures may not be easily discernable on the trace. 
Therefore, calculation of the midpoint via the software associated with the unit at 
hand is the recommended means of interpreting Tg. Figure 2.4 depicts the reversing 
heat flow of formulations of itraconazole and hydroxypropylmethyl cellulose 
phthalate NF (HP55). Here, the glass transition temperature can readily be 
observed as a shift in baseline. As the ratio of drug to polymer changes, the Tg 
shifts and indeed this shift correlated well with the theoretical Tg predicted by the 

Fig. 2.4 Reversing heatflow DSC profile of Itraconazole and HP-55 solid dispersions prepared by 
Ultra Rapid Freezing. Reproduced with permission from Elsevier
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above-mentioned Gordon–Taylor equation. It should be noted that at high drug 
loadings, the melting endotherm of itraconazole can be observed. This is attrib-
uted to recrystallization occurring upon heating without sufficient polymeric sta-
bilization (Overhoff et al. 2007).

Recrystallization is an exothermic event and, as such, it is not observed on the 
reversing heat flow profile. Examination of the corresponding heat flow in the above 
example reveals itraconazole to recrystallize between 110 and 130 °C, depending on 
the polymer concentration of the system. Recrystallization occurs as a result of 
increased molecular mobility and subsequent molecular rearrangement during heat-
ing and can be observed in poorly stabilized amorphous systems following the glass 
transition event but prior to the melting endotherm. This can also be observed 
 following polymorphic transitions (to be discussed), in which following melting of 
form I the material recrystallizes into form II with subsequent melting of form II, if 
sufficient time is provided for recrystallization (i.e., slow heating rates) (Alves et al. 
2010). As decomposition events may also appear as exothermic peaks, differentia-
tion between the two must be confirmed. This can be accomplished by supplemental 
thermogravimetric analysis (TGA) which will be discussed in the coming sections.

Polymorphic Transformations

The presence of an undesired polymorphic form of an API within a formulation may 
drastically alter the performance of the product, as the different polymorphs of a 
given API possess different physical properties. An understanding of these poly-
morphic forms with regard to their prevalence and transformations will assist the 
formulation scientist in optimizing the formulation. As physical properties are dif-
ferent for each polymorph of a given API, the Tm values of each polymorph can 
readily be used for their identification with exothermic events indicating species 
conversion (Bergese et al. 2003). For example, DSC analysis of polymorph II of 
rifampicin exhibits an endothermic peak at 193.9 °C due to melting. A subsequent 
exothermic recrystallization is observed at 209.4 °C as polymorph II recrystallizes 
into form I (Alves et al. 2010). When attempting to identify the polymorphs present 
in a system, it is imperative that the appropriate heating rate be selected for analysis 
to ensure that the energy applied by the system does not induce a transformation 
leading to improper identification within a formulation. The PWS drug nateglinide 
polymorphs B and H have Tm’s of 128 and 138 °C, respectively. In order to properly 
identify the two forms when analyzed together, a heating rate of 10 K/min was 
employed. Indeed, at rates faster than 10 K/min the peaks overlapped hindering 
identification, while slower heating rates allowed sufficient time for transformation 
of form B to H (Bruni et al. 2011). It was additionally shown in this example that the 
grinding process (mortar/pestle) for preparation of the mixtures of the polymorphs 
induced the B-to-H transformation.

Transformations may occur as a result of processing conditions during production. 
As will be discussed in the next section, an understanding of API stability in the pres-
ence of the excipients to be used for the formulation is vital to ensure product perfor-
mance. This includes assessment of process-induced polymorphic transformations. 
For example, form II of an experimental compound (drug Z) displays desirable 
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dissolution characteristics over form I. Development of the product for tableting led 
to the inclusion of stearic acid in the formulation to prevent sticking. However, it was 
found that the addition of stearic acid to the formulation with subsequent drying of 
the wet granulated mass at elevated temperatures induced a transformation to form I, 
thereby drastically reducing dissolution rates. This was confirmed via DSC analysis 
of granulated mass compared to thermograms of physical mixtures. Indeed, the 
physical mixture of form II in the presence of stearic acid displayed melting endo-
therms for both polymorphic forms, indicating partial conversion to the undesir-
able form (Wang et al. 2010).

Drug–Excipient Interactions

It should be immediately noted that many of the API–excipient interactions 
observed in DSC analysis, as well as the polymorphic transformations previously 
discussed, occur at temperatures drastically higher than those to be experienced in 
real-world application, with the exception of thermal processing techniques such as 
hot-melt extrusion. This must be considered when analyzing results to ensure that 
constituents are not incorrectly deemed incompatible.

Determination of the stability of an API in the presence of excipients requires 
analysis of the raw components, a physical blend of the components, and a processed 
sample of the components. The physical mixture should be prepared in a manner that 
does not introduce heat, moisture, or force into the system. Gentle blending of the 
powders in the desired ratio in a mortar with a spatula at ambient temperatures is rec-
ommended. The processed sample may be as simple as a co- ground mixture (i.e., 
grinding via mortar pestle for a minimum of 15 min) or may be a final formulation such 
a as a tablet or hot–melt extrudate that has been ground for analysis. Analysis of the raw 
individual components will allow identification of thermal events associated with the 
isolated material such as the melting, recrystallization, and glass transition (if appli-
cable) temperatures outlined above. Subsequent analysis of physical blends and pro-
cessed material can then be inspected for shifts, disappearances or appearances of 
thermal events, or variations in the enthalpy values thereof (Mura et al. 1998a). In 
order to promote interactions, concentrations of excipients are often employed which 
far exceed the amount to be present in the final formulation. For example, a 1:1 physi-
cal mixture of carbamazepine-to-stearic acid (typically present in tablets at the 
0.5–2 % level) demonstrates a polymorphic transition that is unlikely to occur in a 
final formulation containing minimal amounts of the excipient (Joshi et al. 2002). In 
contrast, the transition described above for drug Z occurred using the actual amount 
of stearic acid to be employed during the granulation process, indicating a strong 
incompatibility. A 1:1 physical blend of picotamide with various excipients demon-
strated that ascorbic and tartaric acids resulted in degradation of the drug upon heat-
ing. The same effect was also observed for processed samples; however, as mentioned 
above, the temperatures at which this interaction took place were drastically higher 
than those a final formulation would experience necessitating confirmation. Indeed, 
analysis of freshly prepared samples and stored samples at room temperature by 
X-ray diffraction (XRD) revealed that no interaction occurred and the DSC data were 
falsely identifying an incompatibility (Mura et al. 1998a, b).
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The indication of drug–excipient interactions may not be detrimental to the 
formulation, but rather a desired interaction such as polymeric miscibility. DSC has 
been widely used in determining drug–polymer interactions, with emphasis on drug 
miscibility in the polymer during formulation of solid dispersions. Indeed, identifi-
cation of the polymer in which the drug is most miscible will aid in the formulation 
of a single-phase system (Mora et al. 2006). Prior to the analysis of formulations, 
physical blends of the drug and polymer are analyzed by DSC to isolate polymers 
displaying the highest miscibility with the API. A negative shift in the melting endo-
therm (i.e., melting point depression) indicates miscibility at the ratio tested. A com-
plete disappearance of the melting endotherm indicates the absence of crystalline 
API and solubilization of the API within polymeric carrier (Konno et al. 2008). 
Such an event also demonstrates amorphization of the API or inclusion complex-
ation within a material such as cyclodextrins (Cappello et al. 2007). Polymers iden-
tified as being most highly miscible should be analyzed by TGA for verification that 
the absent melting endotherm is not due to degradation of the API (Hughey et al. 
2010). Flory-Huggins theory is a useful tool for drug-polymer miscibility predictions 
and will be discussed in a subsequent section.

Upon formation of a solid dispersion, the drug and polymer are intimately mixed 
such that the system, as described above, will have a single intermediate Tg. Miscible 
systems, therefore, should only display this intermediate value and the appearance of 
multiple Tg’s is indicative of incomplete mixing, or drug or polymer-rich domains. 
Although the presence of a single experimental Tg intermediate to that of the polymer 
and API alone is a strong indicator of a homogeneous system, it is necessary to perform 
supplemental studies to ensure that such a product has truly been obtained. For exam-
ple, Raman mapping of solid dispersions has demonstrated that a system displaying a 
single Tg in fact contained drug-rich domains, ultimately leading to recrystallization-
related stability issues upon storage (Qian et al. 2010). The PWS drug irbesartan has 
been prepared into solid dispersions with tartaric acid, mannitol, PVP, and HPMC in an 
effort to increase aqueous solubility. mDSC analysis of the raw component (4–6 mg 
sample) revealed a melting endotherm at approximately 185 °C. Preparation of a 
quench-cooled sample allowed for analysis of amorphous irbesartan in the absence of 
any excipients which showed a single Tg at 71.7 °C with no subsequent recrystallization 
event. DSC analysis revealed a single Tg for irbesartan–tartaric acid dispersions indicat-
ing good miscibility. However, irbesartan–mannitol formulations presented two Tg val-
ues corresponding to the Tg’s of mannitol and irbesartan, suggesting an immiscible 
system. Similar results were obtained for both PVP and HPMC, indicating the drug is 
not miscible in the selected carriers and that reformulation is necessary in order to 
achieve a true solid solution (Chawla and Bansal 2008).

2.2.1.2  Flory-Huggins

As noted previously, drug-polymer miscibility is a critical parameter for homogene-
ity and stability in amorphous dispersions. Flory-Huggins theory has been applied 
to determine miscibility information in polymer-polymer and polymer-solvent 
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systems, and more recently to drug-polymer systems. The Flory-Huggins model 
utilizes a drug-polymer interaction parameter, χ, to calculate the free energy of mix-
ing for the system using the following equation:
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where n is the moles of the drug or polymer, Φ is the volume fraction of the drug or 
polymer, ΔGM is the free energy of mixing for the system, R is the ideal constant, 
and T is the temperature of interest (Marsac et al. 2006). χ can be further used to gener-
ate spinodal (boundary between unstable and metastable regions) and binodal (bound-
ary between metastable and stable regions) curves for the system to predict the stable, 
metastable, and unstable regions for solid dispersions of the system (Huang et al. 2015). 
A stable system is one in which the components will remain single-phase while meta-
stable/unstable systems will tend to phase separate. A phase separated system will pos-
sess polymer-rich and drug-rich regions. The drug-rich region may no longer be 
thermodynamically stable ultimately leading to recrystallization of the drug. Of particu-
lar concern, absorbed moisture can drastically reduce drug-polymer interaction leading 
to phase separation and recrystallization (Marsac et al. 2010; Purohit and Taylor 2015). 
However, systems with strong drug-polymer interactions, reduced hygroscopicity, or 
less hydrophobic active ingredients may resist phase separation even in the presence of 
high moisture content (Rumondor et al. 2011). Kinetics plays an important role in the 
phase separation with metastable systems often remaining absent of crystals during 
pharmaceutically relevant timelines. Figure 2.5 depicts an example phase diagram from 
Flory-Huggins theory. Regions A and B are stable, regions C and D are metastable, and 
regions E and F are unstable regions (Tian et al. 2012).

There are two primary methods for χ determination: solubility parameter differ-
ences and melting point depression evaluation. However, solubility parameter differ-
ences tend to be inaccurate in systems that have significant drug-polymer interactions, 
which is true for many drug-polymer systems. For these systems, melting point 
depression is the preferred approach. DSC is utilized to measure the melting point 
onset (Zhao et al. 2011), melting temperature (Marsac et al. 2009; Lin and Huang 
2010), or endpoint (Tian et al. 2012). Studies should be performed to  determine 
which of these values provides the most reproducible results for the system of inter-
est. Once melting point depressions have been determined, the drug-polymer inter-
action parameter can be calculated utilizing the following rearranged equation 
(Marsac et al. 2006):
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Where TM values are the melting points of the mixture or pure drug, R is the ideal gas 
constant, ΔHfus is the heat of fusion for the pure drug, m is a constant for the relative 
size of the polymer to the drug, and the Φ values are volume fraction of drug or poly-
mer. If a plot of the left-hand side of the equation vs. the Φ2 value for the polymer 
demonstrates a linear relationship, then the slope of the best fit line is equivalent to χ. 
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More negative χ values suggest miscibility whereas more positive χ values tend to 
suggest immiscibility. It should be noted that there are limitations to the melting 
point depression approach. The components of the system must be chemically stable 
over the range of evaluation. Additionally, the components must have ample physical 
interaction for reliable determination of melting point depression. This is particularly 
important for systems where the polymer Tg is near or above the depressed melting 
point of the drug as the system will be unfavorable for mixing of polymer with mol-
ten drug. Optimization of experimental parameters can be used to overcome this, 
such as reducing DSC scan rate or reducing particle size (Marsac et al. 2006).

The drug-polymer interaction parameter has been utilized in polymer screening to 
determine ideal polymer candidates and drug loading. A Flory-Huggins study of car-
bamazepine with various polymers was utilized to screen polymers, predict drug 
load, and determine initial processing parameters for hot-melt extrusion (HME). 
Interestingly, the AFFINISOL™ HPMC HME polymers under investigation had 
increasing χ values with increasing temperature that suggested that the drug and 
polymer were less miscible at higher temperatures (Huang et al. 2015). Similarly, 
this approach has been used to generate a complete phase diagram for a felodipine- 
poly- acrylic acid system (Lin and Huang 2010). An alternative approach has also 
been developed to determine the equilibrium room temperature solubility of drug in 
polymer. The equilibrium solubility value can be useful as it would provide the room 
temperature stable system boundary (Bellantone et al. 2012). Another alternative 
approach is to anneal the drug-polymer mixture prior to analysis to obtain solubility 
equilibrium temperature and ultimately the drug-polymer interaction parameters 
(Sun et al. 2010).

Fig. 2.5 Phase diagram for a drug-polymer system from Flory-Huggins theory. Reproduced with 
permission from American Chemical Society
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2.2.1.3  Thermogravimetric Analysis

A secondary thermal analytical technique which can stand alone or be complementary 
to DSC is TGA. Similar to DSC a small quantity of sample (sample sizes range identi-
cally to DSC) is placed in a metal crucible and exposed to a heating profile under an 
inert atmosphere during analysis. However, as the name implies, TGA provides the 
researcher with variations in sample mass as a function of temperature, rather than the 
deviations in heat capacity. Examples of these reactions include the evolution of 
bound solvents, such as dehydration, or thermal decomposition of the product.

Parameter selection (i.e., temperature range and heating rate) depends upon the 
intention of the data. If TGA is to be used complementary to DSC, the identical 
temperature range and heating rate employed in for DSC must be selected for 
TGA. This will allow for superimposition of the thermal profiles and a direct 
comparison of thermal events. If superimposition of the data is not performed, 
a unique heating profile may be assigned regardless of that used for DSC. This 
includes isothermal analysis at elevated temperature in the study of reaction rates.

Thermal Decomposition

TGA has been broadly used in the study of thermal decomposition; however, it must 
be noted that such studies are only appropriate for materials which exhibit a weight 
loss upon decomposition. A study of numerous pharmaceutical excipients provided 
information of their thermal stability. While many of the excipients demonstrated a 
single-step weight loss upon reaching their respective thermal instability point, it is 
possible to observe multiple mechanisms concurrently. Lactose monohydrate exhib-
its multiple-step weight loss under TGA. The first step, observed between 106 and 
164 °C, can be attributed to the dehydration of the bound water molecule. The sec-
ond step from 216 to 339 °C is attributed to thermal decomposition (Filho et al. 
2009). The thermal stability of drugs can also be assessed as was demonstrated by 
obidoxime chloride. Indeed, the decomposition occurred over a wide range of tem-
peratures, beginning at 118 °C and continuing to 328 °C. TGA revealed that the 
drug underwent a 10 % weight loss at 208 °C (Radha et al. 2010). TGA profiles 
overlaid with DSC profiles of rifampicin demonstrated that the exothermic events 
evidenced in DSC analysis were indeed decomposition events (Alves et al. 2010).

Excipient Interactions

Similar to DSC, TGA allows one to study the thermal compatibility of an API with 
multiple excipients. Such information is invaluable for formulations intended for ther-
mal production processes such as hot–melt extrusion (HME). Indeed, drug–excipient 
compatibility at elevated temperatures may be drastically reduced compared to ambi-
ent conditions. TGA analysis of hydrocortisone in the presence of the polymers HPMC 
E3 and PVPVA 64 demonstrated that while all materials experienced decomposition at 
approximately 200 °C, the presence of the polymer did not induce degradation of the 
API at lower temperatures (DiNunzio et al. 2008). Contrarily, TGA analysis of an 
experimental compound (ROA) in the presence of Eudragit® L100-55 demonstrated a 
significantly higher weight loss than predicted based on the data obtained from the 
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individual components indicating API–excipient incompatibility (Fig. 2.6). Similar 
results were observed in the ROA–HPMCAS blends (Hughey et al. 2010). In the 
above-mentioned example of obidoxime chloride, the drug in the presence of multiple 
tableting excipients was also assessed by TGA. Indeed, it was shown that none of 
the tested excipients altered the decomposition profile of the API.

2.2.2  Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) allows one to gain information 
regarding the molecular confirmation of a material based on characteristic molecu-
lar vibrations that absorb in the infrared region. There are multiple variations of 
FTIR analysis, including diffuse reflectance (DRIFT) and attenuated total reflectance 
(ATR). Each has its own advantages and selection of the appropriate unit will be at 
the discretion of the researcher; however, the focus of the sections below will be on 
ATR–FTIR as it requires minimal alteration of the sample prior to analysis.

2.2.2.1  Sample Preparation

Sample preparation will be dependent upon the type of FTIR analysis to be per-
formed. For traditional FTIR analysis, the material to be analyzed is blended with a 
diluent such as potassium bromide (KBr) and compressed into a transparent pellet. 
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Fig. 2.6 API thermal decomposition in the presence of Eudragit L100-55
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This requires manual grinding of the sample prior to blending or concurrently with 
the KBr, making preparation of hard or elastic materials problematic. Drug concen-
tration within the pellet should be low, approximately 1 % w/w. Once compressed, 
the samples should be analyzed immediately and it is recommended that a co- 
ground powder not be allowed to stand for long periods of time prior to pelletization 
for the purposes of stability. Products containing caffeine were analyzed by blend-
ing the pharmaceutical powder at a concentration of 1 % w/w with KBr. Samples of 
this blend were then immediately compressed into a thin pellet for analysis while 
portions were stored for later analysis. Uniquely, the caffeine/KBr pellet proved to 
be stable once prepared for greater than 3 months, displaying an identical concen-
tration of caffeine on day 90 as on the day of preparation with no alterations to the 
absorption spectrum. In contrast, storage of the prepared, uncompressed caffeine/
KBr powder revealed instability with pellets prepared 30 days post blending, yielding 
drastically reduced caffeine concentrations (Baucells et al. 1993). The preparation 
of biologic samples in this manner is not recommended. In fact, KBr compression 
has proven to lead to protein unfolding as well as protein aggregation and loss of 
enzymatic activity (Chan et al. 1996; Wolkers and Oldenhof 2005). Similar to tradi-
tional FTIR, diffuse reflectance IR (DRIFT) requires the use of a diluent in sample 
preparation. KBr or a similar species such as KCl has been used during analysis. 
However, unlike traditional FTIR, the sample does not require mechanical compac-
tion into a pellet. DRIFT does require that the blend be of uniform particle size for 
accuracy, creating difficulties for materials that are difficult to triturate and materi-
als that may be chemically altered by the grinding process. Additionally, samples 
such as the caffeine discussed above require immediate analysis to ensure stability 
of the physical blend (Hartauer et al. 1992; Sitar Curin et al. 1997).

Attenuated total reflectance FTIR (ATR–FTIR) employs a crystal surface upon 
which the material to be analyzed is placed. For information regarding ATR–FTIR the-
ory, the reader is referred to Buffeteau et al. (Buffeteau et al. 1996). ATR–FTIR has the 
unique advantage of minimal to no sample preparation prior to analysis. Powder blends 
or ground formulations (i.e., ground extrudates) do not require the addition of supple-
mental materials such as KBr. Additionally, it is possible to place an unground sample 
directly on the crystal for analysis, a method useful in assessing homogeneity at the 
surface of a product The sample to be analyzed is placed directly on the internal reflec-
tion element (IRE), a high-refractive-index crystal such as diamond, and pressure is 
applied top down using a pressure applicator fit to the ATR–FTIR in use. The crucial 
element in ATR–FTIR sample preparation is ensuring an even and reproducible contact 
between the sample and internal reflection element. It has been shown that improper con-
tact will yield inconsistencies in absorption band intensities. This includes insufficient 
contact (i.e., too little pressure) as well as too strong contact with the latter, capable of 
damaging both the sample and the crystal used as the IRE (Buffeteau et al. 1996; Salari and 
Young 1998). The pressure devices supplied by manufacturers are graduated nominally, 
such as a scale of 1–5 as that on the Foundation Series ATR attachments from Thermo 
Fisher Scientific. Selection of the correct application pressure must therefore be deter-
mined on a case-to-case basis. It should be noted that collection of the background spec-
trum must be performed without the pressure applicator engaged for powder samples.
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2.2.2.2  Polymorph Screening

As mentioned above, ATR–FTIR requires no sample preparation prior to analysis save 
minor compression to ensure contact with the IRE. As such, the potential for process-
induced polymorphism during sample preparation is limited, making the technique 
advantageous in polymorph screening. Analysis of the fingerprint region of the IR spec-
trum allows for identification of characteristic absorption bands which are unique to 
each polymorphic form. When a given polymorph is analyzed alone, spectral differ-
ences are readily apparent due to broadening of bands or the appearance and disappear-
ance of absorption bands. Additionally, it has been shown that the summated absorption 
spectra of blends of polymorphs allow for identification of the species present. In fact, a 
study of the three ganciclovir polymorphs demonstrated that mathematical addition of 
the pure polymorphic spectra matched that of experimental blends of the polymorphs, 
thus allowing their accurate identification in formulations (Salari and Young 1998).

2.2.2.3  Excipient Interactions

Appearance of new absorption bands, broadening of bands, or alterations in inten-
sity are the primary events associated with excipient interaction (Abbas et al. 2008). 
For an experimental compound BG 637, superimposition of the IR spectra of the 
drug obtained by DRIFT analysis over API–excipient blends yielded no alterations 
in the spectra, indicating no interactions with the tableting excipients tested. This 
result was confirmed via DSC and X-ray diffraction.

ATR–FTIR analysis of omeprazole sodium isomers and isomer–mannitol blends 
was performed not only on raw powders but also on compacts thereof. While the spec-
tra of the powder mixtures did not display any differences, disk samples (1 cm diame-
ter, 2 mm thickness) prepared via compression at 7 t for 5 min proved unique, indicating 
interaction with the mannitol. Samples of the R-isomer compact displayed two distinct 
peaks corresponding to amino and imino group stretching (3425 and 3318 cm−1, 
respectively), while the S-isomer compact solely displayed stretching corresponding to 
the amino group (Agatonovic-Kustrin et al. 2008). Such a method allows analysis of 
powder blends used for tableting as well as the final formulation in solid form.

2.2.3  X-Ray Diffraction

XRD is the measurement of the intensity of X-rays scattered by electrons bound to 
atoms and the corresponding phase shifts that occur as a result of the position of the 
atom. For a detailed explanation of XRD theory, the reader is referred to Dinnebier 
and Billinge (2008). XRD is typically a nondestructive test (i.e., the analyzed mate-
rial can be recovered) and, as will be discussed, is highly useful for determining 
differences in crystal structure (i.e., polymorphs), drug–excipient interactions, and 
identifying amorphous systems.
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Prior to analysis, it is necessary to calibrate and optimize the device to be used 
for testing. This can be done by use of various reference standards such as those 
offered by the National Institute of Standards and Technology (NIST). Standard 
Reference Material 674b consists of four oxide powders to be used as internal stan-
dards or calibrators for an XRD unit: ZnO, TiO2, Cr2O3, and CeO2. Alternatively, 
standards of materials with well-understood diffraction patterns can be used such as 
alumina, mica, or silicon pellets.

One important consideration with XRD is the limit of detection for trace crystal-
linity. This limit has been reported at values ranging between 1 and 5 % w/w (Nunes 
et al. 2005; Rumondor and Taylor 2010). Radiation via synchrontron source has 
begun to be utilized that has a demonstrated LOD of 0.2 % for analysis when levels 
of trace crystallinity are critical (Nunes et al. 2005).

2.2.3.1  Parameter Selection

During sample analysis, the operator will be required to input a number of param-
eters for each scan, including the scan range in degrees on a 2Θ scale, the step size 
(degrees per step), and the count time for each step (often referred to as dwell time). 
Assigning the proper parameters is crucial to ensure that adequate peak shape is 
obtained while minimizing processing time. For the first scan of a new API, it is 
necessary to analyze a very broad range, such as 5–120° on the 2Θ scale. This will 
allow for identification of the characteristic crystalline peaks and subsequent analy-
ses should be shortened to include only the footprint region.

Twenty data points per peak are desired to ensure adequate peak shape. In order to 
obtain this value, the researcher must alter the step size of each scan. For highly crys-
talline materials, a step size of 0.02° is adequate to meet this requirement. For materi-
als exhibiting broad peaks, this value can be increased to shorten the run time while 
still maintaining the 20 data points per peak. In order to optimize the step size, the 
powder should be analyzed over a very narrow range, such as 2–5° 2Θ, in a region 
containing a characteristic crystalline peak(s) over a range of step sizes. Cameron and 
Armstrong analyzed quartz from 67 to 69° 2Θ and varied the step size from 0.1 to 
0.01° 2Θ in order to find the optimum step. Identification of the step size in which the 
diffractogram decays to baseline following the peak was selected as optimum 
(Cameron and Armstrong 1988). If upon return to baseline the inception of a new peak 
is immediate, a shorter step size should be selected to increase resolution.

Oftentimes, the step size and dwell time are considered together as a scan rate. 
For example, analysis of tenofovir disoproxil fumarate (TDF) was reported as being 
conducted from 4 to 40° at a rate of 4°/min (Lee et al. 2010). Prevalent rates in the 
literature are between 0.5 and 4°/min.

The final parameter that must be determined is the dwell time. While a longer dwell 
time will increase the signal-to-noise ratio and improve counting statistics, it will 
also drastically increase the duration of a run. This is especially true for methods utiliz-
ing small step sizes. Therefore, in order to ensure timely analysis, the shortest dwell 
time, which provides a strong signal of all characteristic peaks without significant 
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interference from the baseline, should be selected. This parameter will be most influen-
tial for systems lacking strong crystallinity, such as pharmaceutical systems containing 
a polymer, in which case longer dwell times will aid peak structure. Dwell times of 
1–5 s can be employed, with times of 1–3 s being most prevalent in practice.

2.2.3.2  Polymorph Screening

As mentioned earlier, XRD analysis reveals phase shifts that occur as a result of 
atomic position within a material. Therefore, alterations in crystal structure that arise 
as a physical result of polymorphism can often be detected by XRD. This can be 
observed as a shift in a major characteristic peak, or the appearance or disappearance 
of peaks in the diffraction pattern. XRD analysis of the three polymorphs of TDF 
reveals that the diffraction patterns for forms B and I are similar, making their defi-
nite distinction difficult. However, form A contains multiple peaks not present in the 
diffraction patterns of the other polymorphs as well as the absence of one character-
istic peak near 30°, making its identification absolute (Fig. 2.7). Kirk et al. demon-
strated that three of four generated lactose polymorphs crystallize with monoclinic 
unit cells by XRD employing a range of 5–40° and a step size of 0.014767° and a 2 s 
dwell time (Kirk and Blatchford 2007). In another work, a variable temperature cell 
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Fig. 2.7 XRD patterns of three polymorphic forms of TDF. Forms B and I are similar while Form 
A is unique. Reproduced with permission from American Chemical Society
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was utilized and the XRD pattern of mebendazole was analyzed as a function of 
temperature to assess polymorphic transformations that occur due to temperature 
variation (de Villiers et al. 2005). Indeed, it was seen that at temperatures above 
180 °C a transformation to the more thermodynamically stable polymorph occurred.

Olanzapine can crystallize into 25 different crystalline structures of which seven 
are active pharmaceutically. Identification and quantification of each polymorph are 
necessary throughout the development cycle of a formulation containing such a 
compound to ensure that the final product is of acceptable quality. Tiwari et al. 
examined two polymorphs of the compound by XRD. Prior to analysis, the unit was 
calibrated with a silicon pellet. The scan was then optimized by varying the dwell 
time and step size such that the maximum number of identifiable peaks were 
obtained. As can be seen in Table 2.2, a dwell time of 5 s with a step size of 0.05° 
produced the greatest number of identifiable peaks in the shortest amount of time. 
In order to accurately quantify the amount of a given polymorph present in a mix-
ture, each form must be analyzed as a pure sample. The highest-intensity peak is 
then selected and the intensity of the pure polymorph is set to 100 %. The ratio of 
intensities for the selected peak in the mixture compared to the pure polymorph 
provides the percent present in the mixture. This, however, cannot be employed in 
the case of olanzapine, as the highest-intensity peaks overlap for multiple forms 
(Tiwari et al. 2007). However, screening of mannitol demonstrated that even with 
similar polymorphic forms coupling sample rotation with particle-size reduction 
increases the ability to differentiate the forms present. In the case of mannitol, it 
allowed identification of the individual components down to approximately the 1 % 
level (Campbell Roberts et al. 2002).

2.2.3.3  Excipient Interactions

Changes in the XRD pattern may occur as a result of drug–excipient interactions. 
Such alterations include the conversion to a unique polymorphic form, or amor-
phous to crystalline transitions. For example, a sample of pure β-form carbamaze-
pine displays a characteristic peak at 13°, while the α-form displays this peak as 
well as an additional peak at 8.8° 2Θ. In a study of physical mixtures of pure β-form 

Table 2.2 Optimization of scan parameters for XRD analysis

Combination
Step 
time (s)

Step  
size (°)

Scan rate  
(° 2θ/min)

Recording 
time (min)

No. of 
identifiable peaks

A 0.5 0.025 3 12.33 1

B 0.5 0.0125 1.5 24.67 1

C 1 0.0125 0.75 49.33 2

D 5 0.05 0.6 61.66 4

E 5 0.0125 0.15 246.66 4

Reproduced with permission from Elsevier
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carbamazepine in combination with various tableting excipients, it was seen that the 
characteristic peak at 13° was present in all samples. However, following storage at 
55 °C for 3 weeks, a combination of carbamazepine and stearic acid displayed the 
additional peak at 8.8°, indicating a conversion to the α-form. This was attributed to 
partial solubilization of carbamazepine in steric acid at elevated temperatures fol-
lowed by recrystallization upon cooling (Joshi et al. 2002). Indeed, stability studies, 
to be discussed later, often rely on alterations in XRD patterns as an indication of 
formulation stability.

An amorphous material will yield an XRD pattern termed a “halo” which is a 
gradual rise and fall of the baseline with no distinct peaks. As many processing 
techniques focus on rendering the drug amorphous, XRD can be utilized to identify 
whether or not a drug or formulation is amorphous. This can be complicated when 
polymeric systems are used, as most polymers used in pharmaceutical applications 
are amorphous in nature. At low drug loadings, the amorphous signal from the poly-
mer may overshadow or mask the crystalline pattern of the drug. As such, physical 
mixtures identical in drug:polymer ratio to that used in processing must be analyzed 
to ensure that the pattern is validated. Tobyn et al. analyzed an experimental com-
pound as a solid dispersion with PVP at various drug-to-polymer ratios. As can be 
seen in Fig. 2.8, the bulk drug product is highly crystalline with many characteristic 
peaks (parameters: 2–60° 2Θ, 2°/min scan rate, calibration with mica and alumina 

Fig. 2.8 XRD patterns of experimental compound BMS-488043 bulk material, physical blend 
with PVP and solid dispersions thereof. Reproduced with permission from John Wiley and Sons
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reference standards). At a 50:50 ratio of drug-to-PVP the formulation produced an 
amorphous halo, indicating amorphization of the drug. This was confirmed using a 
dry blend of the materials at the same ratio. While a decrease in peak intensity can 
be observed for the 50:50 physical mixture, the peaks are still present, indicating 
that processing indeed rendered the drug amorphous. Additionally, it can be seen 
that at higher drug loading levels the process did not generate or stabilize the drug 
in the amorphous form (Tobyn et al. 2009).

2.2.3.4  Pair Distribution Function (PDF)

The Pair Distribution Function (PDF) is a recent application of XRD to further 
characterize amorphous drug systems by identification of the amorphous phase and 
quantifying the relationship between ordered and disordered systems (Bates et al. 
2007 and Newman et al. 2008). Conventionally, a crystalline polymorph has an 
identification fingerprint captured by XRD. However, the amorphous form lacks 
long-range structure and thus a fingerprint cannot be captured by typical means. The 
PDF approach describes the probably of finding any two atoms at various inter-
atomic distances. Powder diffraction data is collected with low noise over the 
momentum transfer range, Q. Greater information and reproducibility can be ascer-
tained over a broader Q range. Q is related to the Bragg angle, θ, by the formula 
Q = 4π sinθ/λ where λ is the wavelength of the incident radiation. It follows that a 
shorter wavelength source would yield a broader Q range so a shorter wavelength 
molybdenum source with a Qmax of ~16 Å−1 is strongly preferred to a typical cop-
per source with Qmax of ~8 Å−1. The synchrotron source mentioned previously can 
measure a range up to a Qmax of 45 Å−1. Figure 2.9 shows an example of the effects 
of a Qmax of 20 and 2.8 Å−1 with the latter having poor reproducibility of the amor-
phous finger print (Dykhne et al. 2011).

Phase separated systems can pose a problem for conventional solid-state char-
acterization methods when the Tgs of the components overlap or when the phase 
separated domains are sufficiently small. In these instances, a single Tg can be detected 
by DSC and the XRD scan will also be amorphous. A trelahose-dextran dispersion was 
analyzed and found to have a single Tg by DSC and typical XRD pattern. Application 
of PDF showed only small random fluctuation in the 4–20 Å region, indicative of a 
phase separated system. It was suggested that a solid nanosuspension had formed 
(Newman et al. 2008). This form of analysis can be utilized as a miscibility tool for 
screening polymers. A PDF study of 30 and 70 % poly(acrylic acid) (PAA) or poly(vinyl 
pyrrolidone) (PVP) with felodipine demonstrated that PAA was immiscible with 
felodipine at these concentrations but miscible with PVP. The PAA samples had little 
to no differences between the measures and calculated (from individual components) 
diffractograms while the PVP samples showed large differences between the calculated 
and measured diffractograms (Rumondor et al. 2009).
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2.2.4  Specific Surface Area

Many formulation approaches have been applied to overcome aqueous solubility 
issues including, but not limited to, the addition of solubilizing agents (i.e., cremo-
phor EL), complexing agents (i.e., cyclodextrins), or the generation of a salt form of 
the API. As an alternative to formulating the API in one of these novel ways, many 
researchers are focusing on particle engineering techniques which decrease particle 
size or generate a porous system as a means of increasing aqueous solubility.

Substantial particle-size reduction, or the formation of a porous system, will 
yield a significant increase in surface area for the powder (Fig. 2.10). The Noyes–
Whitney equation describes the dissolution velocity as:
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here, dW/dt is the dissolution rate, A is the surface area, C is the API concentration 
in the bulk dissolution media, Cs is the concentration of API in the diffusion layer 
around the solid, D is the diffusion coefficient, and L is the diffusion layer thickness. 
It can be observed that an increase in the surface area value, A, will increase the 
dissolution velocity (Junghanns and Mueller 2008; Lenhardt et al. 2008). 
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Fig. 2.9 Representative PDFs of amorphous carbamazepine generated with Qmax values of 
20 Å−1 (a) and 2.8 Å−1 (b). Reproduced with permission from Dykhne et al. (2011)
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Furthermore, a substantial decrease in particle size will cause an increase in dissolu-
tion pressure resulting in higher saturation solubilities (Mosharraf et al. 1999).

Measurement of the surface area may therefore offer insight into the relative dis-
solution rate of an engineered or processed powder, serving as a screening process 
between batches or production methods.

2.2.4.1  BET Surface Area Analysis

Surface area (SA) analysis of pharmaceutical powders is often assessed via gas 
adsorption methods. In these methods, a nonreactive gas is adsorbed to the surface of 
the material at or near the boiling point of the liquid adsorptive at a single or multiple 
pressures. The quantity of gas molecules required to form a monolayer of adsorbed 
gas on the powder surface is determined and using the average diameter of a single 
molecule the SA is determined (Condon 2006). This is done via mathematical mod-
eling of the adsorption isotherms (amount adsorbed vs. adsorptive pressure), with the 
most established model being BET analysis. For a detailed summary of the theory 
behind BET isotherm analysis, the reader is referred to Condon 2006.

Sample Preparation

As vials for BET analysis are often extremely narrow at the opening, it is imperative 
that care be taken not to damage or alter the sample during loading. This is espe-
cially true for porous materials which may be collapsed if pressure is applied and 
brittle systems which may fracture during loading. Fracture may yield inaccurate 
higher surface areas, while collapse results in substantially reduced values.

Degassing

The removal of gases and vapors physically adsorbed onto the surface of the pow-
der being tested, termed degassing, is essential prior to determining the specific 
surface area (SSA, i.e., m2/g) of any sample. Failure to do so may result in a reduc-
tion in the calculated surface area or a high variability in obtained SSA values (USP 
32–NF 27 General Chapter 846). It has been suggested that an adsorbed impurity 
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Fig. 2.10 Surface area enlargement as a result of particle-size reduction. From Junghanns and 
Mueller (2008)
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will not alter the BET surface area calculation, provided its boiling point is at least 
three times higher than the adsorption temperature (Joy 1953). However, such 
impurities may influence the calculated heat of adsorption (C-value). Therefore, in 
order to ensure accurate, reproducible surface area measurements, proper sample 
preparation must be employed.

Due to factors such as temperature sensitivity, variations in surface energies, 
particle sizes, and porosity, no single method may be applied universally that guar-
antees complete removal of adsorbed gases and vapors to the powder surface; how-
ever, two methods are often applied: vacuum pumping and purging by use of an 
inert gas (Lowell and Shields 1991).

When applying a vacuum, a pressure of 10−5 Torr has been stated as sufficient in 
outgassing procedures. The application of elevated temperatures will increase the 
rate at which impurities/contaminants leave the powder surface, reducing the time 
required to hold the vacuum (Fagerlund 1973). However, heat–liable products must 
be monitored with care, and glass vessels used in most BET equipment have a 
threshold of 400 °C (Igwe 1991). Additionally, elevated temperatures may cause 
rapid water loss from the sample surface, resulting in altered morphology or sample 
collapse. Samples that are sensitive to heat should be degassed at ambient tempera-
tures under vacuum for long periods of time, such as 12–24 h, in order to reach 
constant weight (Lowell and Shields 1991; Engstrom et al. 2007).

Alternatively, flushing the powder sample with an inert gas may also be used to 
clean the surface. This purge gas must be of extremely high purity and dry so as not 
to introduce contaminants or induce moisture-related phenomena such as crystalli-
zation. Heat may also be provided in this method as well to aid in desorption (Sing 
et al. 1985). For samples in which heat may not be applied, multiple absorption–
desorption cycles may be employed to clean the surface with three to six cycles 
providing sufficient cleanliness for reproducible measurements (Dios Lopez- 
Gonzalez et al. 1955). This may also be done using gas blends such as nitrogen 
(10 % v/v) in helium (Pendharkar et al. 1990).

Regardless of the chosen degassing method, the sample must be monitored by 
some means to ensure degassing is complete. With regard to vacuum pumping, 
literature often describes the method of ensuring all adsorbed gases and vapors are 
removed as monitoring of the system pressure. Webb and Orr (1997) state that iso-
lated samples displaying a pressure rise of <10−3 Torr/min are indicative of adequate 
degassing. Similarly, Gregg and Sing (1982) state a pressure of 10−4 Torr as suffi-
cient, while Sing states ~10 MPa is satisfactory (Gregg and Sing 1982; Sing et al. 
1985). Allen (1997) states outgassing to be complete if, following 15 min of isola-
tion from the vacuum, no pressure increase is observed upon reintroduction to vac-
uum, while Igwe deems completion as maintaining a pressure between 10−4 and 10−5 
mmHg for a substantial period of time following isolation from the pumping line 
and cold trap (Igwe 1991; Allen 1997).

As mentioned earlier, purging with an inert gas may be used to clean the sample. 
In this case, the effluent gas may be monitored via mass spectroscopy, or a thermal 
conductivity detector which may detect impurities in the range of a few parts per 
million (ppm). Once the level of contaminants and foreign material is below detec-
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tion, adequate removal of the adsorbed material has been achieved (Sing et al. 1985; 
Lowell and Shields 1991).

Again, no single method can be employed universally to properly degas a sample 
prior to analysis. Understanding the morphology (i.e., porosity) and thermal sensi-
tivity of a powder will aid in determining degassing time and temperature as a more 
porous network will require increased times. However, once a sample has been run 
under a given set of parameters, it is recommended that a second sample be run 
using an extended degassing time (i.e., 1.5–2× the original time). If the results are 
statistically significantly different, the first results may be discarded and the second 
set of parameters selected. Additionally, it is recommended that powders be ana-
lyzed at least in triplicate using three individually prepared samples, especially for 
powders with a large particle-size distribution.

Sample Analysis

Prior to any sample analysis, the BET unit to be used should be properly calibrated 
for accurate results. This is can be performed using commercial reference standards 
such as silica, garnet, or kaolinite (Antila and Yliruusi 1991). These can most 
readily be purchased from the manufacturer of the equipment in use, such as the 
alumina pellets offered by Quantachrome, and range in SSA values from below 1 to 
greater than 150 m2/g. Standard selection will depend upon the samples to be ana-
lyzed, as the standard SSA should be near that of the samples. For example, Swinkels 
et al. (1994) used a kaolinite reference standard with a specific surface area of 
16.2 m2/g to verify that no drift had occurred prior to sample analysis of the experi-
mental samples (SSA 26–32 m2/g).

Following calibration, sample analysis can be performed. As mentioned earlier, 
care must be taken when adding the sample to the analysis bulb and the weight of 
the added powder must be known. The analysis bulb should be weighed empty on 
an analytical balance, the powder then added, and the final weight of the bulb mea-
sured and recorded. Subtraction of the bulb weight from the final weight of the filled 
bulb allows accurate determination of the true amount of sample added. The amount 
of powder added will depend on density, as most commercial BET units require a 
minimum surface area rather than minimum weight. For example, the Nova® Series 
offered by Quantachrome requires a minimum of 0.01 m2 for accurate analysis. 
While sample sizes may be low for high surface area powders such as those pro-
duced by spray freezing into liquid (200 mg (Rogers et al. 2002)), higher amounts 
are necessary for lower surface area materials (5 g (Swinkels et al. 1994)). Sample 
degassing can then be performed utilizing the appropriate method from those out-
lined above. Post degassing, the weight of the sample should again be taken to 
ensure accuracy when calculating SSA as some weight will be lost during the degas-
sing process (Sing et al. 1985). Analysis is then carried out with nitrogen often used 
as the adsorptive gas; however, for powders exhibiting extremely low SSA values it 
is necessary to use an adsorptive gas of lower vapor pressure. In such cases, krypton 
can be employed. It must be noted that differences in SA values will be obtained 
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based on the gas used for the study as the size of the gas molecules forming the 
monolayer will differ resulting in differences in pore penetration (Sandell 1993).

During analysis, the sample is repeatedly lowered into a liquid nitrogen bath. 
While this process is automated by today’s units, the researcher is still required to 
maintain the level of liquid nitrogen in the Dewar to ensure proper submergence of 
the sample; failure to do so will result in inaccurate results. Data reduction can then 
be performed and the results reported as m2/g material.

2.2.5  Solid-State Nuclear Magnetic Resonance (SSNMR)

Solid-State Nuclear Magnetic Resonance (SSNMR) is a characterization tool that 
can be used to provide detailed structural information for amorphous dispersions. 
Measurements of dipolar correlation, spin diffusion, and relaxation measurements 
can be utilized to assess recrystallization rates, phase separation (Guo et al. 2013), 
polymorphic form identification (Dempah et al. 2013), and solubility of a drug in a 
carrier (Watanabe et al. 2002).

Recrystallization rate information for solid dispersions can be determined from 
1H NMR relaxation times. A study of amorphous nifedipine, phenobarbital, and 
flopropione by this technique showed a good correlation between relaxation times, 
molecular mobility and recrystallization rates. Nifedipine had a shorter relaxation 
time suggesting higher molecular mobility compared to phenobarbital and flopropi-
one. The stability study of these samples resulted in substantial recrystallization of 
the nifedipine material while no recrystallization was observed for the other two 
amorphous drugs during the same time frame (Aso et al. 2000). In another instance, 
the temperature dependence of molecular mobility was studied for a nifidipine-PVP 
system. The relaxation times of the dispersion were obtained as a function of tem-
perature. A dramatic decline in the relaxation time was observed starting at about 
20 °C below the Tg of the dispersion. Thus temperatures above this point have 
increased molecular mobility and could serve as an explanation for recrystallization 
observed in a number of studies (Yuan et al. 2013).

SSNMR investigation into associations between amorphous drug and polymer 
can reveal details about the molecular interactions as well as phase separation of a 
dispersion. Molecular interactions of interest include stabilizing hydrogen bond 
interactions between the drug and polymer in the dispersion. An initial SSNMR 
study by 13C-1H cross-polarization of drug substance BMS-488043 with PVP was 
initially inclusive for molecular interactions. However, subsequent analysis by 1H 
Magic Angle Spinning (MAS) NMR showed that the NH molecules of the drug 
substance had strong hydrogen bonding with the carbonyl group on the PVP chains 
ultimately leading to increased stability in the amorphous state (Tobyn et al. 2009). 
A similar study was conducted for ketoprofen and polyethylene oxide (PEO). Strong 
hydrogen-bond interaction between the components was responsible for the high 
miscibility of the system (Schachter et al. 2004). 2D 1H-13C cross-polarization het-
eronuclear correlation CP-HETCOR can be employed directly to prove formation 
of a glass solution. A trial was conducted using acetaminophen and indomethacin as 
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amorphous dispersions with various polymers. CP-HETCOR was able to verify the 
dispersion was present as a glass solution (Pham et al. 2010).

Drug substances containing fluorine atoms provide unique advantages for analysis 
by SSNMR. NMR methods for fluorine are desirable as it has high sensitivity due to 
its natural abundance and high resonance frequency. Additionally, there are a number 
of drug substances containing fluorine atoms but few excipients contain fluorine 
atoms. This allows selective and sensitive analysis by 19F-NMR. For example, flufe-
namic acid, a fluorine containing drug substance, was prepared as solid dispersions 
with PVP and HPMC. Molecular mobility information was determined and through 
correlation to crystallization tendency it was found that HPMC samples had faster 
crystallization than PVP samples (Aso et al. 2009). Similarly, ezetimibe, another fluo-
rine containing drug substance, was used as a dispersion with mesoporous silica in 
one study. A 19F CP-MAS was found to be specific and sensitive for F-Si interactions 
between the drug and polymer (Vogt et al. 2013).

Another interesting application of SSNMR was to assess gabapentin polymor-
phism and its impact on chemical stability. Initially, 13C-SSNMR data was collected 
for samples of gabapentin under differing milling conditions to identify the various 
polymorphic form(s) present. A previously unknown polymorph of gabapentin was 
discovered during this analysis. Samples were then analyzed for relaxation time by 
1H-NMR. The samples with the shortest relaxation times (and greatest mobility) 
also had the largest amount of lactam degradant present. It was concluded that max-
imizing the chemical stability of gabapentin is aided by control of the polymorphic 
form during the milling process (Dempah et al. 2013). Amorphous lactose was 
 similarly studied and it was found that cryoground samples had shorter relaxation 
times than amorphous samples prepared by lyophilization and spray-drying. This 
serves as another example of process methodology choice having impact on mobil-
ity and potentially stability of a material (Lubach et al. 2007).

Conventional SSNMR approaches are limited by sensitivity and time of analysis. 
However, recent advances have been made into the application of dynamic nuclear 
polarization (DNP) to SSNMR. Under cryogenic conditions, electron spin polarization 
from a polarizing agent is transferred to nuclear spins of the compound(s) of interest 
through the use of high frequency microwave sources. The increased nuclear spin 
amplifies the signal output of the SSNMR experiment. At present, the DNP approach 
can enhance the sensitivity by a factor of up to 102 and accelerate the acquisition time 
by a factor of up to 104 for a multidimensional experiment. These enhancements enable 
the application of SSNMR to be used for rapid studies and high throughput screening 
of biological samples (Griffin and Prisner 2010). Applications of DNP have been used 
to study surfactant molecules in mesopores of silica nanoparticles, interactions involv-
ing end groups of polymer chains (previously unobservable by SSNMR), characteriza-
tion of indomethacin and diflunisal- PVP ASDs, and determination of domain size 
distribution of amorphous cetirizine in tablets (Paudel et al. 2014). Additionally, a sol-
vent-free sample preparation incorporated biradical bis-TEMPO terephthalate, a polar-
izing agent, with ortho- terphenyl, a model compound, by melt-mixing. The experimental 
conditions were modified such that samples containing both amorphous and crystalline 
model were analyzed by DNP-SSNMR with signal enhancements of 58 and 36 respec-
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tively. However, the authors highlight that separation of the polarizing agent from the 
sample is an issue and an area of improvement for DNP (Ong et al. 2013). DNP has 
also been applied to polymorph analysis of theophylline. However, minimal gains were 
observed with only Form II showing significant enhancement, likely due to methyl 
group rotation. Thus, DNP may not provide the same enhancement benefit for all sam-
ple systems (Pinon et al. 2015).

2.2.6  Residual Solvent Analysis

Many synthesis processes as well as formulation production processes used for 
PWS drugs such as spray drying, roto-evaporation, precipitation methods, and 
freeze-drying methods require the use of various organic and inorganic solvents. 
The physicochemical properties of the material in use such as crystallinity have 
proven to influence the amount of residual solvent levels within the product (Witschi 
and Doelker 1997) As many of these solvents are highly toxic, it is imperative that 
they be present only at extremely low levels, if at all, in the final product so as to 
reduce the risk to the end user. The following sections discuss residual solvent 
acceptance limits as well as methods for determination of residual solvents present 
in final products.

2.2.6.1  Residual Solvent Guidelines

The primary concern for residual solvents in pharmaceutical products is organic 
volatile impurities (OVIs). ICH guideline Q3C (R4) from February 2009 categorizes 
OVIs into three classes: class 1 includes solvents that are known or suspected 
human carcinogens as well as environmental hazards; class 1 solvents should be 
avoided if possible. Class 2 solvents include solvents that are nongenotoxic animal 
carcinogens or possible causative agents of irreversible toxicity (i.e., neurotoxicity) 
as well as significant but reversible toxicities; class 2 solvents are to be limited in 
final formulations. Class 3 solvents are solvents with low toxic potential to man 
such that no specific exposure limit is required; class 3 solvents have permitted 
daily exposure levels of 50 mg or more per day. Table 2.3 outlines prevalent class 1, 
2, and 3 solvents used in pharmaceutical preparations. It should be noted that these 
residual solvent guidelines do not apply to new chemical entities, excipients, or 
drug products during clinical research stages of development (Dwivedi 2002).

2.2.6.2  Analytical Determination of Residual Solvent Levels

If only class 3 solvents are used during production, nonspecific methods such as 
loss on drying may be used for quantitation of residual solvent. This includes LOD 
apparatus analysis as well as TGA described above. When class 1 or 2 solvents have 
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Table 2.3 Residual solvent 
levels in pharmaceutical 
products

Solvent Concentration limit (PPM)

Class 1 solvents

Benzene 2

Carbon tetrachloride 4

1,2-dichloroethane 5

1,1-dichloroethene 8

1,1,1-trichloroethane 1500

Class 2 solvents

Acetonitrile 410

Chlorobenzene 360

Chloroform 60

Cyclohexane 3880

1,2-dichloroethene 1870

Dichloromethane 600

1,2-dimethoxyethane 100

N,N-dimethylacetamide 1090

N,N,-dimethylformamide 880

1,4-Dioxane 380

2-Ethoxyethanol 160

Ethyleneglycol 620

Formamide 220

Hexane 290

Methanol 3000

2-Methoxyethanol 50

Methylbutyl ketone 50

Methylcyclohexane 1180

N-Methylpyrrolidone 530

Nitromethane 50

Pyridine 200

Sulfolane 160

Tetrahydrofuran 720

Tetralin 100

Toluene 890

1,1,2-trichloroethene 80

Xylene 2170

Class 3 solvents

Acetic acid Heptane

Acetone Isobutyl acetate

Anisole Isopropyl acetate

1-butanol 3-Methyl-1-butanol

Butyl acetate Methylethyl ketone

Tert-butylmethyl ether Methylisobutyl ketone

Cumene 2-Methyl-1-propanol

Dimethyl sulfoxide Pentane

Ethanol 1-Pentanol

Ethyl acetate 1-Propanol

Ethyl ether 2-Propanol

Ethyl formate Propyl acetate

Formic acid

Reproduced from ICH Guideline Q3C (R4)
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been used, their residual levels must be quantitated by a specific means. The USP 
32/NF 27 specifies gas chromatography with flame-ionization detection (GC-FID) 
as the preferred method of detection and quantitation. Additionally, it is specified 
that a 0.32 mm × 30 m fused-silica column coated with a 1.8-μm layer of phase G43 
be used for analysis. This may be substituted with a 0.53 mm × 30 m wide-bore 
column coated with a 3.0-μm layer of phase G43. Carrier gasses of nitrogen or 
helium are acceptable. It is stated that the column temperature be maintained at 
40 °C for 20 min and then raised at 10 °C/min to 240 °C. This temperature is then 
held for 20 min. Injection port and detector temperatures of 140 and 250 °C are 
specified, respectively. Additional methods such as GC-mass spectroscopy have 
been employed; however, due to the low molecular weights of many of the listed 
solvents such methods have proven difficult and only qualitative with quantitation 
limited (Mulligan and McCauley 1995; Pavon et al. 2006).

The USP provides reference standard solutions for class 1 and 2 solvents (USP 
Class 1 Residual Solvents Mixture RS and USP Residual Solvents Class 2–Mixture 
A RS) which can be used for system optimization and method development.

Headspace analysis is the preferred sampling technique for GC analysis. In head-
space analysis, the sample for analysis is placed in a sealed vial and equilibrated at 
elevated temperatures. The temperatures must be high enough to allow for evolu-
tion of the bound solvent without combustion or damage to the material under anal-
ysis, especially for materials which evolve gasses upon decomposition. An aliquot 
of the evolved gas phase is then injected for analysis. During sample preparation, it 
is often necessary to grind the powder such that the internal area of the formulation 
is exposed. This process, however, can lead to solvent evolution, thereby leading to 
inaccurately low results and care must be taken during preparation to prevent this.

A novel liquid-phase extraction method was developed by Liu and Jiang (2007). 
Using the PWS drug adefovir dipivoxil solutions were prepared by adding 100 mg 
of API to a 5-mL headspace vial. The ionic liquid 1-butyl-3-methylimidazolium 
tetrafluoroborate (bminBF4) was then added to each vial (2 mL) and the material 
dissolved. The vials were then crimp sealed and placed in an autosampler for analysis. 
GC-FID was employed for analysis of all samples. Indeed, all six analyzed solvents 
could be identified, making the method ideal for materials which are PWS and 
poorly soluble in organic solvents often used for liquid-phase extraction such as 
DMSO and toluene.

2.3  Stability Testing

Development of PWS drugs often relies on the use of an altered drug form such as 
a less stable but more soluble polymorph or the amorphous form of the compound. 
While each of these solutions may enhance aqueous solubility, they bring with them 
numerous stability issues such as conversion to a more stable polymorph, recrystal-
lization of the amorphous material, or reduced chemical stability. Indeed, conver-
sion to a different polymorph may yield drastic reductions in solubility or complete 
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loss of therapeutic activity. These conversions can be exasperated in the presence of 
excipients or by the environmental conditions of the region for distribution (Bott 
and Oliveira 2007). As such, it is necessary to gain a detailed understanding of the 
stability of the drug itself as well as all potential formulations throughout the devel-
opment cycle.

2.3.1  Stability Monitoring

For stability studies of an API or formulation such as those outlined in the following 
sections, samples are to be taken at designated time points throughout the study and 
the formulations analyzed for any significant changes. These changes may arise as 
loss of potency, the formation of impurities, alterations in drug form, moisture 
uptake, or changes in dosage form performance (i.e., dissolution profile, color, hard-
ness, leakage, brittleness, and pellicle formation), and can be monitored by the solid-
state characterization methods described in previous sections or alternative analytical 
methods. Formulations that may uptake significant amounts of moisture should be 
analyzed for moisture content by loss on drying (LOD) studies or Karl Fischer titra-
tion (Williams et al. 2004). Karl Fisher titration of PWS drugs can be performed by 
dissolving a known amount of the compound in anhydrous methanol and analyzing 
the solution. Alternatively, the powder for analysis can be added directly to the titra-
tion vessel, provided it dissolves in the media therein (Rogers et al. 2002). Thermally 
liable substances are likely to be damaged by standard LOD testing (typically 105–
130 °C). For such a material, LOD studies should be conducted at ambient tempera-
tures in the presence of strong desiccants (Bizzi et al. 2011). For all of these studies, 
a deviation of 5 % from initial value following storage is considered significant. 
While dissolution-testing parameters should be based on USP general chapter 711, 
solid-state characterization methods must be optimized for the formulation at hand 
as described above to ensure adequate assessment of stability.

Validation or development of analytical methods capable of detecting impurities 
or degradation products is essential for new formulations or new chemical entities. 
Oftentimes, such method development will be performed concurrently with the 
chemical stability studies outlined below. Selective methods include but are not 
limited to high-pressure liquid chromatography (HPLC), thin-layer Chromatography 
(TLC), gas chromatography (GC), liquid chromatography mass spectroscopy 
(LCMS), gas chromatography mass spectroscopy (GCMS), and Raman spectros-
copy. Reflectance spectroscopy has proven useful for determining changes in the 
appearance and color of solid dosage forms. This process may also be sufficiently 
selective in isolated cases to be used for degradation quantitation (Stark et al. 1996). 
The method selected must be capable of separating the drug from degradation prod-
ucts as well as from excipients used during formulation. HPLC is perhaps the most 
widely employed analytical method for stability-indicating assays. Belal et al. 
developed a reverse-phase HPLC method for quantification of quetiapine as well as 
its two degradation products, quetiapine N-oxide and quetiapine lactam. 
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Chromatographic conditions included a mobile phase composed of acetonitrile and 
0.02 M phosphate buffer (50:50) at pH of 5.5 with a flow rate of 1 mL/min and 
detection at 254. Separation was achieved using a 250 mm × 4.6 mm i.d., 5-μm 
particle-size Zorbax SB-Phenyl column. This method proved sufficient for quantifi-
cation of drugs and degradation products in both tablets and human plasma samples. 
For additional examples of stability-indicating assay method development, espe-
cially regarding HPLC, the reader is referred to Cuiping et al. (1993), Stanisz and 
Kania (2006), Ahuja and Rasmussen (2007), Belal et al. (2008), and Corrandini and 
Phillips (2011).

2.3.2  Chemical Stability

Prior to studying formulations of a given compound, it is imperative that the raw 
drug components stability be assessed. While the above-mentioned analytical tech-
niques such as DSC and TGA can be used to identify degradation or transitions at 
elevated temperatures, the influence of moisture is absent from these studies. As 
such, suspensions of the PWS drug under study should be prepared at multiple pH 
values similarly to the solubility studies previously described and analyzed for deg-
radation, polymeric conversions, recrystallization of amorphous material, and the 
dissociation of salt forms of APIs. For a detailed understanding of potential reaction 
pathways and kinetics thereof, the reader is referred to Waterman and Adami 2005. 
For example, the two metastable polymorphs of mebendazole were studied to 
understand the interconversion between polymorphic forms in the following 
manner: 500 mg of the polymorphs were placed in glass vials, half of which also 
contained water, the vials sealed and placed at 5, 50, or 100 °C. Samples were 
removed at predetermined time points over a 75 h period and analyzed by XRD and 
DRIFT–IR for transformations. Indeed, it was found that in the absence of moisture 
even elevated temperatures of 100 °C did not induce crystal transformations. 
However, the samples containing drug suspended in water at elevated temperatures 
demonstrated partial conversion of form B to C after 25 h. Additionally, it was 
found that suspensions of form C stored at 100 °C converted entirely to form A 
within 50 h (Brits et al. 2010). A lack of understanding of such phenomenon can 
lead to processing difficulties during development. For example, dissociation of the 
salt form of an API to the free base can occur upon moisture uptake or introduction 
to the system. Using in line Raman spectroscopy, it was shown that the extended 
exposure to moisture during the wet granulation process employed prior to tableting 
of an experimental compound led to significant dissociation of the hydrochloride 
salt yielding the free base (Williams et al. 2004).

The ICH has set forth multiple guidelines regarding stability testing of APIs. 
Photostability studies must expose samples to an overall illumination of ≥1.2 mil-
lion lux hours and ≥200 W h/m2 of near-UV energy. Control samples protected by 
aluminum foil or a similar means must be placed next to the exposed samples to 
ensure authenticity (ICH guideline Q1B). Following the ICH guidelines, the photo-
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stability of fexofenadine hydrochloride was assessed via exposure to 1800 W h/m2 
of UV light and demonstrated a reduction in potency of 43 % (Bhalekar et al. 2010). 
The ICH also outlines stress-testing requirements for determination of potential 
degradation pathways, including acidic/alkali degradation, oxidative degradation, 
and thermal degradation (ICH guideline Q1A). Such studies can be conducted on 
drug powders, suspensions, or solutions. Valsartan and amlodipine were studied for 
these four degradation pathways in the following manner: 1 mL of 0.1 M HCl 
(acidic degradation), 0.1 M NaOH (alkali degradation), or 3 % H2O2 was added to 
9 mL of drug solution (final concentration: 16 μg/mL) and allowed to stand at ambi-
ent conditions for 24 h. A solution of identical concentration in water was placed at 
50 °C and allowed to stand for 24 h. Following the 24 h period, samples were ana-
lyzed by a validated HPLC method for degradation products. Results demonstrate 
that valsartan degraded at elevated temperatures and in the presence of hydrogen 
peroxide, while amlodipine was degraded under all conditions (Chitlange et al. 
2008). Ezetimibe was placed under similar stress conditions; however, in order to 
achieve a desired 0.5 mg/mL solution 30 % acetonitrile was added to each vial under 
study (final solution 70:30 H2O:ACN). In this case, the acidic (0.1 M HCl), neutral 
(water), and alkali (0.1 M NaOH) solutions were heated to 80 °C and held for 8 h to 
reduce the duration of the study. This was repeated at 40 °C as well. Oxidative stud-
ies were carried out under 3 and 20 % hydrogen peroxide solutions at room tempera-
ture for 24 h. Photodegradation was assessed in water and 1 M HCl by exposing the 
solutions to sunlight for 2 days (60,000–70,000 lx). In this study, the bulk drug 
powder was also studied for thermal liability via exposure to dry heat: 50 °C for 45 
days and 60 °C for 7 days. These studies revealed the primary degradation pathway 
to be alkaline hydrolysis (Singh et al. 2006). Knowledge of the potential degrada-
tion pathways of an API will greatly aid the formulation scientist ensuring processes 
which may induce degradation are avoided. Studies such as these should be carried 
out concurrently with or prior to solubility studies to ensure that the solubility values 
obtained are not skewed by degradation.

2.3.3  Stability Testing Conditions

Stability testing of potential formulations of an API must be performed to under-
stand the synergistic influence of environmental conditions and time on the dosage 
form. Indeed, a stable API can become unstable in the presence of another material 
as exemplified in the carbamazepine:stearic acid example provided in the section 
regarding XRD, or in the presence of moisture or elevated temperatures as shown 
above (Bott and Oliveira 2007).

The ICH has set guidelines (ICH Q1A (R2)) for stability testing of formulations 
relative to the intended storage conditions upon distribution as well as geographical 
region for distribution. This includes products intended for storage at room tem-
perature, in a refrigerator, or in a freezer. Table 2.4 outlines the storage conditions 
to be used for short term, long term, and accelerated stability tests based on the 
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intended storage location of the final product. Long term studies must be conducted 
on three primary batches if an NDA is to be filed and must cover a 12 month period. 
If the proposed shelf life is greater than 12 months, the stability study must be con-
tinued for the duration of the expected shelf life. Accelerated conditions are often 
employed during preformulation studies as the timeline is significantly shortened; 
however, such a study is supplemental to and does not replace the long term storage 
data. Indeed, the elevated conditions of accelerated stability testing can induce 
changes which may not occur under normal storage. If any significant change occurs 
over the 6 month storage period at accelerated conditions, an intermediate study 
must be conducted as well (Gad 2008).

Tests should be carried out in the container identical to that intended for distribu-
tion. This has led to a revision of the proposed conditions for stability testing to 
include conditions for semipermeable containers. In this case, testing temperatures 
are identical to those provided in Table 2.4; however, relative humidity values are 
altered such that long term storage is carried out at 40 % RH (35 % RH if 30 °C is 
selected for testing), intermediate testing is set to 65 % RH, and accelerated conditions 
employ no more than 25 % RH.

For systems that are amorphous, the Tg of the formulation must be strongly con-
sidered when selecting testing conditions. Indeed, accelerated conditions may 
employ temperatures near or above the Tg of a product, yielding alterations in physi-
cal form and complicating data interpretation. Improper selection of temperatures at 
or above the Tg of a system may lead to under-prediction of the shelf life of a prod-
uct (Duddu and Weller 1996). Amorphous systems which have a high Tg however 
do not necessitate the selection special conditions and can be studied under the 
accelerated conditions outlined in Table 2.4 (Lakshman et al. 2008).

Following development of indomethacin into coprecipitates and solid disper-
sions with Eudragit® polymers with subsequent tableting of the formulations stabil-
ity studies were conducted at −20, 4, 37, 45, and 55 °C with relative humidity values 

Table 2.4 Stability testing conditions for products with various intended storage conditions

Stability study type Stability storage conditions
Minimum time period covered by 
data at submission (months)

Marketed API intended for room-temperature storage conditions

Long term 25 °C ± 2 °C/60 % RH ± 5 % RH or 
30 °C ± 2 °C/65 % RH ± 5 % RH

12

Intermediate 30 °C ± 2 °C/65 % RH ± 5 % RH 6

Accelerated 40 °C ± 2 °C/75 % RH ± 5 % RH 6

Marketed API intended for storage in refrigerator

Long term 5 °C ± 3 °C 12

Accelerated 25 °C ± 2 °C/60 % RH ± 5 % RH 6

Marketed API intended for storage in freezer

Long term −20 °C ± 5 °C 12
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of 11, 51, and 91 %. Tablet samples were removed from storage at intervals of 1 
month over a 6 month period and tested for transformations by XRD and DSC as 
well as for changes in dissolution profiles using rotating basket dissolution appara-
tus. Indeed, storage at extremely low temperatures as well as elevated temperatures 
in a humid environment slowed down dissolution rates of the drug (Khan et al. 
2000). Solid-state characterization demonstrated that this was likely due to an 
increase in crystallinity of the product. A similar study utilized ten tablets per con-
tainer with two containers per storage condition (4, 25, 37, 45, 55 °C, and 37 °C 
with 11, 51, and 91 % RH). Nine tablets were removed at time points of 0.5, 1, 3, 6, 
9, and 12 months and characterized by XRD and DSC and tested for dissolution 
properties (Goskonda et al. 1998). Tablets however may not be the intended final 
formulation as is the case with solid dispersions which can be filled into capsules. 
In this instance, the formulation should be assessed for stability in powder form. For 
example, DiNunzio et al. placed 2 g of solid dispersion powder into 30-mL high- 
density polyethylene bottles which were then induction sealed. Samples were 
placed under accelerated storage conditions (40 °C, 75 % RH). At time intervals of 
1, 3, and 6 months, samples were removed and tested for crystallinity. The samples 
were allowed to equilibrate to room temperature for 24 h prior to analysis. It was 
shown that formulations containing a plasticizer (Tg = 54 °C) exhibited recrystalliza-
tion under accelerated conditions while formulations lacking the plasticizer 
(Tg = 101 °C) did not (DiNunzio et al. 2010a).

2.4  Dissolution Testing

As mentioned earlier, BSC Class II APIs are limited in their bioavailability based on 
their dissolution rate or extent. Therefore, many formulators attempt to overcome 
this barrier by generating systems capable of achieving solubilization significantly 
higher than the intrinsic solubility of the compound (i.e., supersaturation). The abil-
ity to achieve supersaturation in physiologically relevant medias can indeed be a 
strong indicator of enhancement of bioavailability. However, this can only truly be 
confirmed by transitioning optimized formulations into animal models.

Dissolution studies are often carried out under sink conditions; however, for 
many PWS drugs such conditions cannot be met due to the extremely high volumes 
of dissolution media that would be required. As such, studies using sink conditions 
will not be discussed; rather, the focus of the following sections will be on super-
saturation studies and in vivo studies of optimized formulations.
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2.4.1  Dissolution Studies

2.4.1.1  Sample Handling

During dissolution testing, samples will be taken at various time points to assess 
drug release from and supersaturation ability of the formulation. Proper handling of 
these samples ensures accuracy in the assay used to assess drug in solution. Filtration 
is a widely used technique for removing undissolved materials, both drug and insol-
uble excipients, from the analytical sample. This is done by placing a withdrawn 
dissolution sample in a syringe and passing through an attached syringe filter. Filter 
sizes often used in literature are 0.45, 0.22, and 0.1 μm, with the syringe size selected 
based on the withdrawn sample size. A wide variety of filter membrane materials 
exist for this application, including but not limited to nylon, hydrophilic and hydro-
phobic polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and cel-
lulosics such as cellulose acetate (Okazaki et al. 2008; Ferrari et al. 2009; Tho et al. 
2010; Xia et al. 2010).

Prior to use in dissolution studies, it is important to assess filter membrane com-
patibility with the API and sampling solution. Indeed, drug adsorption to the filter 
membrane can lead to inaccurately low results. Additionally, membrane degrada-
tion in the presence of solvents used may allow the passage of undissolved drug into 
the analytical sample that may dissolve upon dilution, yielding inaccurately high 
results. To validate a filter, an API stock solution of known concentration is pre-
pared in the media(s) to be used during dissolution testing. Aliquots of the stock 
solution are then filtered and diluted and compared to a diluted unfiltered sample. If 
the filtered sample displays 98–102 % recovery of the API, the filter is considered 
acceptable (Fortunato 2005). Such a method was employed for dissolution studies 
of the PWSD lamotrigine. A stock solution of lamotrigine was prepared at a 
 concentration of 11 μg/mL in 0.1 M hydrochloric acid. The solution was sonicated 
for 15 min in a sonication bath to ensure complete dissolution of the API. A 4-mL 
aliquot of the stock solution was then diluted with 0.1 M HCl to a final volume of 
20 mL in a volumetric flask as an unfiltered control. The remaining solution was 
passed through the filter under study and a 4-mL aliquot of the filtrate diluted to 
20 mL with 0.1 M HCl. UV spectroscopy of the filtered and nonfiltered samples 
revealed less than 2 % variability between the solutions, indicating the filter was 
acceptable (Martins et al. 2010). Although not a PWS API, a study of three potential 
filters and three potential dissolution medias (0.01, 0.1 M HCl, and pH 6.8 phos-
phate buffer) to be used during dissolution testing of citalopram was conducted in a 
similar manner. The analysis revealed that the quantitative and 0.45-μm nylon filters 
were acceptable for use during dissolution studies while the 3-μm filter under study 
was not (Menegola et al. 2007). This method was also used in filter evaluation for 
dissolution studies on the BSC Class IV compound entacapone. In this iteration, 
50 mL of stock solution was prepared in the dissolution medium at a concentration 
of 44.44 μg/mL. Complete dissolution was ensured by sonication for 30 min in a 
sonicating bath. Samples were then filtered through quantitative and nylon filters 
and compared to an unfiltered diluted sample. It was found that both filters were 
within the limits of acceptance for use during the studies. Additionally, it was shown 
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that the quantity of methanol to be used for dilution did not alter the filter function-
ality (Paim et al. 2010).

In addition to membrane filter-type selection, the appropriate pore size must be 
selected based on the formulation at hand. Following solubility studies of fenofi-
brate in bio-relevant medias, Juenemann et al. analyzed the dissolution of nanosized 
formulations of the API. Filters of various pore sizes were assessed and the 24 h 
fenofibrate concentrations obtained via dissolution studies were compared to the 
24 h solubility study data. It was shown that pore sizes of 0.45 or 0.2 μm yielded 
concentrations higher than those obtained during solubility studies, while pore sizes 
of 0.1 μm or less generated concentrations similar to those of the solubility studies. 
Indeed, the colloidal fenofibrate was too fine to be withheld by filters of larger pore 
sizes which, upon sample dilution with solvents, resulted in apparent supersatura-
tion (Juenemann et al. 2011).

If adequate recovery cannot be achieved via filtration, samples may be centri-
fuged instead and the supernatant sampled for analysis. In the above-mentioned 
study regarding lamotrigine, a stock solution was centrifuged at 3000 rpm for 
10 min. A 4-mL aliquot of the supernatant was then diluted to 20 mL in dissolution 
media. The remaining supernatant was filtered and a 4-mL aliquot of the filtrate 
diluted to 20 mL in dissolution media. Samples were analyzed via UV spectroscopy 
and revealed less than 2 % variability. This confirms the acceptance of the filter to 
be used as well as the potential for centrifugation in place of filtration. While cen-
trifugation may be used as a reference during filter analysis, it can also be used for 
sample purification in place of filtration. This can be employed when an acceptable 
filter cannot be identified due to membrane interactions (Fortunato 2005). To ensure 
adequate sedimentation of all particulates present, high-speed centrifugation is 
employed. For example, centrifugation at 14,000 rpm for 10 min was used for 
 dissolution sample preparation for capsule dissolution studies of an experimental 
compound (Zhao et al. 2009). Dissolution studies performed directly in the centri-
fuge tube (discussed below) have been subjected to rotation at 13,000 g for 1 min 
prior to sampling to ensure adequate sedimentation (Friesen et al. 2008).

2.4.1.2  Excipient Screening for Supersaturation Maintenance Ability

The ability to achieve supersaturation is highly promising with regard to increasing 
bioavailability. However, the ability to maintain supersaturation can prove even more 
beneficial. APIs with pH-dependent solubilities may rapidly precipitate from solution 
upon transition from the stomach to the intestine. Therefore, prevention of this formu-
lation collapse may allow greater time for absorption and increased bioavailability. A 
novel approach in the screening of excipients capable of maintaining supersaturation 
has been presented by Vandecruys et al. (2007). In this method, various excipients of 
interest were dissolved at a level of 2.5 % w/v in 10 mL of the corresponding medias 
of interest: 0.01 H HCl, USP pH 4.5 buffer, USP pH 6.8 buffer or water. Separately, 
various drugs of interest were dissolved at a concentration of 50–100 mg/mL in N,N-
dimethylformamide (DMF) or dimethylacetamide (DMA). For a given test, the 
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desired dissolution media containing the excipient to be studied was placed under 
magnetic stirring and equilibrated to 37 °C. The selected API solution was then added 
drop-wise to this stirring media until a precipitate was just noticeable visually. Samples 
were then taken at 5, 30, 60, and 120 min following the completion of drug addition, 
filtered, and analyzed for drug content via UV spectroscopy. Application of this 
method to excipient blends may allow for an even deeper understanding of the formu-
lation requirements for the maintenance of supersaturation.

The above method was adapted in the screening of various HPMC grades for 
their ability to supersaturate itraconazole in neutral media (intrinsic solubility 
∼1–5 ng/mL). In this iteration, 75 mg of the excipient was dissolved in 1 L of pH 
6.8 phosphate buffer. Itraconazole was separately dissolved in 1,4-dioxane at a con-
centration of 18.75 mg/mL. Following equilibration of the dissolution media to 
37 °C, a 2-mL aliquot of the itraconazole solution was added to the dissolution ves-
sel and samples were withdrawn at 5, 10, 15, 30, 45, 60, 90, 120, 180, 240, and 
1440 min. Withdrawn samples were immediately passed through a 0.2-μm filter and 
diluted 1:1 with mobile phase (70:30:0.05 acetonitrile:water:diethanolamine) and 
subsequently analyzed for itraconazole concentration via HPLC (DiNunzio et al. 
2010a, b, c). Application of the method identified HPMCAS grades as the most 
promising and these polymers were subsequently used in the production of solid 
dispersions.

2.4.1.3  Supersaturation Dissolution Studies

Following production of lead formulations, their ability to achieve supersaturation 
must be assessed. This can be accomplished by adding an amount of formulation to 
a dissolution vessel such that the amount added contains an excess amount of drug 
relative to the intrinsic solubility, thereby, upon complete dissolution, a theoretical 
level of supersaturation is achieved. For example, in a study of HME itraconazole 
formulations, 180 mg of milled extrudate (containing 60 mg itraconazole) was 
added to each dissolution vessel. Assuming complete dissolution, this amount cor-
responds to 80 μg/mL representing 20× supersaturation (intrinsic solubility under 
acidic conditions: 4 μg/mL) (Miller et al. 2008). A similar work employs itracon-
azole at a level equivalent to 10× equilibrium solubility (DiNunzio et al. 2010a, b, c). 
In a separate work, 7 mg of tacrolimus formulations were added to 100 mL small-volume 
dissolution vessels containing acidic media corresponding to 28× the equilibrium 
solubility of the native API (Overhoff et al. 2008). Using identical conditions, the 
ability to maintain supersaturation upon pH transitions was assessed by transition-
ing the pH of the dissolution media to 6.8 via addition of appropriate amounts of 
0.2 M Na3PO4.

Such studies are not limited to supersaturation of GI media. Using simulated 
lung fluid containing 0.02 % dipalmitoylphosphatidylcholine and small volume 
(100 mL) dissolution vessels, 100 μg of itraconazole in a colloidal dispersion cor-
responding to 100× equilibrium solubility was added in the assessment of a nano-
sized formulation for inhalation. In fact, it was shown that the formulation was 
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capable of achieving 27× supersaturation versus crystalline itraconazole (Yang 
et al. 2008).

Of crucial importance to each of these studies is the prevention of precipitation 
in the withdrawn samples, which can lead to inaccurately low results, as well as 
accidental solubilization of withdrawn particulates yielding positive deviations. To 
prevent these occurrences, withdrawn samples must be treated immediately upon 
withdrawal as discussed above and diluted with an appropriate organic solvent, 
such as the mobile phase employed in the aforementioned screening studies. 
Analysis of the diluted samples via a specific method such as HPLC can be utilized 
on the diluted samples and the determined concentration adjusted for dilution via 
minor calculations.

Additional methods not employing a dissolution apparatus have also been used 
in supersaturation dissolution testing. Curatolo et al. developed two novel 
approaches for supersaturation testing. In the first method, 7.5 mg of a formulation 
was placed in an empty disposable 10-mL syringe. A 20-gauge needle was attached 
and used to draw 10 mL of model fasted duodenal fluid at 37 °C into the syringe. 
The needle was then removed, a 13 mm, 0.45-μm filter was attached, and the syringe 
shaken for 30 s. Six drops were then expelled as waste followed by collection of 13 
drops as a sample. The plunger was then pulled back to introduce an air bubble and 
promote mixing, and the syringe with attached filter was placed on a rotating wheel 
in a temperature-controlled box held at 37 °C to mix. Sampling was then repeated 
in the identical manner at various time points. All samples were diluted with mobile 
phase to prevent precipitation.

In a second method by the same group, 1.8 mg of the formulation was placed 
into an empty microcentrifuge vial and 1.8 mL of model fasted duodenal fluid 
added. The tube was then vortex mixed for 60 s and then allowed to stand for 6 min 
without disruption. Following the equilibration period, the sample was centrifuged 
at 13,000 g for 60 s. A sample of the supernatant was then taken. Following sam-
pling, the vial was vortexed for 30 s to resuspend the material and allowed to stand 
for a designated period of time. At the next set time point, the material was again 
centrifuged and sampled as described previously (Curatolo et al. 2009). All sam-
ples were diluted 1:1 with mobile phase upon withdrawal to prevent precipitation. 
No filtration was applied as centrifugation removed all particulate matter from the 
sampling media.

2.4.1.4  Alternative Dissolution Studies

The use of bio-relevant dissolution medias such as simulated lung, gastric, and 
intestinal fluids may provide stronger in vitro–in vivo correlations and more accu-
rate predictions of formulation performance. However, the use of such fluids intro-
duces new molecular variables into solution. For example, fasted-state-simulated 
gastric fluid comprises sodium taurocholate, lecithin, pepsin, sodium chloride, and 
hydrochloric acid, while simulated the lung fluid previously mentioned contains 
0.02 % dipalmitoylphosphatidylcholine (Vertzoni et al. 2005). A detailed discussion 
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including instructions on the preparation of various simulated intestinal fluids can 
be found in Jantratid et al. 2008. Two concerns are raised during the use of such 
dissolution media. First, upon dissolution multiple species may form in solution. 
Friesen et al. describes seven potential species based on size that may form upon 
dissolution of a polymeric formulation in such media. These include free/solvated 
drug, drug in bile-salt micelles, free/solvated polymer, polymer colloids, amor-
phous drug/polymer nanostructures, small aggregates of amorphous drug/polymer 
nanostructures, and large precipitates (Friesen et al. 2008). As the free drug is the 
primary absorbed species and of chief concern during dissolution studies such sys-
tems require unique handling during drug analysis to ensure that there is no interfer-
ence from undesired components. Filtration, as described above, has proven 
sufficient in separating undissolved drug from simulated fasted-state intestinal flu-
ids and certain gastric fluids. However, more complex medias may require addi-
tional steps. For example, a study in milk-based media required preliminary filtration 
of undigested samples through a 5.0-μm nylon filter followed by dilution with ace-
tonitrile (protein precipitation), centrifugation at 4000 rpm for 10 min at 8 °C, and 
final filtration of the supernatant through 0.45-μm regenerated cellulose filters. 
Similarly, digested samples were first centrifuged under the above conditions to 
separate the aqueous phase from not only the undissolved drug but also the digested 
and lipid phases. Aqueous phase samples were then diluted with acetonitrile and 
recentrifuged with subsequent filtration through the aforementioned 0.45-μm regen-
erated cellulose filter (Fotaki et al. 2005). It should also be noted that lipid- based 
formulations require centrifugation to remove nonemulsified lipid droplets prior to 
aqueous phase sampling (Jantratid et al. 2008).

The implementation of dialysis methods for dissolution studies minimizes the 
need for sample handling. As dialysis membranes with specified molecular weight 
cutoffs can be used such that only solubilized drug is able to pass through, subse-
quent filtration or centrifugation is not required. It is recommended that filtration 
still be carried out on samples, however, to remove any potential external contami-
nates such as dust which may enter the sampling media during lengthy studies. 
Dialysis dissolution has been used on micellar solutions of paclitaxel (molecular 
weight cutoff of 3500) by loading the membrane bag with the solution and placing 
it in 20 mL of phosphate-buffered saline (pH 7.4). The media was held at 37 °C and 
agitated by an orbital shaker at 160 rpm. Sampling was performed by complete dis-
solution media removal and replacement with fresh PBS. Dissolution was allowed 
to continue for 30 days (Yang et al. 2009). Similarly, 5 mL of a suspension of chitosan 
nanoparticles in pH 7.4 buffer was placed in a dialysis bag and placed in pH 7.4 
buffer reception media. Agitation by orbital shaking (110 rpm) was applied and 
samples were taken at predetermined time points by complete media replacement 
(Syam et al. 2010). It should be noted that dialysis methods may require equilibra-
tion periods depending on the formulation. Indeed, drug nanoparticles placed in a 
dialysis bag exhibited significantly lower dissolution rates compared to basket and 
paddle methods over the initial 60 min time period (Heng et al. 2008).

BSC Class II compounds are characterized by a higher degree of permeability 
than dissolution rate, making the dissolution rate the limiting factor in bioavailabil-
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ity. In order to more accurately depict the in vivo performance of such drugs, bipha-
sic dissolution studies have been developed which provide an absorptive sink via a 
partitioning approach (McAllister 2010). In such studies, the dissolution media is 
composed of a bio-relevant aqueous phase as well as an organic phase such as octa-
nol. The dissolution rate will therefore dictate the amount of drug available in solu-
tion for partitioning into the organic phase. Advantages of biphasic dissolution 
studies include prevention of accumulation of the drug in the aqueous phase which 
may lead to crashing out phenomena and no post sampling handling to eliminate 
undesired species as the partition process acts as a filter. In a study by Shi et al., a 
USP Apparatus II vessel was filled with 250 mL of 80 mM phosphate buffer (pH 6.8) 
and 200 mL of octanol. A standard USP II paddle was modified with a secondary 
paddle to allow agitation of both the aqueous and organic phases. The formulation 
to be tested was placed in an external flow through cell and the aqueous dissolution 
media was circulated through the cell by means of a piston pump and Teflon tubing 
(Fig. 2.11). Preoptimized parameters of 75 rpm paddle speed and 30-mL/min pump 
flow rate were used during testing as unpublished data demonstrated that they provide 
the strongest in vitro–in vivo correlations. Samples were taken from both the aqueous 
and organic phases at predetermined time points (Shi et al. 2010). A similar study 
has been performed in a USP Apparatus II dissolution vessel not incorporating the 
external flow through cell. Here, 500 mL of a sodium dihydrate phosphate-buffered 
aqueous phase and 100 mL of n-octanol were placed in a dissolution vessel held at 
37 °C and the formulation to be studied placed directly in the dissolution vessel. 
Uniquely, an automated pH titration and controlling device was placed in the vessel to 
apply a pH gradient over the duration of the test. During analysis, the pH was initially 
held at two for 1 h mimicking gastric conditions. The media was then adjusted to pH 
5.5 within 5 min to simulate gastric emptying into the upper intestine. At 5 h, the pH was 
adjusted to 6.8 where it remained for the duration of the study to simulate transit 
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Fig. 2.11 Diagram of a biphasic dissolution test apparatus. From Shi et al. (2010). Reproduced 
with permission from the American Chemical Society
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through the lower GI. Sampling was performed on both aqueous and organic phases 
at predetermined time points. The solubility of the compounds tested was significantly 
higher in acid than either basic media or n-octanol. Therefore, dissolution profile anal-
ysis reveals a significant amount of drug in solution while acidic conditions were held. 
However, following pH adjustment, the aqueous solubility dropped markedly. The 
presence of the organic phase allowed maintenance of sink conditions and prevented 
precipitation within the aqueous phase (Heigoldt et al. 2010).

2.4.2  In Vivo Testing

The above-outlined in vitro testing allows the researcher to select lead formulations 
based on their performance in dissolution testing. However, these studies are only 
indicative of performance, not absolute, as the physiological environment is far more 
complex than the conditions used in the laboratory. Although simulated intestinal 
fluids such as the model fasted duodenal fluid and simulated lung fluid mentioned 
above allow closer approximation to in vivo conditions, in order to truly understand 
the ability of a formulation to provide enhanced bioavailability of a poorly water-
soluble compound animal models must be employed.

Unfortunately, there is no single surrogate animal species acceptable for all 
in vivo testing requiring selection of the appropriate model by the researcher. 
Selection of the appropriate animal model will depend on numerous factors; how-
ever, in all cases, the smallest viable model should be used. Some factors influenc-
ing the choice of model should include the dose size, route of administration, 
required surgeries, the number of blood draws, and whether or not a crossover 
design is to be used. Rat models are often used for single-and multiple-oral-dose 
pharmacokinetic studies as multiple blood draws can be taken without significant 
risk of anemia. Rat models, however, are inappropriate for crossover studies as their 
growth rate is too rapid to allow for proper comparison of bioavailability between 
formulations. In such a case, a larger model such as a canine model may be required. 
Regardless of the model chosen, the protocol to be carried out must be approved by 
an institutional review board (IRB) and be in accordance with the Institutional 
Animal Care and Use Committee (IACUC; if applicable) or similar governing body 
at the location of the study. The following examples describe experimental protocols 
for both oral and inhalation studies of PWS drugs including information on dosing 
methods and sampling protocols, focusing on rodent models. Extraction methods 
for blood and tissue analysis will not be presented.

2.4.2.1  Administration Via Inhalation

The surface area of the distal airway is approximately 102 m2 while the conducting 
airways is a mere 2–3 m2, allowing for much greater contact with the inspired gas 
or therapeutic aerosol (Patton 1996). Additionally, the thickness of the cell layer 
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which makes up the respiratory region is progressively reduced from approximately 
60 μm in the upper airway, to submicron thickness in the alveoli (Patton and Byron 
2007). Similarly, the fluid layer at the cell surface decreases from 8 μm to approxi-
mately 70 nm in direct correlation with the decrease in cell thickness. These factors, 
coupled with the lack of digestive enzymes and bypass of first-pass metabolism, 
make pulmonary delivery an attractive route of delivery for PWS drugs.

In an effort to allow passive inhalation of a drug aerosol, a whole-body cham-
ber was designed which allowed up to 14 mice to be dosed simultaneously. The 
solution or dispersion to be administered could be nebulized directly into the 
chamber exposing the unrestrained animals to the dose. Restraint during dosing 
may lead to physiological changes such as altered temperature regulation and can 
adversely affect an in vivo study. Therefore, elimination of the restraint may regu-
late rodent physiology, reducing variability in received dose. The whole-body 
apparatus was employed in the study of nebulized itraconazole nanoparticle dis-
persions. Using ten mice, the formulation was first assessed for dose uniformity 
and it was shown that whole- body exposure yielded a variation of 13 % relative 
standard deviation (Fig. 2.12). An in vivo study was then conducted to determine 
the lung concentration and residence time of the nebulized itraconazole. Three 
groups of 14 mice each were exposed to the aerosol generated by a 20 mg/mL 
dispersion for 20 min. Following dosing, two mice were sacrificed at time points 
of 0.5, 1, 2, 4, 6, 10, and 24 h, the lungs harvested, itraconazole extracted, and the 
concentrations normalized for weight (i.e., μg/g lung tissue). As can be seen in 
Fig. 2.13, significant drug levels could be not only achieved but also maintained 
following administration via inhalation (McConville et al. 2005, 2006). A similar 
study utilizing the same apparatus demonstrated enhanced bioavailability of itra-
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conazole amorphous nanodispersions, with both lung and blood (cardiac puncture) 
samples being taken at each sacrifice time point (Yang et al. 2008).

While restraint-free whole-body dosing may provide the advantages of dosing 
many animals at once and minimizing stress to the animal, one must consider the 
fact that these units provide whole-body exposure. As such, there is possible drug 
absorption through dermal and ocular routes as well as the oral route as the animals 
may consume drug deposited on their fur during grooming. This last fact may not 
be influential when looking strictly at lung deposition; however, it will be crucial for 
biodistribution studies as the oral dose may be selectively cleared by a specific 
organ (i.e., kidney/liver) (Phalen et al. 1984; Roy et al. 2003).

To limit whole-body exposure and prevent potential oral, dermal, and ocular 
exposure, nose-only dosing chambers have been developed for rodent models. 
These include commercial tower units in which rodents are attached perpendicular 
to the airflow. The generated aerosol flows vertically downward across the subjects’ 
noses and the restrained animals passively breathe it in. A custom-built laboratory 
scale unit was used in a pharmacokinetic study of inhaled amorphous colloidal dis-
persions of itraconazole. Precatheterized (jugular vein) Sprague–Dawley rats were 
restrained using nose-only restraints (Battelle) and connected to a horizontal cham-
ber such that only the nose of each rodent was inside the chamber. The dispersion 
was then nebulized with a circulating fan, providing a constant airflow of 1 L/min to 
propel the generated aerosol horizontally through the system and the attached rats 
were allowed to passively inhale the aerosol for 10 min. Animals were then returned 
to their cages and blood draws were taken through the jugular vein catheter at 0, 0.5, 
1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, and 24 h post dosing. Collected samples were placed in 
preheparinized tubes to prevent clotting. Lungs were harvested from two rats imme-
diately after each dosing to assess lung deposition, with all others being sacrificed 
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and lungs harvested at 24 h (Yang et al. 2010). It should be noted that prior to any 
dosing, the animals must be acclimated to the restraints over a period of days to 
prevent any significant physiological changes during dosing resulting from stress.

While nose-only dosing chambers have proven effective for assessment of pul-
monary formulations, deposition can occur in the upper airways as well as around 
the mouth. While this is likely to be only minor external deposition, there is still a 
risk of an oral dose as a result of grooming and potential poor deposition due to 
rodent activity within the restraining device. To avoid deposition in the upper air-
way or oral cavity a dry powder insufflator (DPI), such as that offered by Penn- 
Century (Fig. 2.14) can be used to administer a dry powder formulation directly to 
the lungs of an animal. Using an attached syringe to generate airflow, the powder 
under study can be expelled intra-tracheally for deep lung deposition. Such a device 
was used on anesthetized rats (via diethyl ether) to deliver 5 mg of PLGA nanocom-
posite particles loaded with TAS-103, a PWS antitumor agent. Following dosing, 
blood was collected at 0.5, 1, 2, 4, and 8 h through the retro orbital plexus region. 
Withdrawn blood was then centrifuged at low temperature (5 °C) for 10 min and a 
sample of the supernatant collected for subsequent plasma concentration analysis. 
Lung tissue was also harvested for deposition analysis (Tomoda et al. 2009). 
Another study examined pulmonary delivery utilizing the same device. Using a 
dose of 10 mg/kg, scutellarin was loaded into the tip of the DPI, attached to a syringe 
and inserted into the trachea of the anesthetized rat. Depression of the syringe 
plunger produced the aerosol for delivery directly to the lungs. This pulmonary 
powder formulation was compared directly to intratracheal administration of a solu-
tion using a Penn-Century Model IA-1B with a volume of 1 mL/kg. In both cases, 
the animals were held in the upright position for 1 min following removal of the 
delivery device to ensure deposition (Liu et al. 2008). It should be noted that the 
dose administered in the above studies is much greater than a dose receivable by a 
murine model. To accommodate for the necessary reduction in dose, 200–300 μg of 

Fig. 2.14 Penn-Century Model DP-4 M dry powder insufflator with attached syringe
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powder was loaded into polyethylene tubing (1 cm in length) by dipping the tubing 
directly in the dry powder. This loaded tube was then inserted in the hole leading 
from the insufflator chamber to the cannula and a syringe was attached. Two hun-
dred and fifty microliters of air was used to during dosing to disperse the powder. If 
necessary, additional puffs of air at identical 250-μL increments were used to dis-
perse the material from the device (Morello et al. 2009). Additional studies using 
DPIs have proven successful in additional animal models including guinea pigs 
(Sung et al. 2009) and Beagle dogs (Surendrakumar et al. 2003).

2.4.2.2  Oral Administration

The oral route of administration is highly desired for an end formulation due to high 
patient compliance and ease of administration. However, the gastrointestinal tract 
presents numerous obstacles preventing successful oral delivery, including environ-
ments of varied pH, reactive enzymes, and biological clearance systems. These fac-
tors combined with limited aqueous solubility make oral delivery of PWS drugs 
especially challenging (O’Donnell and Williams 2011). As discussed above, many 
formulators are attempting to generate systems capable of supersaturating the GI 
milieu in an effort to overcome bioavailability issues associated with poor aqueous 
solubility. While these systems may prove promising during in vitro supersaturation 
studies, success upon in vivo application must be determined via animal modeling.

As PWS drugs are often not formulated as solutions, administration to the animal 
model via the oral route relies upon the dosing of powder formulations. This can be 
accomplished using a size nine capsule and corresponding dosing syringe such as 
those offered by Torpac and Capsugel. Assuming a powder density of 1 g/cm3, these 
capsules hold up to 25 mg of powder and dissolve within the rodent’s stomach within 
10 min. These capsules have been utilized for low-density amorphous solid disper-
sions of tacrolimus prepared by ultra-rapid freezing. A nominal dose of 5 mg/kg was 
dosed to male Sprague–Dawley rats (300 g rats; approximately 1.5 mgs/capsule) 
using the size 9 gelatin capsules from Torpac. In order to ensure adequate GI media 
was present for dissolution of the capsule and that no esophageal sticking had 
occurred, 0.4 mL of water was immediate given via oral gavage following capsule 
administration. As these rats were precatheterized, blood draws could easily be taken 
at 0.5, 1, 1.5, 2, 3, 4, 6, and 24 h post dose. At each sampling time point, the with-
drawn blood was replaced with heparinized normal saline (6 units/μL) (Overhoff 
et al. 2008). In a study of the PWS drug letrozole, a rat model was selected utilizing 
both male and female rats. The drug was then administered in one of three ways: oral 
gavage, orally via a Torpac size 9 capsule, or IV infusion via the ophthalmic venous 
plexus. For capsule administration, an amount of formulation equivalent to 1.0 mg 
API was placed in the capsule and administered orally. Similar to the previously 
discussed study, a bolus of water (500 μL) was provided following administration of 
the capsule. Oral gavage was performed by generating a suspension of the native 
compound in a 12.5 % aqueous ethanol media. Sonication provided adequate disper-
sion of the material immediately prior to dosing. The test formulations for oral 
gavage were made into solutions using the same 12.5 % aqueous ethanol media. IV 
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dose solutions were prepared into 1 mg/mL solutions, filtered through a 0.45 μm 
filter, and immediately dosed. In order to generate a comparable IV dose of the native 
compound, the API was first dissolved in DMSO, and a 300- μL aliquot of this stock 
solution was diluted to 10 mL using saline to yield a 0.297 mg/mL solution. This was 
then filtered and dosed. Contrary to the precatheterized rodents from the previous 
study, tail vein collection of blood samples was performed using minicapillary blood 
collection tubes pretreated with EDTA di- potassium salt. Samples were stored at 
−80 °C until analysis (Wempe et al. 2007). Figure 2.15 depicts the pharmacokinetic 
profiles of the IV versus capsule- administered API in the presence and absence of 
HBenβCD. As can be seen, a drastic difference in bioavailability was observed for 
male versus female rats depicting the importance of not only proper species selection 
but also gender selection thereof.

For PWS drugs in which a solution cannot be prepared for oral gavage and a cap-
sule is not capable of holding a sufficient dose, a suspension or dispersion can be 
prepared as was done with the native letrozole. As previously mentioned, the bio-
availability of itraconazole is significantly hindered by its poor aqueous solubility, 
especially upon pH transition to neutral media. Therefore, supersaturating the neutral 
media of the GI following stomach emptying may enhance bioavailability. 
Formulations of itraconazole with polymeric stabilizers were prepared by HME and 
dosed to male Sprague–Dawley rats at a nominal dose of 30 mg/kg. Dosing was 
performed by preparing an aqueous dispersion of the formulations immediately prior 
to dosing such that a 400-μL aliquot contained 9 mg API. This dispersion was then 

Fig. 2.15 Pharmacokinetics of IV (left) and capsule administered letrozole. Closed symbols: API 
in absence of HBenβCD; Open symbols; API in presence of HBenβCD. Reproduced with permis-
sion from John Wiley and Sons
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provided via oral gavage and blood draws taken through a jugular vein catheter. 
Indeed, these formulations provided a threefold increase in itraconazole absorption 
(Miller et al. 2008). In a similar study, engineered particles of itraconazole were 
dispersed in deionized water at a concentration of 4 mg/mL and dosed by oral gavage. 
Unique to this study is the comparison of the engineered material to the marketed 
multiparticulate capsule formulation, Sporonox. As the marketed capsules are far too 
large to be dosed to a rodent, ten capsules were opened and the potency per pellet 
determined. An appropriate number of pellets to reach a dose of 15 mg/kg were then 
placed in a size 9 capsule and dosed with the corresponding syringe. Indeed, the 
novel particle formulation outperformed the marketed product providing a signifi-
cant improvement in bioavailability (Fig. 2.16) (DiNunzio et al. 2008). If a method 
is to be used in which the drug is dispersed in a liquid carrier, it is important to under-
stand the maximum volume that can be dosed to the selected species without inter-
rupting GI function. For example, doses should be kept below 4 mL/kg in rat models 
to prevent spontaneous release through the pyloric sphincter (Alban et al. 2001).

2.5  Conclusions

In order to optimize the formulation of a poorly water-soluble drug it is imperative to 
gain an understanding of the physical and chemical nature of the compound. This can 
be accomplished through preformulation studies, including solubility screenings, 
solid-state characterization, dissolution testing, and in vivo studies. Proper application 
of these methods as described above will aid the formulation scientist in directing the 
development of a poorly water-soluble compound in the most promising direction.
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Method Capsule 1
pH-Solubility Profile by Direct Determination in Aqueous Suspension

Based on the method reported by Li et al. (2005)

Objective

• To determine the pH-solubility profile of haloperidol and the corresponding 
hydrochloride and mesylate salts.

Equipment and Reagents

• Haloperidol free base
• Haloperidol hydrochloride
• Haloperidol mesylate
• Deionized water
• Hydrochloric acid solution
• Sodium hydroxide solution
• 10 mL sealable vials
• Water bath or environmental shaker capable of maintaining 37 °C
• 0.45 μm acrodisc filters w/attached syringe
• UV spectrophotometer (250 nm detection wavelength)

Method

• Add 5 mL of water to each 10 mL vial, 9 total, 3 for each compound.
• Place excess solids (one compound per vial) in the prefilled vials such that a 

suspension results.
• Titrated each vial to pH 1 via HCl and NaOH solution addition.
• Equilibrate the vials at 37 °C for 24 h. Note: agitation recommended during 

equilibration if possible.
• Following equilibration, verify that no pH shift has occurred.
• Remove an aliquot of the suspension and filter through a 0.45 μm (or smaller) filter.
• Dilute sample with suitable organic solvent (i.e., acetonitrile) to obtain concen-

trations in the working linear range of the spectrophotometer.
• Analyze samples on UV spectrophotometer at 250 nm.
• Titrate each vial with NaOH and HCl solutions to pH 2.
• Equilibrate vials for 24 h under identical conditions.
• Confirm no pH shift upon equilibration.
• Repeat sampling and analysis procedure as above.
• Continue titration, equilibration, sampling procedure through pH range of 1–13, 

or desired regions thereof.

Results

• Plotting the solubility (ug/mL) versus pH of the free base and its HCl salt 
revealed a significant drop in solubility of both compounds above pH 5. 
Additionally, the plot demonstrates no significant difference in the aqueous solu-
bility between the free base and HCl salt through pH 7.

• The pH versus solubility plot for the mesylate salt of haloperidol revealed signifi-
cantly higher solubilities of the API through pH 5. Similar to the free base and 
HCl salt, solubility of the API decreased significantly above pH 5.
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Method Capsule 2
Analysis of Drug–Excipient Interactions Via Differential Scanning Calorimetry

Based on the method reported by Mura et al. (1998a) Thermochimica Acta.

Objective

• To determine compatibility of picotamide in the presence of excipients com-
monly used in tableting formulations.

Equipment and Reagents

• Picotamide recrystallized from water–ethanol 8:1.
• Excipients: PVP K30, PVPXL, tartaric acid, ascorbic acid, hydroxypropylmethyl 

cellulose, hydroxyethyl cellulose, sodium carboxymethyl cellulose, microcrys-
talline cellulose, Veegum F, Arabic gum, cornstarch.

• Mortar pestle
• Microbalance (mg scale)
• Differential scanning calorimeter
• Aluminum pans with perforated lits

Method

• Sieve each material and obtain the 75–150 μm fraction for analysis.
• Prepare individual physical mixtures the API and each excipient (1:1) in a mortar 

using a spatula to gently blend the components.
• Prepare co-ground mixtures of each drug:excipient combination by grinding an 

aliquot of the corresponding physical mixture in a mortar with a pestle for 
10 min.

• Prepare kneaded mixtures of each drug:excipient combination by slurring an 
aliquot of the corresponding physical mixture with ethanol (1–2 mL) and grind-
ing in a mortar with pestle to obtain a paste. Dry under vacuum in a desiccator at 
room temperature to a constant weight.

• Place aliquots of physical mixtures at 60 °C for drug–excipient storage stability 
analysis.

• Analyze each individual component, physical mixture, co-ground mixture, 
kneaded mixture, and stability sample in the following manner: Place an alumi-
num pan (without lid) on the microbalance and zero the scale. Fill the pan with 
approximately 5–10 mg of the material for analysis. Place the filled pan back on 
the balance and record the exact weight of filling. Place a lid in the filled pan. 
Place the pan in the DSC apparatus on the sample side. A reference pan with lid 
should be placed on the reference cell. Perform scan at 10 K/min from 30 to 
200 °C.

Results

• Picotamide monohydrate exhibits an endothermic event at 123.0 ± 2.4 °C.
• Maintenance of the anhydrous state for physical mixtures and co-ground mix-

tures with microcrystalline cellulose, cornstarch, methocel, and ethocel indicate 
compatibility.
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• Hydration of the API in physical mixtures with Veegum and Arabic gum indi-
cates incompatibility.

• Fresh and stored physical blends with PVP exhibited no interactions. The pres-
ence of the dehydration peak at 124 °C for ground mixtures with PVP-XL indi-
cates incompatibility. The absence of the picotamide melting endotherm for 
co-ground mixtures with PVP-K30 indicates amorphization of the API and dis-
solution into the polymeric carrier.

• The presence of acidic excipients yielded broadening and downshift of thermal 
effects followed by exothermic decomposition for all samples indicating strong 
incompatibility.
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Method Capsule 3
X-Ray Diffraction Parameter Optimization

Based on the method reported by Tiwari et al. (2007)

Objective

• To optimize the scan parameters for X-ray diffraction analysis including step 
size and dwell time as well as to assess the influence of particle size.

Equipment and Reagents

• Olanzapine polymorphs I and II
• X-ray diffractometer
• Poly methyl methacrylate sample holder or equivalent
• Glass microscope slide or similar

Method

• Pass polymorph I through multiple sieves (i.e., BSS #80, 120, and 240) collect-
ing aliquots of each sieve fraction.

• Optimization of scan rate–scan a 5 % w/w mixture of polymorph I in polymorph 
II over the range of 3–40° 2Θ under the following conditions and identify the 
parameters capable of providing the greatest number of identified peaks in the 
least amount of time:

• Step time of 0.5 s, step size of 0.025°
• Step time of 0.5 s, step size of 0.0125°
• Step time of 1 s, step size of 0.0125°
• Step time of 5 s, step size of 0.05°
• Step time of 5 s, step size of 0.0125°
• Using the selected optimized scan rate, analyze the aliquots of each sieve frac-

tion to assess the influence of particle size.

Results

• A step time of 5 s and step sizes of 0.05 and 0.0125° allowed identification of 
four distinct peaks.

• Lower step times of 1 s and 0.5 s allowed identification of only two and one 
peaks, respectively, regardless of step size.

• The step size of 0.05° was selected as it drastically reduced the scan time from 
246.66 min to 61.66 min.

• Particle size significantly influenced the number of identifiable peaks.
• Sieve fraction BSS #120/240 significantly improved resolution compared to 

larger particle-size fractions.
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Method Capsule 4
Accelerated Stability Monitoring of Amorphous Solid Dispersions

Based on the method reported by DiNunzio et al. (2010a, b, c)

Objective

• To assess formulation stability against recrystallization upon storage for amor-
phous itraconazole compositions produced by hot–melt extrusion and Kinetisol 
dispersing.

Equipment and Reagents

• High-density polyethylene (HDPE) bottles or similar with induction sealing 
capability.

• Oven capable of maintaining 40 °C ± 1 °C.
• Saturated salt solution capable of maintaining 75 % relative humidity within 

40 °C oven.
• X-ray diffractometer (XRD)
• Sample holder for XRD

Method

• Analyze bulk itraconazole and excipients individually by XRD over the scan 
range of 5–50° 2Θ with a step size of 0.05° and a dwell time of 3 s. Identify 
major characteristic peaks to be used in subsequent analysis.

• Analyze physical mixtures of drug and excipients at ratios identical to those used 
for the final formulation by XRD employing the same parameters as above. Identify 
the major characteristic peaks of itraconazole present in physical mixtures.

• Following formulation production, immediately obtain XRD profiles for each 
product using identical scan parameters as before. Identify major characteristic 
peaks of itraconazole and corresponding intensities if present.

• Place 2 g of a single formulation into a 30-mL HDPE bottle.
• Prepare three bottles for each formulation for each of the three time points.
• Induction seal each bottle.
• Verify induction seal robustness prior to placing on stability.
• Place all samples in 40 °C 75 % RH oven.
• At 1 month remove three samples of each formulation for analysis.
• Allow samples to equilibrate to room temperature for 24 h.
• Open containers and analyze powders individually by XRD using identical param-

eters as described above for characteristic crystalline peaks of itraconazole.
• Repeat sample removal, equilibration, and analysis at 3 and 6 months.
• Generate a plot for the XRD data of intensity versus angle (degrees 2Θ) for all 

formulations at a single time point for comparison. Do this for each time point.
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Results

• Analysis of bulk itraconazole revealed numerous characteristic crystalline peaks 
between 10 and 35° 2Θ.

• XRD diffraction patterns of formulations immediately post production exhibit 
amorphous halos and lack any characteristic itraconazole peaks.

• Materials produced by kinetisol dispersing which contained no plasticizer exhib-
ited no peak growth over time when stored at accelerated conditions.

• Formulations produced by hot–melt extrusion exhibited gradual growth of char-
acteristic itraconazole peaks, indicating recrystallization upon storage.
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Method Capsule 5
Miscibility Prediction by Flory-Huggins

Based on the method reported by Tian et al. (2012)

Objective

• To predict miscibility of various polymers with a drug substance of interest

Equipment and Reagents

• Differential Scanning Calorimeter (DSC) with nitrogen purge gas
• DSC pans with lids
• Mortar and pestle
• Ball mill apparatus

Method

• Create drug and polymer mixtures at different compositions by first mixing in a 
mortar and pestle and then in the ball mill

• Load samples into individual DSC pans, seal with lids, and poke a hole to allow 
for water venting

• Analyze samples for melting point of the active drug substance utilizing DSC 
parameters appropriate for the drug substance of interest. 1 °C/min is a suitable 
starting scan rate

• Generate a plot and use a linear fit to determine the χ value.
• Generate a plot of free energy of mixing as a function of drug volume fraction
• Generate a phase diagram with spinodal and binodal curves as well Tg as a func-

tion of drug weight fraction

Results

• Drug-polymer interaction parameters, χ, were determined as +0.37 for HPMCAS- 
Felodipine and −0.37 for Soluplus-Felodipine indicating weak interactions for 
the HPMCAS system and miscibility for the Soluplus system.

• Free energy of mixing plot revealed that both systems were miscible for all drug 
loadings at processing temperatures greater than or equal to 140 °C.

• Free energy of mixing plot also demonstrated immiscibility of some drug load-
ings in HPMCAS systems at/or below 120 °C.

• Additionally, free energy of mixing showed all drug loadings were miscible in 
Soluplus at temperatures greater than or equal to 100 °C.

• Phase diagram for the drug-polymer system constructed to predict miscibility/
stability of HPMCAS/Solubility systems as a function of drug load and 
temperature.
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Method Capsule 6
BET Specific Surface Area Determination for a High Surface-Area Heat- Liable 
Material

Based on the method reported by Engstrom et al. (2007)

Objective

• To determine the specific surface area of protein powders produced by spray 
freezing into liquid.

Equipment and Reagents

• Protein powder produced by spray freezing into liquid.
• Quantachrome Nova 2000 BET apparatus including sample cells.
• Dry box
• Liquid nitrogen
• Nitrogen gas: high purity, dry
• Analytical balance

Method

• Using the analytical balance, weigh the empty sample cells and record the 
weights.

• Within the dry box, add powder sample to the BET sample cells. As the device 
has two cells which can be analyzed simultaneously, all powders for analysis are 
to be analyzed in duplicate.

• Using the analytical balance record the weight of the full sample cell.
• Attach filled sample cells to degassing station ports.
• Engage vacuum
• Allow samples to degas under vacuum for 12 h.
• Fill liquid nitrogen Dewar with liquid nitrogen to the maximum fill level.
• Repressurize the system, remove sample cells, and, using the analytical balance, 

immediately record the weights of the degassed samples. Calculate sample 
weight as: Degassed sample cell weight–empty sample cell weight.

• Attach sample cells to analysis ports of the BET apparatus. Verify the level of 
liquid nitrogen in the Dewar is sufficient for analysis.

• Using nitrogen as the adsorptive gas analyze the powder samples over the rela-
tive pressure range of 0.05–0.30 and use the BET equation to fit the adsorption 
data.

Results

• Surface areas of powders produced by spray freezing into liquid ranged from 13 
to 134 m2/g.

• Increasing the feed concentration decreased the specific surface area of the 
powders.

• Increasing the feed concentration decreased the submicron particle content.
• Increasing the droplet size during spray freeze drying resulted in lower specific 

surface areas.
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Method Capsule 7
SSNMR for Polymorphism Analysis

Based on the method reported by Dempah et al. (2013)

Objective

• To identify the physical forms generated during milling of gabapentin API 
including the primary degradation product, gabapentin lactam.

Equipment and Reagents

• Gabapentin (forms I, II, and III)
• Gabapentin lactam
• Hydroxypropylcellulose (HPC)
• 3-Methylglutaric acid
• Pulviserette 7, Planetary Micro Mill
• Four hardened steel balls (15 mm)
• Apparatus capable of maintaining samples at 50 °C/0 % R.H.
• SSNMR, Bruker Advance 300
• 7 mm zirconia rotor

Method

• Mill a portion of gabapentin (form II) for 45 min with and without 6.5 % HPC in 
planetary mill.

• Thermally stress a portion of each milled sample in 50 °C/0 % R.H. for 24 h.
• Pack each sample under ambient conditions into zirconia rotor
• Operate at 13C frequency of ~75 MHz.
• Standardize SSNMR system with 3-methylglutaric acid at a reference angle of 

18.84 ppm.
• Acquire sample spectra using cross polarization and magic angle spinning (CP/

MAS), SPINAL-64 decoupling, and total sideband suppression.
• Use contact time of 1 ms, MAS frequency of 4.0 kHz, and 1H decoupling field of 

70–80 kHz.
• Measure 1H relaxation times by saturation recovery.

Results

• SSNMR identification spectra for each of the physical forms of gabapentin (I, II, 
and III) and gabapentin lactam.

• Unmilled samples had long relaxation times (134 s for neat form II and 130 s for 
form II with HPC) which correlated with high stability (<0.01 % lactam 
formation).

• Milled samples without HPC had medium relaxation times (41 s without thermal 
stress and 61 s with thermal stress) which correlated with medium stability 
(0.01–0.1 % lactam formation).

• Milled samples with HPC had short relaxation times (11 s without thermal stress 
and 14 s with thermal stress) which correlated with low stability (>0.4 % lactam 
formation).

• In the presence of HPC, form II converted to the metastable form III.
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Method Capsule 8
Supersaturation Dissolution Studies Using the Syringe/Filter and 
Microcentrifuge Methods

Based on the method reported by Curatolo et al. (2009)

Objective

• To determine the ability of HPMCAS in initiation and maintenance of supersatu-
ration of an experimental compound.

Equipment and Reagents

• Experimental compound CMPD 2
• HPMCAS-MF
• 10-mL syringes
• Model fasted duodenal fluid preheated to 37 °C.
• Oven capable of maintaining 37 °C.
• Wheel capable of rotating syringe in horizontal position at 50 rpm.
• 20-gauge hypodermic needles
• 13 mm, 0.45 μm polyvinylidine diflouride syringe filters.
• Test tubes
• Polypropylene microcentrifuge tubes
• Microcentrifuge
• Vortex mixer
• Small volume pipette (i.e., 10–100 μL)
• Diluting solution: 60:40 1.7 wt.% ammonium ascorbate:acetonitrile.
• HPLC: Phenomenex ultracarb ODS 20 analytical column, PDA detection at 

215 nm.

Method

• Syringe/Filter method:
• Accurately weigh 7.5 mg of 67 % CMPD 2:HPMCAS-MF formulation and add 

to an empty 10 mL syringe with attached 20-guage needle.
• Draw 10 mL of model fasted duodenal fluid preheated to 37 °C into the syringe 

via the attached needle.
• Replace attached needle with 13 mm syringe filter.
• Shake syringe vigorously for 30 s.
• Expel six drops of the solution as waste. Collect drops 7–19 as a sample.
• Draw syringe plunger back to generate an air bubble.
• Place syringe on rotating wheel (50 rpm) in the 37 °C oven.
• Dilute sample 1:1 with diluting solvent.
• Repeat sampling procedure at t = 5, 10, 20, 40, 90, 180 min.
• Analyze samples on HPLC to quantify CMPD 2.
• Microcentrifuge method
• In a 37 °C controlled-temperature box, weigh 1.8 mg of formulation into a 

microcentrifuge tube.
• Add 1.8 mL of model fasted duodenal fluid to the tube.
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• Close tube, start timer, and vortex mix for 60 s.
• Transfer tube to microcentrifuge, allow to stand for 6 min, then centrifuge at 

13,000 g for 60 s.
• At the 10 min mark on the timer, remove a 25-μL sample from the supernatant 

via a pipette. Immediately dilute 1:1 with diluting solution.
• Resuspend the material via vortex mixing for 30 s.
• Place tube back in centrifuge. Allow tube to stand undisturbed until the next 

sampling time point.
• At each sampling time point, centrifuge the tube for 60 s, remove supernatant 

sample and resuspend as described. Dilute sample 1:1 with diluting solution.
• Analyze all samples via HPLC to quantify CMPD 2.
• Plot the dissolved drug concentration versus time dissolution profile for the API.

Results

• Compound 2 has an aqueous solubility of 1 μg/mL.
• The 67 % compound 2 solid dispersion formulation with HPMCAS resulted in 

supersaturation of the test medium.
• Maximum concentrations of approximately 130 μg/mL were achieved.
• HPMCAS-MF initiated and maintained supersaturation of compound 2 to a 

greater extent than HPC, PVAP or the crystalline bulk drug.
• Both methods proved successful in achieving supersaturation
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Method Capsule 9
Biphasic Dissolution Testing Utilizing an External Flow through Cell

Based on the method reported by Shi et al. (2010)

Objective

• To examine the dissolution profiles of three celecoxib formulations using a 
biphasic dissolution-testing method incorporating an organic phase for drug 
partitioning.

Equipment and Reagents

• Octanol
• Sodium phosphate monobasic monohydrate
• Sodium hydroxide
• Gelatin capsules
• Commercial Celebrex capsules (200 mg dose strength).
• Extracted celecoxib (extracted from Celebrex capsules via ethanol and subse-

quent evaporation method).
• USP Dissolution Apparatus II
• USP IV flow through cell
• Piston pump
• Teflon tubing
• Modified apparatus II paddle incorporating a second paddle capable of agitating 

the organic layer during dissolution testing.
• HPLC (mobile phase 55:45 v/v acetonitrile:ammonium acetate solution).

Method

• Place 250 mL of 80 mM phosphate buffer (pH 6.8) in the dissolution vessel.
• Add 200 mL of octanol to the dissolution vessel.
• Prior to beginning the study, saturate the aqueous phase with octanol and vice 

versa by agitating the mixture for 30 min.
• Allow all media to equilibrate to 37 °C ± 0.2 °C.
• Place the Teflon tubing (inlet and outlet) such that the ends are well within the 

aqueous phase of the dissolution media.
• Set the paddle speed to 75 rpm.
• Place the formulation for analysis into the flow through cell.
• Set the pump flow rate to 30 mL/min.
• At time points of 15, 30, 45, 60, 75, 90, and 120 min remove a 1-mL sample from the 

aqueous phase and a 100-μL sample from the organic phase. Do not replace the media.
• Immediately centrifuge the aqueous phase samples at 14,000 rpm for 6 min. 

Collect the supernatant for HPLC analysis.
• Immediately dilute the organic phase samples 100-fold with HPLC mobile 

phase.
• Quantitative celecoxib via HPLC analysis; adjustment for dilution 

mathematically.
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Results

• Corresponding single-phase studies (aqueous; USP Apparatus II) under sink 
conditions were not discriminatory for formulation performance.

• Nonsink two-phase dissolution revealed the same formulation performance rank 
order in the aqueous phase.

• Analysis of the octanol phase reveals the self-emulsifying drug delivery system 
(SEDDS) outperformed the solution and capsule formulations.

• SEDDS provided a higher amount of free drug compared to the solution formu-
lation in which the drug was associated as surfactant micelles.

• SEDDS formulation supersaturated the aqueous media under nonsink-biphasic 
dissolution conditions, allowing greater partitioning into the octanol phase.

• Aqueous phase AUC values from both single and biphasic dissolution testing 
exhibited no correlation with in vivo AUC values.

• Analysis of the octanol phase from biphasic studies revealed a rank-order cor-
relation to in vivo results.
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Method Capsule 10
Supersaturation Dissolution Testing of Amorphous Compositions of a Poorly 
Water-Soluble Drug

Based on the method reported by DiNunzio et al. (2008)

Objective

• To assess the supersaturation extent and duration of amorphous compositions of 
itraconazole using concentration enhancing polymers.

Equipment and Reagents

• Itraconazole; bulk drug and formulations prepared via thin film freezing.
• Commercial itraconazole capsules (Sporanox).
• Size 9 porcine gelatin capsules.
• USP Dissolution Apparatus II with autosampler.
• 0.1 N hydrochloric acid.
• 0.2 M Na3PO4 solution.
• 0.2 μm PTFE membrane, 13 mm Acrodisc syringe filters.
• 5 mL syringes
• HPLC System (5 μm°C18(2) 100 Å, 150 mm × 4.6 mm column, flow rate of 

1 mL/min, detection at 263 nm).
• HPLC mobile phase (70:30:0.05 acetonitrile:water:diethanolamine).
• HPLC vials.
• Vortex mixer

Method

• Preheat 735 mL of 0.1 N HCl in each dissolution vessel to 37 °C.
• Accurately weigh an amount of formulation equivalent to 37.5 mg of itracon-

azole. This corresponds to approximately 10× the equilibrium solubility in 0.1 N 
HCl.

• Pre-wet the weighed powder with 15 mL of heated 0.1 N HCl (37 °C).
• Add the prewetted powder slurry to the dissolution vessel.
• After 2 h, add 250 mL of 0.2 M Na3PO4 to each vessel to bring the pH to 6.8.
• At time points of 60, 120, 130, 150, 180, 240, 300, 360, and 1440 min, a 5 mL 

sample is to be taken via the autosampler without replacement of the withdrawn 
media.

• Immediately filter samples following withdraw through a 0.2-μm PTFE 
membrane.

• Immediately dilute filtrate 1:1 with mobile phase and vortex mix. Transfer to an 
HPLC vial.

• Analyze all samples by HPLC to quantify itraconazole adjusting for the volume 
change and dilution mathematically.
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Results

• Sporanox pellets were able to rapidly and extensively supersaturate the acidic 
media. Following the pH transition, the drug rapidly precipitated.

• Thin film freezing formulations resulted in significantly reduced acidic media 
concentrations as the polymers used were enteric.

• Following pH change, cellulose acetate phthalate and polyvinyl acetate phthalate 
formulations showed the greatest supersaturation in neutral media.

• Higher ratios of itraconazole:polymer yielded lower degrees of supersaturation.
• Cellulose acetate phthalate formulations provided longer half-life values for 

drug in solution, indicating strong concentration enhancing properties.
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Method Capsule 11
Pulmonary Delivery to the Murine Model Via Dry Powder Insufflation

Based on the method reported by Morello et al. (2009)

Objective

• To achieve successful pulmonary administration of the tuberculosis vaccine 
(BCG) to the murine model by dry powder insufflation.

Equipment and Reagents

• Female BALB/c mice (6–12 weeks old, 18–24 g).
• BCG vaccine spray-dried powder.
• Polyethylene tubing (1.19 mm diameter) cut into lengths of approximately 1 cm.
• Microbalance
• Penn-Century dry powder insufflator model DP-4 M.
• Penn-Century model AP-1 air pump.
• Rodent work stand
• Lidocaine applicator
• Mouse-sized speculum
• Plastic incisor loop
• Otoscope set
• Ketamine HCl, xylazine, and acepromazine
• Yohimbine solution (0.04 mg/mL)
• Syringe and 21-gauge needle
• Cage maintained at 37 °C.

Method

• Prepare mixture of ketamine/xylazine/acepromazine by mixing 2 mL ketamine 
at 100 mg/mL, 0.4 mL of xylazine at 100 mg/mL and 0.6 mL of acepromazine at 
10 mg/mL with 7 mL of sterile phosphate–buffered saline.

• Anesthetize the mouse via an intraperitonial (i.p.) injection (100 μL/20 g body 
weight) of ketamine/xylazine/acepromazine mixture

• Load 200–300 μg of powder into the 1 cm segment of polyethylene tubing by 
dipping the end vertically into the powder bed 4–6 times.

• Place the filled polyethylene tube into the hole within the insufflator chamber.
• Attach base of insufflator to the cannula.
• Place the mouse in the supine position on the mouse work station and place the 

incisor loop and lateral supports in position.
• Raise the stand to 60°.
• Using the otoscope, obtain a clear view of the trachea.
• Using the speculum to guide the applicator, apply lidocaine to the arytenoid 

cartilage.
• Re-obtain visual focus of the trachea with the otoscope.
• Insert the cannula of the insufflator device into the tracheal opening.
• Remove the otoscope and attach the air pump.
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• Depress plunger on air pump 4–5 times. Monitor rise and fall the upper chest as 
confirmation of proper insufflation.

• Remove mouse from the work stand and give an i.p. injection of 0.11 mg/kg 
yohimbine solution (0.04 mg/mL)

• Provide 300 μL 0.9 % saline subcutaneously to aid recovery.
• Move mouse to a 37 °C cage until awake.

Results

• Application of this method allowed rapid administration of the compound rela-
tive to similar methods.

• ≥90 % of loaded powder was delivered to the lungs.
• 91 % of the loaded dose reached the lungs.
• Minor pulmonary damage occurred as a result of the procedure; however, mice 

were asymptomatic and congestion/hemorrhage resolved over time.
• The method developed can be modified for use with larger animals by adjusting 

the dose and air volumes employed.
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Method Capsule 12
Oral Drug Delivery of a Poorly Water-Soluble Drug to the Rat Model

Based on the method reported by Wempe et al. (2007)

Objective

• To determine the bioavailability of letrozole complexed with hydroxybutenyl-β- 
cyclodextrin (HBenβCD) compared to that of the native API via an oral dose 
administered as a suspension or solution to the rat model.

Equipment and Reagents

• Letrozole, complexed to HBenβCD and unprocessed.
• Male and female Sprague–Dawley rats (260–294 and 218–262 g, respectively).
• 1-mL syringe with 0.01-mL graduations.
• Sterile glass vials
• Ethanol
• Sterile water
• Sonicator
• Oral gavage needle (16 guage).
• Mini-capillary tubes containing EDTA di-potassium salt.

Method

• Weigh 5.2 mg of letrozole (uncomplexed) into a sterile glass vial.
• Immediately before dosing, dilute with 12.5 % ethanol in water to a concentra-

tion of 1 mg/mL using sonication to disperse.
• Weigh 626.2 mg complexed letrozole-HBenβCD into a glass vial.
• Immediately before dosing, dilute with 12.5 % ethanol in water to generate a 

1 mg/mL solution.
• With the gavage needle attached to the syringe, draw in the desired dose of the 

suspension or solution to be administered.
• Holding the rat vertically while supporting the hind legs against the body, insert 

the gavage needle extending it into the stomach and expel the dose. Immediately 
remove the gavage needle from the animal.

• Repeat dosing for all rats.
• At time points of 0.45, 1.5, 2, 2.6, 2.9, 3.6, 5.1, 6.2, 8.3, 13.9, 24.8, and 36.3 h, 

collect 125 μL blood samples through the tail vein directly into mini-capillary 
tubes containing EDTA di-potassium salt.

• Immediately following blood sample collection, cap the tube and place on dry 
ice. Keep samples frozen at −80 °C until sample preparation for analysis.
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Results

• Letrozole was eliminated from the blood of male rats within 36 h following dos-
ing via oral gavage.

• The pharmacokinetics of letrozole are strongly gender-dependent.
• Dosing of letrozole-HBenβCD yielded a twofold increase in the AUC compared 

to a suspension of the uncomplexed drug.
• Oral dosing of the complexed formulation increased the Cmax from 87 to 140 ng/mL.
• The Tmax was decreased from 8.4 to 6.3 h by the HBenβCD formulation.
• Solubility limits the rate and extent of absorption in male rats while only limiting 

the rate of absorption in female rats.
• Complexation of letrozole with HBenβCD improved oral absorption in male rats 

while maximizing absorption in female rats
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Chapter 3
Solid-State Techniques for Improving 
Solubility

Justin R. Hughey, Siyuan Huang, and Robert O. Williams III

Abstract Poor aqueous solubility of a drug substance can often be attributed to 
strong intermolecular forces within its crystal lattice, which, in turn, prevent mole-
cules from escaping in solution. Through the use of solid-state chemistry, it is possi-
ble to modify the crystal structure in such a way that mitigates intermolecular forces, 
thus improving aqueous solubility and increasing rates of dissolution. Solid- state 
techniques utilized for solubility enhancement include the formation of salts, poly-
morphic or amorphous forms, and co-crystals. Each technique has specific advan-
tages and, in some cases, disadvantages that may prevent its successful use. The 
purpose of this chapter is to describe each of the methods, allowing the reader to gain 
an understanding of solid-state modifications available for solubility enhancement.

Keywords Solid-state chemistry • Crystal structure • Salt formation • Polymorphs 
• Amorphous solids • Co-crystals

3.1  Introduction

The number of newly developed chemical entities exhibiting poor water solubility 
has increased dramatically in recent years (Lipinski et al. 2001; Lipinski 2002). In 
many cases, this intrinsic property results in poor or erratic dissolution in biological 
fluids and, consequently, poor bioavailability. Improving aqueous solubility of these 
compounds, even temporarily, can have a significant impact on in vivo performance.
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Aqueous solubility of a drug substance is primarily a function of its lipophilicity 
and intermolecular forces within the crystal lattice (Jain and Yalkowsky 2001; Jain 
et al. 2006). Therefore, solubility enhancement techniques typically focus on 
addressing these two properties independently. In the case of high lipophilicity, 
techniques such as solubilization in co-solvents, micelle formation, and complexation 
are often employed (Loftsson and Brewster 1996; Dannenfelser et al. 2004; Torchilin 
2007). Similarly, when poor aqueous solubility is due to strong intermolecular 
forces within the crystal lattice, solid-state modification can be utilized. Solid-state 
modification can be classified as methods that modify supramolecular arrays of the 
same components by means of forming polymorphs or amorphous solids and 
methods that change molecular components of the crystal network by means of salt, 
co-crystal, or solvate formation (Rodríguez-Spong et al. 2004).

This chapter discusses the concepts and applications of solid-state technologies 
to improve the aqueous solubility, dissolution rates, and thus bioavailability of 
poorly water-soluble drug substances. Specifically, these methods include salt 
formation, polymorphs, amorphous solids, and co-crystals.

3.2  Pharmaceutical Salts

When an acid and base are combined, the anion of the acid and the cation of the base 
react to form a salt. Therefore, a drug substance classified as a weak acid or a weak 
base may be combined with a suitable base or acid, respectively, to form a pharmaceu-
tical salt (Corrigan 2006). In doing so, physicochemical properties of the drug sub-
stance, such as solubility, hygroscopicity, stability, and processability, are manipulated 
and, in many cases, optimized (Berge et al. 1977). Oftentimes, the primary goal of 
pharmaceutical salt formation is to increase aqueous solubility and thus bioavailabil-
ity of the drug substance (Gould 1986). The ability to circumvent undesirable charac-
teristics of the parent drug such as poor aqueous solubility without adversely affecting 
its pharmacological activity makes the technique particularly appealing. Interest in 
the formation of pharmaceutical salts has increased significantly over the last 60 years 
and the technique has become relatively common (Serajuddin 2007).

The decision to utilize pharmaceutical salts is one that should be made at the very 
early stages of pharmaceutical drug development. Historically, salts were often chosen 
based on their ease of preparation and raw material costs without taking into consider-
ation important physicochemical properties such as physical and chemical stability, 
hygroscopicity, and pH-dependent dissolution rates (Serajuddin 2007). Salts of a single 
drug substance, prepared from different counterions, may behave quite differently due 
to variable physical, chemical, and thermodynamic properties (Pudipeddi and 
Serajuddin 2005). Substitution of a more suitable salt for a sub- optimal salt in the drug 
development process is costly in terms of time and resources as many of the biological, 
toxicological, formulation, and stability tests would need to be repeated. Recently, 
Gross et al. reported that the selected salt form of a developmental compound (NBI-
75043) was a solvate, hygroscopic, and exhibited a low melting point (Gross et al. 
2007). The researchers were able to develop a more suitable salt through a relatively 
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simple screening process. Therefore, it is critical to be as thorough as possible at the 
early stages of development such that the optimal salt is initially chosen.

In terms of salt formation, one of the most important parameters of the drug sub-
stance is the pKa values of ionizable groups (Bastin et al. 2000). Once these values are 
known, potential salt-forming agents can be selected based on known pKa values of 
salt-forming agents, or counterions (Gould 1986). In order to ensure sufficient proton 
transfer from the acidic to the basic species, the difference in pKa values between an 
ionizable group and that of the counterion should be greater than 3 units (Bowker and 
Stahl 2008). However, a difference of 2 units has been reported in the literature as 
being acceptable (Wells 1988; Tong and Whitesell 1998; Black et al. 2007).

Overall distributions of anions utilized to form pharmaceutical salts are illustrated 
in Fig. 3.1. It is clear that chloride is the most common anion utilized to form salts of 
weakly basic drugs. This is primarily due to the low pKa value of hydrochloric acid 
and its ability to readily form salts with weak bases. However, loss of volatile hydro-
chloric acid is a stability concern with very weak bases (Lee and Hoff 2002). Other 
strong acid counterions such as mesylate and sulfate readily form salts due to low 
pKa values, with mesylate salt forms becoming increasingly common (Elder et al. 
2010). The overall distribution of cations utilized for forming salts with weak acids 
is shown in Fig. 3.2. Sodium is by far the most commonly used cation. However, 
sodium salts often have a tendency to form hydrates and exhibit hygroscopicity so 
control of water content during their synthesis is important (Lee and Hoff 2002).
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Fig. 3.1 Overall distribution of anions used to form salts of weak bases in the Orange Book. From 
Paulekuhn et al. (2007)
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3.2.1  Pharmaceutical Salt Selection

Unfortunately, there are no known methods for predicting the influence of a 
particular counterion or class of counterions on the behavior of a drug substance 
(O’Connor and Corrigan 2001). While qualitative rules of thumb exist, they are 
oftentimes found to be unreliable. It is therefore a requirement to empirically 
determine the salt that exhibits essential and desirable characteristics. In previous 
years, salt screening involved manually mixing the ionizable drug substance with 
selected counterions to form salt precipitates which were then fully characterized by 
a variety of techniques (Kumar et al. 2007). While effective, this method provides a 
limited amount of data due to time and material constraints.

A number of automated high-throughput techniques have been described in the 
literature for the screening of pharmaceutical salts which limit the amount of drug 
required while providing a significant amount of data (Morris et al. 1994; Bastin 
et al. 2000; Morissette et al. 2004; Ware and Lu 2004; Kumar et al. 2007). Generally, 
techniques such as these comprise four major functional elements: sample prepara-
tion, solids generation, solids detection, and sample analysis (Morissette et al. 2004).

Most commonly, the sample preparation step consists of transferring a known 
amount of drug substance into multi-well plates followed by the addition of selected 
counterions and crystallizing solvent (Kumar et al. 2007). Various methods have 
been developed to prompt crystallization, including evaporation of the solvent, ther-
mal cooling, and anti-solvent addition (Morissette et al. 2004). However, the precipi-
tation process can be slow and, depending on the mode of crystallization, may take 
days to occur, as shown in Fig. 3.3. The combinatorial approach allows one to evalu-
ate not only a large number of compositions but also crystallization conditions.
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Fig. 3.2 Overall distribution of cations used to form salts of weak acids in the Orange Book. From 
Paulekuhn et al. (2007)
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Sample analysis of the resulting solid is most commonly conducted using a 
tiered approach such that essential criteria are met prior to undertaking more time- 
consuming analyses, as shown in Fig. 3.4 (Kumar et al. 2007). Solids formed in the 
wells are normally first characterized by Raman spectroscopy and X-ray powder 
diffraction. Samples identified as being feasible salts are then analyzed by techniques 
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to determine if essential criteria are met. These include hygroscopicity, solubility, 
and stability analyses.

After preliminary identification of viable salts through screening, production of 
larger quantities may be carried out to evaluate the suitability of the synthesis 
process and ultimately the prepared pharmaceutical salt. Care should be taken to 
ensure that polymorphic forms are not formed during the scale-up process.

3.2.2  Solubility Enhancement

The primary purpose of forming a pharmaceutical salt, in most cases, is to enhance 
the solubility of the compound and thus bioavailability. In a recent study, salts of 
ephedrine from a variety of counter-ions were prepared (Black et al. 2007). This 
study highlighted the fact that one of the most important molecular properties for 
the design of a salt screen is the acid and base dissociation constants (pKa). The 
authors illustrated this concept by showing speciation diagrams for ephedrine and 
acetic acid in water Fig. 3.5a. In the pH range of 6–8, both species are predomi-
nantly present as ions, which favors salt formation (ΔpKa ≈ 5). However, the 
researchers point out that the solvent can affect the ΔpKa value. This is illustrated in 
Fig. 3.5b, where the solvent was changed to methanol which resulted in a dramatic 
shift in the pKa of acetic acid. In this solvent system, there is no pH range in which 
both ion species exist which suggests that salt formation would not occur.

Results of ephedrine crystallization showed that strong acids (pKa < 2) gave salts 
from water and methanol, as one would expect. Weak acids (pKa > 3) gave salts from 
water, but not from methanol which was due to the upward shift in acid pKa. 
Properties of the ephedrine salts formed are detailed in Table 3.1. The researchers 
demonstrated that the solubility of ephedrine could be enhanced by as much as 
16-fold by forming a pharmaceutical salts. Further inspection of Table 3.1 demon-
strates the wide range of solubilities that can be obtained by various salts.

Bastin et al. utilized a high-throughput screening technique in an effort to identify 
a suitable salt for a weak base (RPR 200765) that exhibited poor aqueous solubility 
(∼10 μg/mL) (Bastin et al. 2000). The researchers demonstrated the successful forma-
tion stable salts with hydrochloride, hydrobromide, methanesulfonate (mesylate), and 
camphorsulfonate counterions. Results of this study, summarized in Table 3.2, dem-
onstrated that the mesylate salt provided a significant improvement in solubility over 
the free base. While the mesylate salt form was found to be a monohydrate, it was 
nonhygroscopic and lost moisture only at very low humidity (<10 % relative humid-
ity). Furthermore, the mesylate salt exhibited good flowability. Based on the results of 
the study, the mesylate salt was found to be suitable for a solid dose formulation.

Li et al. conducted a comprehensive study in which the solubility and dissolu-
tion rates of haloperidol, a weak base (pKa 8.0) with an intrinsic solubility of 
2.5 μg/mL, and two of its salts (hydrochloride and mesylate) were evaluated (Li 
et al. 2005). While the pH solubility profiles of the free base and its hydrochlo-
ride salt were very similar, the mesylate salt exhibited much greater solubility in 
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the pH range of 2–5, as shown in Table 3.3. Maximum solubility values for the 
hydrochloride and mesylate salts were found to be 4.2 mg/mL and 30.4 mg/mL, 
respectively. The researchers also showed that the dissolution rate of the mesyl-
ate salt was much higher than that of the hydrochloride salt or free base, except 
at very low pH values (pH < 2).

Engel et al. conducted a study to determine the most suitable salt for a weak 
base (LY333531) which exhibited very low aqueous solubility (1 μg/mL) (Engel 
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et al. 2000). Without utilizing a high-throughput screening technique, the 
researchers evaluated seven counterions for salt formation: hydrochloride, sul-
fate, mesylate, succinate, tartrate, acetate, and phosphate. Of the salts prepared, 
only the mesylate and hydrochloride salts exhibited the essential criteria and 
were thus analyzed further. Aqueous solubility of the mesylate and hydrochlo-
ride salts was found to be 0.5 and 0.1 mg/mL (as LY333531), respectively, which 
was a substantial improvement over the free base. An in vivo study in male bea-
gle dogs demonstrated that the mesylate salt exhibited a 250 % increase in plasma 
concentrations of LY333531 and its active metabolite, LY338522, over that of 
the hydrochloride salt. The plasma concentration versus time plot for this study 
is shown in Fig. 3.6.

Table 3.2 Comparison of the physicochemical properties of RPR200765 salt forms. Adapted 
from Bastin et al. (2000)

Salt Molecular weight (g/mol)
Solubility at 25 °C (mg/
mL)

Free base NA  0.01

Mesylate 566.61 39.00

Camphorsulfonate 684.79 19.95

Hydrochloride 524.98 16.68

Hydrobromide 569.43  3.29

Table 3.1 The measured and calculated physical properties of ephedrine salts. Adapted from 
Black et al. (2007)

Salt Molecular weight (g/mol)
Ephedrine solubility 
(mol/L)

Free base 165.23 0.345

Hemihydrate 174.24 0.643

Acetate 225.28 3.751

Adipate 311.37 5.299

Maleate monohydrate 299.32 3.792

Malonate (2:1) 434.52 3.392

Glycolate 241.28 1.828

L-malate 299.32 1.774

L-tartrate monohydrate 333.33 1.761

L-tartrate trihydrate (2:1) 534.68 3.146

HCl 201.69 1.601

Nitrate 228.25 5.77

DHP 263.22 1.417

Bisulfate 263.31 0.896

Besylate 323.4 0.26

Edisylate (2:1) 520.65 1.152

Esylate 275.36 1.493

Mesylate 261.33 2.246

Tosylate 337.42 0.323
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Table 3.3 Classification of common pharmaceutical salts. Adapted from Li et al. (2005)

pH of dissolution medium Dissolution rate (mg/min) Solubility at bulk pH (mg/mL)

Free base

1.1 0.032 0.79

2.0 0.246 3.41

3.1 0.061 4.19

5.0 0.002 2.47

HCl salt

1.1 0.025 0.79

1.5 0.062 2.50

2.0 0.155 3.41

3.1 0.292 4.16

5.0 0.291 2.47

7.0 0.157 0.02

Mesylate salt

1.1 0.033 0.65

1.7 0.115 20.76

2.0 0.865 25.06

3.1 2.037 28.45

5.0 1.962 30.44

7.0 1.760 0.002
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Fig. 3.6 Mean plasma concentrations of LY333531 and LY 338522 in male beagle dogs orally 
administered LY333531 HCl and LY333531 mesylate (20 mg LY333531/kg). From Engel et al. 
(2000)
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The preparation of pharmaceutical salts is an effective method to enhance 
solubility and bioavailability of drug substances exhibiting poor aqueous solubility. 
A large number of counterions are available for this purpose and are capable of 
producing salts with significantly different physical properties. Thus, selection of 
the optimal salt form early in the development process is critical.

3.3  Polymorphs and Amorphous Forms

The ability of metastable forms of drug substances to enhance solubility over their 
thermodynamically stable counterparts has been well documented in a number of 
reviews (Huang and Tong 2004; Mao et al. 2005; Pudipeddi and Serajuddin 2005). 
Metastable systems utilized for the purpose of increasing the apparent solubility of 
drug substances with poor aqueous solubility include crystalline polymorphs, sol-
vates, desolvates, and amorphous forms.

Polymorphs have been studied extensively since the early reports of their exis-
tence (Aguiar et al. 1967; Aguiar and Zelmer 1969; Haleblian and McCrone 1969). 
These substances are defined as having identical chemical compositions, but differ 
in internal structure, including unit cell dimensions and crystal packing which can 
affect pharmaceutical performance (Byrn et al. 1999b). These effects include solu-
bility, rates of dissolution, bioavailability, processability, physical stability, and 
chemical stability. A large number of drug substances, whether they are neutral, 
free acids, free bases, or pharmaceutical salts, are capable of exhibiting polymor-
phism (Bowker and Stahl 2008). While some compounds do not exhibit polymor-
phism, other may have multiple polymorphs. For example, progesterone is known 
to exist as five polymorphic forms, all of which have different physical and chemi-
cal properties (Byrn et al. 1999b). The polymorphic form exhibiting the highest 
density and melting point is considered the most thermodynamically stable form.

Pseudopolymorphs, also known as hydrates or solvates, contain molecules from 
the crystallization solvent within the crystal lattice (Bechtloff et al. 2001). These 
solvent molecules are often located in discrete crystal sites and bound within the lat-
tice (e.g., hydrogen bonding) (Yu et al. 1998). It is possible to have both stoichiomet-
ric and nonstoichiometric forms of these substances, with the stoichiometric form 
being most common. Solvates, which contain a solvent other than water, are mostly 
nonpractical from a pharmaceutical standpoint due to potential toxicity. While 
hydrates are normally more stable than their anhydrous counterparts, they rarely 
provide any solubility advantage and, in most cases, exhibit a lower solubility. 
However, hydrates and solvates may be desolvated to provide solubility enhance-
ment, albeit in a relatively thermodynamically unstable form (Yu et al. 1998).

Amorphous forms of drug substances are yet another physical modification of 
the solid-state which provide the greatest solubility potential. They differ from their 
crystalline polymorph counterparts by having low packing efficiency and lack of 
long-range crystalline order (Yu 2001). This results in a very high free energy and, 
thus, the capability to provide a substantial improvement in solubility (Hancock and 
Zografi 1997).

J.R. Hughey et al.



131

3.3.1  Polymorph Preparation

Polymorphic forms present a number of challenges to the pharmaceutical scientist. 
For drug substances that are not well-characterized early in the drug development 
process, polymorphs can be discovered in later stages of drug development or, in a 
worst-case scenario, after the drug product is marketed. Both situations can have a 
profound impact in terms of time and cost, meaning that a comprehensive search for 
polymorphic forms is justified (Yu et al. 1998). In a classic example of polymor-
phism, ritonavir, an HIV protease inhibitor, was found to exhibit a more thermody-
namically stable polymorph 2 years after its market entry (Bauer et al. 2001). The 
previously unknown polymorph was found to be approximately 50 % less soluble in 
the formulation vehicle, resulting in a substantial decrease in dissolution rate and 
ultimately withdrawal of the drug product from the market. A new formulation incor-
porating the more stable polymorph was developed and marketed (Chemburkar et al. 
2000). In another example, a polymorph of carbamazepine was reported in 2002, two 
decades after identification of its other three polymorphic forms (Lang et al. 2002).

The process of discovering polymorphs requires extensive experimentation that is 
normally accomplished by high-throughput screening techniques very similar to those 
used in pharmaceutical salt screening. Variables such as supersaturation, agitation rate, 
cooling rate, solvent composition, temperature, seed crystals, additives, and impurities 
are all known to affect crystallization and should be investigated (Allesø et al. 2008; 
Alvarez et al. 2009). By evaluating as many variables as possible, the likelihood of 
identifying a large majority or all of the polymorphs is high. Morissette et al. (2003) 
utilized a high-throughput screening study to evaluate polymorphic forms of ritonavir. 
Utilizing less than 2 g of drug substance, the researchers conducted 2000 experiments. 
In addition to the two known polymorphs, three new forms were discovered: a meta-
stable polymorph, a crystalline solvate, and a nonstoichiometric hydrate. This example 
demonstrates the clear advantage of performing extensive studies early in drug devel-
opment. However, even thorough solution-based studies may not be sufficient. Peterson 
et al. (2002) conducted a high-throughput polymorphism screening study on acetamin-
ophen in an attempt to generate the three known forms (forms I, II, and III). Of 7776 
crystallization trials, only 723 resulted in precipitates and of those, 29 were form II, 
with the remainder being form I. Melt crystallization was required to generate form III, 
demonstrating the need to consider alternative crystallization techniques. While com-
prehensive studies cannot guarantee that all polymorphic forms will be identified, they 
certainly provide a level of assurance that additional forms will not be easily formed.

3.3.2  Amorphous Form Preparation

Amorphous solids are generally more easily prepared than polymorphic forms 
which can require specific crystallization conditions. Techniques that may be 
utilized for the preparation of amorphous solids are outlined in Table 3.4. With the 
exception of crystal disruption, most techniques begin with solubilizing or melting 
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the drug substance followed by solvent removal or quenching, respectively, at rates 
that kinetically avoid recrystallization (Hancock 2002). The result is a metastable 
substance with no long-range crystalline order (Table 3.4).

3.3.3  Thermodynamics of Metastable Solids

Metastable solids exhibit excess enthalpy, entropy, and, thus, free energy when 
compared to the most thermodynamically stable form (Yu 2001). Since 
thermodynamic stability of a solid is a function of both enthalpy (H) and entropy (S) 
at constant temperature (T) and pressure (P), it is important to evaluate the Gibbs 
free energy, G, for each system studied (Grant and Higuchi 1990). For form I of a 
single component system,

 G H TSI I I= - ,  (3.1)

and, for form II,

 G H TSII II II= - .  (3.2)

Subtraction of (3.1) from (3.2), we can obtain the difference in Gibbs free energy 
between the forms:

Table 3.4 Methods of manufacturing molecularly disordered (amorphous) pharmaceutical 
materials. Adapted from Hancock (2002)

From Method Examples

Crystal Disruption/energy input Milling or grinding

Compression or decompression

Dehydration or desolvation

Irradiation

Reaction

Solution Solvent removal Spray-drying

Freeze-drying

Precipitation

Polymerization

Reaction

Liquid Cooling or energy removal Melt quenching

Nucleation suppression

Polymerization

Reaction

Vapor Cooling or energy removal Sublimation

Reaction

J.R. Hughey et al.



133

 D D DG H T SII
I

II
I

II
I= - ,  (3.3)

where ΔH is a measure of crystal lattice energy differences and ΔS is the difference 
in disorder and lattice vibrations between the two forms (Rodríguez-Spong et al. 
2004). Utilizing the relationship in (3.3), it is possible to evaluate relative differ-
ences in Gibbs free energy values.

A diagram showing Gibbs free energy versus temperature provides complete and 
quantitative information about the relative stability of various metastable forms and 
can be obtained through thermal and solution-based techniques (Yu 1995; Yu et al. 
1998). The schematic in Fig. 3.7 demonstrates Gibbs free energy as a function of 
temperature for a hypothetical single-component system consisting of multiple 
metastable states. It is clear that form C exhibits the lowest free energy at all 
temperatures and is thus the most thermodynamically stable form. Similarly, the 
amorphous form exhibits a Gibbs free energy that is higher than the crystalline 
polymorph states, which can be attributed to a higher enthalpy and entropy, as 
shown in (3.3) (Hancock and Zografi 1997). The amorphous form lacks a crystal 
lattice and thus does not exhibit a melting point, but rather a glass transition 
temperature (Tg). From a kinetics perspective, an amorphous material may exist in 

Fig. 3.7 Schematic Gibbs free energy curves for a hypothetical single-component system that 
exhibits crystalline and amorphous phase transitions. Abbreviations indicate glass transition 
temperatures, transition temperatures, and melting temperatures for each of the systems described. 
From Rodríguez-Spong et al. (2004)
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a number of states with different properties (e.g., Tg, relaxation time, etc.) that are 
dependent on its mode of preparation (Shalaev and Zografi 2002).

Further inspection of Fig. 3.7 demonstrates the behavior of two different types of 
polymorph systems: monotropic and enantiotropic. Forms A and C exhibit 
monotropic polymorphism in that form C is more stable than form A at all 
temperatures below their melting points. Conversely, forms A and B exhibit enan-
tiotropic behavior in that there is a transition temperature, below that of the melting 
point, in which the thermodynamic stability is reversed.

Due to their high free energy, metastable solids have the potential to convert to a 
more metastable polymorph or to the most thermodynamically stable state through 
nucleation and growth. The conversion process is kinetic in nature and if the rate is 
slow relative to the pharmaceutical relevant time scale, the metastable form may be 
utilized in a drug product (Dannenfelser et al. 2004). Hancock et al. evaluated the 
physical stability of amorphous solids and through thermal relaxation studies deter-
mined that if the glass transition temperature of the material is at least 50 °C higher 
than the storage temperature, crystallization due to molecular mobility is not a con-
cern (kinetically stable) over the pharmaceutical time scale (Hancock et al. 1995). It 
should be noted that chemical stability of metastable forms is a concern, primarily 
due to decreased molecular packing, potential for moisture absorption, and increased 
molecular mobility (Xiang and Anderson 2004). The most thermodynamically stable 
polymorphic form is often chosen for development, which, in most cases, is the least-
soluble form (Singhal and Curatolo 2004). However, in some cases the advantages 
of enhanced solubility, dissolution rates, and bioavailability outweigh potential dis-
advantages and a metastable form is developed.

In addition to relative stability, Gibbs free energy values can be utilized to esti-
mate relative solubility between solid forms (Parks et al. 1928, 1934). This is 
accomplished by recognizing that free energy is related to the activity of a com-
pound through the following definitions:

 G RTI I= × ln ,a  (3.4)

 G RTII II= × ln ,a  (3.5)

where αI and αII are activities of the respective forms. Activities are a reflection of 
“escaping tendencies” and are thus proportional to solubility, σ (Gupta et al. 2004). 
By substituting the solubility terms and subtracting (3.4) from (3.5), we can obtain:

 

DG RTI
II II

I
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æ
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ø
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s
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(3.6)

Hence, the solubility ratio between two forms is shown to be proportional to 
Gibbs free energy. For a single-component system, as shown in Fig. 3.7, the 
amorphous form exhibits the highest free energy and thus is the most soluble form. 
However, the inherent thermodynamic high-energy unstable state leading to 
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relaxation, nucleation, and crystallization during storage or transit through the 
gastrointestinal tract is one of the most important challenges associated with the 
application of the amorphous form.

3.3.4  Solubility and Bioavailability Enhancement

Hancock et al. utilized the relationship detailed in (3.6) to predict the relative 
solubility of 11 different drugs with polymorphic or amorphous forms (Hancock 
and Parks 2000). Through thermal-based techniques, the researchers estimated 
ΔGI

II at constant temperature and were able to solve for the activity (solubility) 

ratio, 
s
s

II

I

æ

è
ç

ö

ø
÷ . Data were obtained from the pharmaceutical literature for all drugs, 

with the exception of indomethacin which was determined experimentally. 
Polymorphs of indomethacin were prepared by precipitation from a saturated meth-
anol solution with water while amorphous material was prepared by melt quenching 
with liquid nitrogen. Predicted solubility ratios for each of the compounds and their 
respective metastable forms are summarized in Table 3.5. The magnitude of the 

Table 3.5 Predicted solubility ratios for drug compounds. Adapted from Hancock and Parks (2000)

Compound Forms Solubility ratioa Comment

Indomethacin α-crystal/γ-crystal 1.1–1.2 45 °C

Amorphous/γ-crystal 38–301 5 °C

25–104 25 °C

16–41 45 °C

Carbamazepine III-crystal/I-crystal 1.7–2.1 2 °C

1.7–2.0 12 °C

1.6–2.0 17 °C

1.6–1.9 26 °C

1.6–1.8 40 °C

1.5–1.7 58 °C

Chloramphenicol palmitate A-crystal/B-crystal 3.6 30 °C

Iopanoic acid II-crystal/I-crystal 2.3–2.8 37 °C

Mefnamic acid I-crystal/II-crystal 1.5 30 °C

Glibenclamide Amorphous/crystal 112–1652 23 °C

Glucose Amorphous/crystal 16–53 20 °C

Griseofulvin Amorphous/crystal 38–441 21 °C

Hydrochlorothiazide Amorphous/crystal 21–113 37 °C

Iopanoic acid Amorphous/I-crystal 12–19 37 °C

Polythiazide Amorphous/crystal 48–455 37 °C
aThe range of values reflects the use of different ΔCp values for the calculations
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predicted solubility advantage for higher-energy polymorphs ranged from 1.1 to 
3.6-fold. However, predicted solubility ratios for amorphous drug forms were sig-
nificantly higher and ranged from 12 to 1652-fold due to a higher free energy in the 
amorphous state. The relatively low-solubility ratios for polymorphs can be attrib-
uted to small differences in free energy while amorphous systems are capable of 
much higher free energy values (Blagden et al. 2007).

Experimental solubilities were found to be significantly less than the predicted 
values, as shown in Table 3.6. However, all higher-energy polymorphic forms pro-
vided some degree of solubility enhancement. It is interesting to note that solubility 
of the amorphous forms were all noted to be much greater than those predicted or 
measured for the corresponding crystalline forms at all temperatures studied. The 
large discrepancy between predicted and experimental solubility values for the 

Table 3.6 Experimental solubility ratios for drug compounds. Adapted from Hancock and Parks 
(2000)

Compound Forms
Solubility 
ratioa Comment

Indomethacin α-crystal/γ-crystal 1.1–1.2 45 °C, water

Amorphous/γ-crystal 38–301 5 °C, water

25–104 25 °C, water

16–41 45 °C, water

Carbamazepine III-crystal/I-crystal 1.7–2.1 2 °C, 2-propanol

1.7–2.0 12 °C, 2-propanol

1.6–2.0 17 °C, 2-propanol

1.6–1.9 26 °C, 2-propanol

1.6–1.8 40 °C, 2-propanol

1.5–1.7 58 °C, 2-propanol

Chloramphenicol palmitate A-crystal/B-crystal 3.6 30 °C, 35 % t-butanol 
(aq.)

Iopanoic acid II-crystal/I-crystal 2.3–2.8 37 °C, phosphate 
buffer (aq.)

Mefnamic acid I-crystal/II-crystal 1.5 30 °C, dodecyl 
alcohol

Glibenclamide Amorphous/crystal 112–1652 23 °C, buffer (aq.)

Glucose Amorphous/crystal 16–53 20 °C, methanol

20 °C, ethanol

20 °C, isopropanol

Griseofulvin Amorphous/crystal 38–441 21 °C, water

Hydrochlorothiazide Amorphous/crystal 21–113 37 °C, HCl and PVP 
(aq.)

Iopanoic acid Amorphous/I-crystal 19-Dec 37 °C, phosphate 
buffer (aq.)

Polythiazide Amorphous/crystal 48–455 37 °C, HCl and PVP 
(aq.)

aThe range of values reflects the use of different ΔCp values for the calculations
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amorphous substances was attributed to a strong driving force for recrystallization 
in the dissolution media, as illustrated in Fig. 3.8.

A comprehensive literature review on the actual solubility ratio between poly-
morphs was conducted by Pudipeddi and Serajuddin (2005). In total, the authors evalu-
ated 55 compounds which resulted in 81 solubility ratios due to the existence of 
multiple polymorphic forms. Overall, the average solubility ratio for the polymorphs 
evaluated was 1.7 (excluding the premafolxacin outlier). The solubility ratios from the 
literature were in agreement with and even included the data presented by Hancock and 
Parks (2000). These values are summarized in Fig. 3.9. Additionally, the authors evalu-
ated 23 anhydrate/hydrate solubility ratios and found that, in general, the values were 
less than about two. However, there were cases in which the solubility ratio was signifi-
cantly higher than this value. The anhydrate/hydrate values are summarized in Fig. 3.10.

Although relative improvements in solubility are modest between different poly-
morphs or pseudopolymorphs, for poorly water-soluble drugs that exhibit rate- limiting 
absorption, this difference may provide a significant increase in therapeutic activity.
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Fig. 3.8 Experimental aqueous solubility profiles for amorphous and crystalline indomethacin at 
(a) 5 °C, (b) 25 °C, and (c) 45 °C. From Hancock and Parks (2000)
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In a study conducted by Kobayashi et al., the effect of crystalline carbamazepine 
polymorphs on solubility, dissolution rate, and oral bioavailability was investigated 
(Kobayashi et al. 2000). Calculated aqueous solubility values of form I, form III, and 
the dihydrate were found to be 460.2 μg/mL, 501.9 μg/mL, and 311.1 μg/mL, respec-
tively. In agreement with the ranges outlined by Pudipeddi and Serajuddin, the solu-
bility ratio between the low and high-energy polymorphic states ranged from 1.5 to 
1.6 for form I and form III, respectively (Pudipeddi and Serajuddin 2005). Dissolution 
profiles of the three drug substances are illustrated in Fig. 3.11. Forms I and III exhib-
ited a transient dissolution rate improvement, ultimately converting to the more stable 
form in solution. While form I initially provided the greatest solubility, it converted to 
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Fig. 3.9 Solubility ratios for polymorphs (n = 81). The data do not include the premafloxacin (I/
III) ratio which was found to be 23.1. From Pudipeddi and Serajuddin (2005)
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Fig. 3.11 Dissolution 
patterns of carbamazepine 
polymorphs and dihydrate 
at 37 °C in pH 1.2 media: 
square-form I; circle-form 
III; and triangle-dihydrate. 
From Kobayashi et al. 
(2000)

the more stable dihydrate form relatively rapidly. However, form III exhibited sus-
tained supersaturation, which is a desirable characteristic for poorly water-soluble 
compounds. Each polymorphic form was evaluated for in vivo drug absorption using 
a crossover technique in male beagle dogs. The in vivo performance of the polymor-
phic forms was compared to a solubilized amorphous formulation, representing 100 % 
bioavailability. The study demonstrated that at high dose, form I provided the greatest 
Cmax and AUC0–12 h values when compared to the other two forms. Bioavailability of 
form I, form III, and the dihydrate, relative to the amorphous solubilized formulation, 
was found to be 68.7 %, 47.8 %, and 33 %, respectively. This result is consistent with 
the probable conversion of form III to the dihydrate form in situ. The plasma concen-
tration versus time curve for this arm of the study is shown in (Fig. 3.12). This result 
indicated that while there was a very small difference in measured solubility between 
form I and form III, the ability of form I to remain in a supersaturated state for an 
extended period time allowed for improved oral bioavailability (Fig. 3.12).

In a recent study conducted by Kim et al., the oral bioavailability of amorphous 
atorvastatin hemi-calcium prepared by various techniques was evaluated (Kim et al. 
2008). Specifically, the researchers evaluated spray-drying and supercritical anti- 
solvent (SAS) processes against unprocessed crystalline material with low aqueous 
solubility (142.2 μg/mL). Material processed by spray-drying and SAS processes, 
which utilized acetone or tetrahydrofuran as the solvent, exhibited aqueous solubili-
ties ranging from 467.1 to 483.2 μg/mL. Amorphous material prepared from the SAS 
and spray-drying processes were found to have particle size ranges from 68.7 to 
95.7 nm and 3.62 to 7.31 μm, respectively. Powder dissolution analysis revealed that 
amorphous material provided significant improvements in dissolution rate, as illus-
trated in Fig. 3.13. Amorphous particles prepared by the SAS processing method 
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Fig. 3.13 Powder dissolution profiles of unprocessed atorvastatin particles (filled square), SAS- 
processed amorphous atorvastatin calcium precipitation from acetone (filled circle), SAS- 
processed amorphous atorvastatin calcium precipitated from a tetrahydrofuran solution (filled 
triangle), spray-dried amorphous atorvastatin calcium from an acetone solution (empty circle), and 
spray-dried amorphous atorvastatin calcium from a tetrahydrofuran solution (empty square) 
(n = 3), (mean ± S.D.). From Kim et al. (2008)

Fig. 3.12 Plasma concentration–time curves of carbamazepine polymorphs and dihydrate after 
oral administration to dogs (n = 4; mean ± S.E.). Dose: 200 mg/body. Diamond: solution; square: 
form I; circle: form III; and triangle: dihydrate. From Kobayashi et al. (2000)
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were found to have a faster rate of dissolution than those prepared by spray drying, 
consistent with its small particle size. Unprocessed and amorphous materials were 
evaluated for in vivo drug absorption in male rats. The hypothesis tested with this 
study was that not only would amorphous materials provide enhanced absorption, 
but that material prepared by SAS, due to its small particle size and large surface 
area, would provide the highest absorption. From this study, it was determined that 
amorphous materials provided a significant increase in drug absorption, with SAS 
prepared material providing the greatest improvement. The amorphous form pre-
pared by SAS with acetone showed a threefold improvement in the AUC0–8 h, a four-
fold improvement in Cmax, and a twofold improvement in Tmax. Similarly, spray-dried 
amorphous material also provided a significant improvement over crystalline drug. 
The plasma concentration versus time curve from this study is shown in Fig. 3.14. It 
is clear from this study that the amorphous form can have a marked impact on 
bioavailability.

Cefuroxime axetil was the first orally delivered second-generation cephalosporin 
reported by Glaxo Group Ltd. (GlaxoSmithKline). The original processes for the 
preparation of the axetil ester produced the material either in relatively impure 
amorphous form or in the form of pure crystalline material. The pure crystalline 
form of cefuroxime axetil was initially developed for commercial evaluation, 
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Fig. 3.14 Plasma concentration–time curves of unprocessed atorvastatin particles (filled square), 
SAS-processed amorphous atorvastatin calcium precipitation from acetone (filled circle), SAS- 
processed amorphous atorvastatin calcium precipitated from a tetrahydrofuran solution (filled 
triangle), spray-dried amorphous atorvastatin calcium from an acetone solution (empty circle), and 
spray-dried amorphous atorvastatin calcium from a tetrahydrofuran solution (empty square) 
(n = 5), (mean ± S.D.). From Kim et al. (2008)
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however, it did not exhibit adequate oral bioavailability (Crisp and Clayton 1985), 
moreover, side effects were observed due to unabsorbed antibiotic in the 
gastrointestinal tract (Somani et al. 2001). Murshedkav et al. prepared amorphous 
cefuroxime axetil using micro-fluidization and solvent evaporation methods, and 
confirmed a twofold solubility enhancement of amorphous cefuroxime axetil over 
the crystalline form through a solubility study performed in 0.07 N HCl, as shown 
in Fig. 3.15 (Murshedkar 2002). Oszczapowicz et al. further proved that the 
amorphous form exhibited higher bioavailability and adequate stability upon storage 
(Oszczapowicz et al. 1994). In order to obtain amorphous cefuroxime axetil in a 
highly pure form, Crisp et al. studied several solvent removing methods including 
spray drying, roller drying, solvent precipitation and freeze-drying. Spray drying 
was chosen to formulate the commercial product of cefuroxime axetil, Ceftin™, 
providing a highly pure amorphous drug with a yield of about 70 % (Crisp et al. 
1989, 1991; Zimmerman 1991). The commercial formulation of Ceftin™ showed a 
bioavailability of 36 % in fasted state and 52 % in fed state with low incidence of 
side effects being reported.

The use of metastable solids has been shown to be an effective method to 
enhance both solubility and bioavailability of drug substances. While most poly-
morphic forms generally provide relatively small improvements in solubility, the 
improvement can be significant from a pharmacological standpoint. However, 
these systems are inherently unstable and extreme care should be taken to ensure 
that the transformation into an undesirable form does not occur during processing 
(e.g., granulation, drying, tableting, etc.) or storage. This is particularly difficult in 
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the case of amorphous solids, which are normally stabilized by excipients or for-
mulated as solid dispersion systems prior to being incorporated into solid dosage 
forms (Leuner and Dressman 2000).

3.4  Pharmaceutical Co-crystals

Pharmaceutical co-crystals have emerged as an alternative to salts and metastable 
solids for the enhancement of solubility, dissolution, and bioavailability. Co-crystals 
are defined as a crystalline material comprised of at least two molecular species held 
together by noncovalent interactions (Byrn et al. 1999a). In addition to their ability 
to form with neutral drug substances, co-crystals may be formed with acidic, basic, 
or salt forms of drug substances (Schultheiss and Newman 2009). Morissette et al. 
described co-crystals as being structurally similar to solvates, with the primary 
difference being the physical state of individual components (Morissette et al. 
2004). That is, the crystal may be classified as a solvate if one of the components is 
a liquid and a co-crystal if both of the components are solid.

While solvates are capable of providing dissolution enhancement, they are of lit-
tle pharmaceutical value due to inclusion of organic solvents that are often not bio-
compatible. Furthermore, solvates are susceptible to desolvation which can 
potentially lead to recrystallization of a less-soluble polymorphic form. Compared to 
solvates, co-crystals exhibit a higher-degree physical stability and may incorporate 
innocuous co-crystal formers, the number of which is numerous (Schultheiss and 
Newman 2009). While co-crystal systems have been studied for many years, their 
ability to improve solubility and bioavailability of poorly water-soluble drug sub-
stances has only recently been fully realized (Good and Rodríguez-Hornedo 2009).

3.4.1  Co-crystal Preparation

In general, the preparation of pharmaceutical co-crystals can be separated into two 
major steps: design and selection of co-crystal formers and process and scale-up of 
manufacturing. Selection of a number of complementary co-crystal formers for a 
particular drug molecule is a critical aspect of co-crystal design and screening. A 
suitable co-crystal former in the context of pharmaceutical co-crystals must be 
inherently safe for human administration and should interact with the drug substance 
to form a stable co-crystal. The process of determining an optimal co-crystal former 
is generally best accomplished by selection of potential co-crystal formers followed 
by an empirical study based upon drug substances’ and co-crystal formers’ 
supramolecular compatibility, polarity, lattice energy or molecular electrostatic 
potential surfaces (Abramov et al. 2012; Fábián 2009; Karamertzanis et al. 2009; 
Musumeci et al. 2011). High-throughput screening techniques may also be utilized 
to cover a wider range of co-crystal formers, solvents, and crystallizing conditions 
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(Morissette et al. 2004). Compatibility between a co-crystal former and a drug 
substance is highly dependent on the chemical structure of both compounds. 
Therefore, the first step in designing a co-crystal is to gain a detailed understanding 
of the functional groups present in the drug substance as this will facilitate the 
selection of a proper co-crystal former (Shan and Zaworotko 2008). Statistical 
analysis of known interactions between functional groups is accomplished with use 
of the Cambridge Structural Database (CSD) (Trask et al. 2005a). Hierarchies of 
supramolecular synthons that can occur between functional groups (e.g., carboxylic 
acids, amides, alcohols, etc.) have also been published by researchers in the field of 
crystal engineering (Fleischman et al. 2003; Bis et al. 2007; Shan and Zaworotko 
2008; Shattock et al. 2008). Specific knowledge of noncovalent interactions between 
different types of functional groups, known as heterosynthons, allows one to apply 
this information to a specific crystal engineering application.

In a recent review, Shan and Zaworotko provided carboxylic acid-aromatic 
nitrogen, carboxylic acid-amide, and alcohol-pyridine as examples of heterosynthons 
that appear to facilitate the formation of co-crystals (Shan and Zaworotko 2008). 
The carboxylic acid-aromatic nitrogen heterosynthon and associated statistical data 
obtained from the CSD are illustrated in Fig. 3.16. The data for this particular 
heterosynthon demonstrate that it is much more likely to occur than the carboxylic 
acid–carboxylic acid homosynthon.

Porter et al. discovered a polymorphic form of the carbamazepine–saccharin co-
crystal in a study evaluating crystallization in the presence of polymer heteronuclei 
(Porter et al. 2008). The widely known carbamazepine–saccharin co-crystal (Form 
I) was shown to incorporate a homosynthon between carbamazepine molecules 
(Fig. 3.17) while the newly discovered form (Form II) contained a heterosynthon 

Refined data:
    121 entries COOH and Narom exclusively on hydrocarbon skeleton
    117 (97%) hits COOH---Narom supramolecular heterosynthon
    6 (7%) hits COOH supramolecular homosynthon

Raw data:
    570 entries both COOH and aromatic nitrogen
    433 (76%) entries COOH---Narom supramolecular heterosynthon
    30 (5%) entries COOH supramolecular homosynthon

Fig. 3.16 A comparison of the Cambridge Structural Database statistics associated with the 
carboxylic acid–carboxylic acid supramolecular homosynthon versus the carboxylic acid–aromatic 
nitrogen supramolecular heterosynthon. The “raw data” refers to all compounds that contain both 
functional groups rather than just co-crystals, and the “refined data” refers to compounds that do 
not contain additional hydrogen-bond donors or acceptors. From Shan and Zaworotko (2008)
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between carbamazepine and saccharin (Fig. 3.17). In form I of the co-crystal, 
molecules were found to pack in such a way that the homosynthon formed between 
two inversion-related carbamazepine carboxamide groups, as shown in Fig. 3.18a. 
As demonstrated in Fig. 3.18b, the primary feature of form II is different packing 
due to heterosynthon interactions.

Selection of a suitable co-crystal former will be highly dependent on the specific 
drug substance and its associated functional groups that allow for noncovalent 
interactions. However, selection should adhere to substances that have been 
previously shown to exhibit some degree of biocompatibility. This limits selection 
to those compounds that appear in the Priority-based Assessment of Food Additives 
(PAFA) including compounds classified as generally recognized as safe (GRAS), 
the Everything Added to Food in the United States (EAFUS) database and the 
Inactive Ingredient Database available from the Food and Drug Administration.

Having selected proper co-crystal formers, preparation of co-crystals can be 
achieved by three general approaches: solution crystallization (Chiarella et al. 2007; 
Childs et al. 2008; Rodríguez-Hornedo et al. 2006), mechanical-chemical grinding 
(Delori et al. 2012; James et al. 2012) and melt crystallization (Berry et al. 2008; Lu 
et al. 2008). Among those techniques, co-crystals are mainly prepared through solu-
tion crystallization techniques similar to those used in the preparation of pharmaceu-
tical salts (e.g., solvent evaporation, temperature cooling, and anti- solvent addition) 
(Zhang et al. 2007). In addition to the three major techniques mentioned above, other 
methods have been described in the literature for the preparation of co-crystals 
including sonic-slurrying, fast evaporation, super-critical fluids, wet/dry compres-
sion (Bag et al. 2011; Bag and Reddy 2012; Childs et al 2008; Lu et al. 2008) and, to 
a much lesser extent, freeze-drying, melt crystallization and sublimation (Eddleston 
et al. 2013; Medina et al. 2010). However, from a pharmaceutical manufacturing 
standpoint, solution crystallization and solid-state grinding represent the two meth-
ods that are most easily scalable for manufacturing of pharmaceutical co-crystals.

O N
H

H
H

H

N

N

N

O O

O

homosynthon heterosynthon

O
O

H

H

H

N
N

N
S

Fig. 3.17 Representation of the homosynthon between two carbamazepine molecules in 
carbamazepine–saccharin form I and the heterosynthon between a carbamazepine and a saccharin 
molecule in carbamazepine–saccharin form II. From Porter et al. (2008)
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The solution crystallization method requires careful selection of solvents utilized 
such that all components (e.g., drug substance and co-crystal former) completely 
dissolve without interfering with the interactions necessary for co-crystal formation 
(Morissette et al. 2004). The drug substance and co-crystal former should also have 
similar solubility in the chosen solvent such that a co-crystal precipitates prior to 
any individual component (Blagden et al. 2007). Because of this, the major 
disadvantage of solution crystallization method is that individual components may 
crystallize separately during solvent evaporation or cooling.

In the solid-state, stoichiometric amounts of the drug substance and co-crystal 
former can be applied with mechanical-chemical grinding force in order to form 
co-crystals (Etter et al. 1993; Kuroda et al. 2002). The driving force of co-crystal 

Fig. 3.18 Molecular packing for (a) carbamazepine–saccharin form I and (b) carbamazepine–
saccharin form II. From Porter et al. (2008)
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formation is often the stronger hydrogen bonds in the co-crystal than those present 
in the crystals of either pure component (Etter et al. 1993). Medina et al. recently 
described the utility of twin-screw extrusion as a method to prepare co-crystals 
without the use of additional solvent (Medina et al. 2010). Besides the dry grinding 
process, mechanical-chemical grinding can also be achieved with a small amount of 
solvent to enhance kinetics and facilitate the formation of co-crystals, so that 
co-crystal formation occurs by reaction in a small liquid phase and/or via an amor-
phous phase (Trask et al. 2004, 2005a, b).

While many co-crystals can be prepared by solvent crystallization and solid-state 
grinding, some can only be prepared by a specific technique. Etter and Adsmond 
described systems that could only be prepared by co-grinding (Etter and Adsmond 
1990). Conversely, Etter et al. described another situation where a co-crystal could 
be formed by solution crystallization but not by solid-state grinding (Etter et al. 
1993). However, oftentimes the co-crystal obtained is independent of the process-
ing technique utilized (Shan and Zaworotko 2008).

3.4.2  Solubility of Co-crystals

Itraconazole is a weak base that exhibits poor solubility in both acidic and neutral 
environments (Miller et al. 2008). Due to its poor water solubility characteristics, 
itraconazole is marketed as a solid dispersion in which the drug is molecularly 
dispersed in a hypromellose-based matrix. Remenar et al. utilized a co-crystal 
approach in an attempt to improve solubility and dissolution rates of this compound 
(Remenar et al. 2003). Succinic acid, malic acid, and tartaric acid were successfully 
utilized as co-crystal formers in a solvent crystallization process. Through hydrogen 
bonding, each co-crystal contained two molecules of itraconazole and one co-crystal 
former, as shown in Fig. 3.19. Dissolution in 0.1 N HCl was studied to assess 
relative differences of Sporanox®, crystalline itraconazole-free base, and co-crystals 

Fig. 3.19 Co-crystal of two itraconazole molecules and a single co-crystal former. From Remenar 
et al. (2003)

3 Solid-State Techniques for Improving Solubility



148

of itraconazole, with results shown in Fig. 3.20. The co-crystal formed with malic 
acid provided a dissolution profile similar to that of Sporanox® beads, with solubil-
ity improving by a factor of 20-fold over the free base.

Hickey et al. prepared co-crystals of carbamazepine, a poorly water-soluble drug 
substance, and evaluated their performance against the marketed drug product, 
Tegretol® (Hickey et al. 2007). Utilizing a solvent crystallization process, the 
researchers prepared co-crystals of carbamazepine with saccharin (Form I) which 
exhibited the crystal packing that was previously discussed (Fig. 3.18a). To com-
pare the performance of carbamazepine co-crystals to Tegretol®, an in vivo study 
was conducted in fasted beagle dogs. The co-crystal formulation exhibited a higher 
AUC and Cmax value than Tegretol® with a comparable Tmax. The plasma concentra-
tion versus time plot for this study is shown in Fig. 3.21.

McNamara et al. showed that co-crystals of a development candidate drug could 
be formed at a 1:1 ratio with glutaric acid (McNamara et al. 2006). The co-crystal 
exhibited an 18-fold improvement in solubility over the crystalline form of the drug 
substance. The in vivo performance of the co-crystals was compared to bulk drug 
substance in beagle dogs. From this study, it was determined that at low dose (5 mg/
kg) and high dose (10 mg/kg), the co-crystal formulation exhibited the highest Cmax 
and AUC0–36 h when compared to the bulk drug substance. The plasma concentration 
versus time plots for the low-dose and high-dose study are shown in Fig. 3.22.

Although salt formation may be the simplest and most cost-effective strategy to 
enhance aqueous solubility and therefore bioavailability for ionizable drugs 
(anionic, cationic and zwitterionic), the co-crystal approach is a particularly attrac-
tive alternative for non-ionizable drugs, or compounds with pKa values in a range 
where stable salt formation is limited. Rajput et al. recently discovered 13 new solid 
forms of etravirine in the process of polymorph and co-crystal/salt screening to 
improve the solubility of this anti-HIV drug (Rajput et al. 2013). The in vitro solu-
bility study indicated that etravirine salts, formed with strong acids (hydrochloric 
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Fig. 3.20 Itraconazole dissolution profiles of Sporanox® beads (square), crystalline itraconazole- 
free base (diamond), and co-crystals of itraconazole with L-malic acid (upside down triangle), 
L-tartaric acid (circle), and succinic acid (triangle). Dissolution media: 0.1 N HCl at 25 °C. From 
Remenar et al. (2003)
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acid, methanesulfonic acid, benzenesulfonic acid, and p-toluenesulfonic acid) 
because of the low basicity of etravirine, showed only 1.5 times improvement in 
solubility with respect to the parent API. On the other hand, the selected benzentri-
carboxylic acid co-crystal hydrate form of etravirine has shown up to a six-fold 
solubility enhancement.

The formation of co-crystals allows for the opportunity to readily modify solid- 
state properties of a drug substance, resulting in forms that have improved clinical 
significance. While in its infancy in the pharmaceutical industry, the co-crystal 
approach is rapidly gaining interest and has the potential to largely impact the suc-
cessful preparation poorly water-soluble drug substances.

3.5  Summary

Solid-state modifications address the strong intermolecular interactions responsible 
for poor aqueous solubility by taking advantage of properties inherent to specific 
drug substances. In doing so, solubility can be enhanced by a large degree allowing 
for improved clinical relevance. The solid-state techniques that have been described 
in the literature include the formation of salts, metastable solids, and co-crystals. 
Each technique has specific advantages that make it amenable to certain applications. 
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Fig. 3.21 Average plasma–time curves of carbamazepine concentration (±S.E.) from a crossover 
experiment in fasted beagle dogs (n = 4) given oral doses of 200 mg of the active drug as Tegretol® 
tablets and carbamazepine–saccharin co-crystal. From Hickey et al. (2007)
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Due to the nature of each technique, selection of optimal systems is often empirical 
and requires the use of efficient screening techniques. However, if applied properly, 
solid-state techniques are capable of improving the clinical relevance of many 
poorly water-soluble drug substances.
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Method Capsule 1
Preparation of Polymorphism—Solvent Evaporation

Based on the method reported by Viscomi et al. (2008).

Objective

• To obtain different crystal forms of a drug substance and evaluate the solubility 
and impact on bioavailability.

Equipment and Reagents

• Rifaximin
• Sintered glass Goochfilter
• Vacuum oven

Method

• β-form. Collect wet rifaximin in a sintered glass Gooch filter and wash with 
water. Dry the powder in a vacuum oven at room temperature to the residual 
water content ranging from 6 % to about 40 % (w/w).

• δ-form. Collect wet rifaximin in a sintered glass Gooch filter and wash with 
water. Dry the powder in a vacuum oven at 65 °C to the residual water content 
ranging from 4 to 6 % (w/w).

• α-form. Collect wet rifaximin in a sintered glass Gooch filter and wash with 
water. Dry the powder in a vacuum oven at 65 °C to the residual water content 
less than 3 % (w/w).

• γ-form. Collect wet rifaximin in a sintered glass Gooch filter. Dry the powder in 
a vacuum oven at 65 °C to the residual water content less than 4 % (w/w).

• ε-form. Dry the δ-form 3 h in a vacuum oven at 65 °C.

Results

• X-ray powder diffraction, solid state 13C NMR, and HATR-IR spectroscopy 
identified and characterized the five distinct crystal forms of rifaximin.

• The in vitro solubility study indicated a great solubility difference range from 
0.07 to 6.00 absorbance unit.

• After oral administration of 100 mg/kg in the beagle dogs, the Cmax values of the 
crystal forms ranged from 1.1 to 1085.31 ng/mL, and the AUC0–24 h values ranged 
from 10 to 4795 ng*h/mL.
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Method Capsule 2
Preparation of Amorphous Solids—Spray-Drying

Based on the method reported by Kim et al. (2008).

Objective

• To obtain an amorphous drug substance by the spray-drying technique

Equipment and Reagents

• Atorvastatin calcium
• Acetone or tetrahydrofuran
• Laboratory-scale spray-dryer

Method

• Dissolve atorvastatin calcium in acetone or tetrahydrofuran at a concentration of 
100 mg/mL.

• Set the drying air flow rate to 0.70 m3/min.
• Set the inlet temperature of the spray dryer to 70 °C.
• Feed the solution into the spray dryer at 3 mL/min with an atomization pressure 

of 10 kPa.
• Ensure that the outlet temperature is in the range of 62–65 °C.
• Collect the dried powder.

Results

• Laser diffraction analysis revealed that the particle size of atorvastatin calcium 
spray-dried from acetone and tetrahydrofuran was 3.62 ± 0.15 μm and 
7.31 ± 0.21 μm, respectively.

• BET specific surface area analysis demonstrated that the surface area of 
atorvastatin particles spray-dried from acetone and tetrahydrofuran was 
3.69 ± 0.06 m2/g and 0.95 ± 0.03 m2/g, respectively. The specific surface area of 
unprocessed material was 14.56 ± 0.17 m2/g.

• Differential scanning calorimetry and X-ray diffraction analyzes indicated that 
all spray-dried material lacked crystalline character and was amorphous.
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Method Capsule 3
Preparation of Amorphous Solids—Supercritical Anti-solvent Processing

Based on the method reported by Kim et al. (2008).

Objective

• To obtain an amorphous drug substance by supercritical anti-solvent (SAS) 
processing.

Equipment and Reagents

• Atorvastatin calcium
• Acetone or tetrahydrofuran
• Laboratory-scale supercritical anti-solvent processor
• Carbon dioxide (CO2)

Method

• Deliver CO2 into particle formation vessel equilibrated at 40 °C until the pressure 
reaches 12 MPa.

• Dissolve atorvastatin calcium in acetone or tetrahydrofuran at a concentration of 
100 mg/mL.

• The drug solution and supercritical CO2 were co-injected through a two-flow 
nozzle at 0.5 g/min and 45 g/min, respectively.

• After the drug solution was exhausted, fresh CO2 was cycled into the vessel to 
remove residual solvent at 45 g/min.

Results

• Laser diffraction analysis revealed that the particle size of SAS-processed 
atorvastatin particles from acetone and tetrahydrofuran was 68.7 ± 15.8 nm and 
95.7 ± 12.2 nm, respectively. Particle size of the unprocessed material was 
3.83 ± 0.08 μm.

• BET-specific surface area analysis demonstrated that the surface area of SAS 
processed atorvastatin particles from acetone and tetrahydrofuran was 
120.35 ± 1.40 m2/g and 79.78 ± 0.93 m2/g, respectively. The specific surface area 
of unprocessed material was 14.56 ± 0.17 m2/g.

• Differential scanning calorimetry and X-ray diffraction results indicated that all 
spray-dried material lacked crystalline character and was amorphous.
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Method Capsule 4
Preparation of Amorphous Solids—Melt Quenching

Based on the method reported by Hancock and Parks (2000).

Objective

• To obtain an amorphous drug substance by melt quenching.

Equipment and Reagents

• Indomethacin
• Liquid nitrogen

Method

• Heat indomethacin to a temperature that induces melting (∼160 °C).
• Quench the melt with liquid nitrogen such that indomethacin solidifies.

Results

• Differential scanning calorimetry and X-ray diffraction results indicated that 
melt-quenched material lacked crystalline character and was amorphous.
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Method Capsule 5
Preparation of Amorphous Solids—Freeze-drying

Based on the method reported by Crisp et al. (1991).

Objective

• To obtain an amorphous drug substance by freeze-drying.

Equipment and Reagents

• Cefuroxime axetil R- and S- isomers
• 1,4-Dioxane or t-butanol
• Lyophilizer
• Vacuum oven

Method

• Dissolve cefuroxime axetil 1:1 mixture of the R and S isomers of cefuroxime 
axetil in 1,4-Dioxane at a concentration of 100 mg/mL.

• Freeze the drug solution at −25 °C for 20 h, the solvent was then removed by 
freeze-drying at 30 mTorr for 2 days.

• Collect the product pass through 40 mesh sieve.
• Dry the sieved material in vacuum oven at 50 °C for 20 h to remove residual 

solvent.

Results

• The infra-red (Nujol) spectrum and microscopic examination results indicated 
that freeze-drying material was amorphous.
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Method Capsule 6
Preparation of Co-crystals—Temperature-Induced Precipitation

Based on the method reported by Hickey et al. (2007).

Objective

• To obtain a co-crystal of carbamazepine and saccharin by temperature-induced 
precipitation.

Equipment and Reagents

• Carbamazepine
• Saccharin
• Ethanol
• Methanol
• Water-jacketed glass crystallization vessel

Method

• Anhydrous carbamazepine (0.089 mol) and saccharin (0.089 mol) were combined 
in the crystallization vessel.

• Solids were dissolved in 280 mL of a 62.5/37.5 % (v/v) ethanol/methanol, mix-
ture and heated to 70 °C for 1 h under reflux.

• Temperature was decreased in 10 °C increments while stirring to induce 
precipitation.

• Following equilibration at 30 °C, solids were isolated using a Buchner funnel 
and rinsed with cold ethanol.

• The resulting powder was air-dried.

Results

• A product yield of 76 % was obtained.
• Microscopy studies showed that the particle size of the crystals was between 500 

and 1000 μm.
• X-ray powder diffraction and differential scanning calorimetry studies demon-

strated that a single polymorphic co-crystal form was prepared.
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Method Capsule 7
Preparation of Co-crystals—Seed-Induced Precipitation

Based on the method reported by McNamara et al. (2006).

Objective

• To obtain co-crystals of a new drug candidate (compound 1) with glutaric acid by 
seed-induced precipitation.

Equipment and Reagents

• Compound 1
• Glutaric acid
• Chloroform
• Water-jacketed glass crystallization vessel

Method

• Compound 1 (8.431 mmol) and glutaric acid (8.410 mmol) were dissolved in 
boiling chloroform with stirring.

• The solution was concentrated by continued boiling until the volume was 50 mL.
• Co-crystal seeds (generated in thermal experiments) were introduced into the hot 

solution.
• After crystallization began, the solution was cooled over a 15 min period.
• Approximately 100 mL of cyclohexane was added and the solution was cooled 

on ice for 30 min.
• The co-crystal was isolated by filtration.
• The resulting powder was air-dried.

Results

• A product yield of 92 % was obtained.
• The volumetric median diameter Dv(0.5) and that of the 90th percentile Dv(90) were 

found to be 49 μm and 131 μm, respectively.
• X-ray diffraction analysis showed a unique pattern that was distinguished from 

compound 1 and glutaric acid.
• Differential scanning calorimetry experiments indicated that the co-crystal 

exhibited a melting point different from that of compound 1 or glutaric acid.
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Method Capsule 8
Preparation of Co-crystals—Grinding

Based on the method reported by Trask et al. (2004)

Objective

• To obtain co-crystals of caffeine and glutaric acid by a solid-state grinding 
technique.

Equipment and Reagents

• Anhydrous caffeine
• Glutaric acid
• Optional non-polar solvents: n-hexane, cyclohexane, or heptane
• Optional polar solvents: chloroform, dichloromethane, acetonitrile and water
• Ball grinder/mill

Method

• Equimolar amounts of caffeine and glutaric acid were combined in a stainless 
steel grinding jar.

• Optional: Add four drops of either a non-polar solvent or a polar solvent.
• Grind the materials together.
• Allow any residual solvent to evaporate.

Results

• X-ray diffraction analysis demonstrated that co-crystals were formed when the 
material was prepared in the absence of solvent and with non-polar or polar 
solvents.

• Form I of the co-crystal was found to form when no solvent or a non-polar sol-
vent was used.

• Form II was predominantly formed when a polar solvent was used.
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Chapter 4
Mechanical Particle-Size Reduction 
Techniques
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Abstract With the increasing number of new drug candidates, the number of 
entities with poor aqueous solubility is on the rise. To overcome this limitation, a 
common formulation approach has been to decrease the particle-size of the drug. 
This strategy results in increased surface area, increased saturation solubility, and 
decreased the diffusional distance, all of which lead to an increase in the extent 
and the rate of dissolution. Mechanical techniques to decrease the particle-size of 
solids are generally classified in three categories: dry-milling, wet-milling, and 
high- pressure homogenization. In order to produce particles in the submicron 
(nano) range and further increase solubility, techniques such as wet-media milling, 
piston- gap homogenization, and microfluidization have been developed. More 
recently, combination technologies of both top-down and bottom-up approaches 
have gained much interest. All these different strategies will be reviewed and 
discussed in this chapter.
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4.1  Introduction

The percentage of newly discovered drugs that have poor water solubility has been 
trending upward, and products under development in the pharmaceutical industry 
include approximately 40 % poorly water-soluble compounds (Lipinski 2000). Of 
the total of drugs in the pipeline, up to 60 % are derived directly from synthesis 
(Gribbon and Andreas 2005; Lipinski et al. 1997). Aside from the most notable 
limitation, i.e., poor bioavailability, these compounds are hard to formulate due to a 
number of other factors such as fed versus fasted bioavailability variation, lack of 
dose–response proportionality, suboptimal dosing, use of problematic excipients 
(such as cosolvents), use of extreme basic or acid conditions to optimize 
solubilization, uncontrollable precipitation after dosing, and inconvenience of the 
dosage form (Merisko-Liversidge and Liversidge 2008). Over the years, a number 
of different strategies have been developed in order to overcome these limitations. 
Some of these efforts include creating salts, prodrugs, and screening for more 
soluble analogs. However, these efforts have achieved limited success and the need 
of novel strategies has been the driving force for the development of technologies to 
improve the bioavailability-related outcomes of poorly water-soluble drug 
molecules. Extensive research into the development of novel techniques to engineer 
micron-scale particles to the nanoscale range has translated into various proprietary 
technologies. There are five FDA-approved products based on the NanoCrystal® 
technology developed by Elan Drug Technologies (now Alkermes), which is a high- 
energy media milling technique (Elan Drug Technologies—Commercialized 
Products 2010), and one based on the Insoluble Drug Delivery Microparticle 
technology (IDD-P®) by SkyePharma (SkyePharma–Insoluble Drug Delivery 
Platform 2010). Recently, the first injectable formulation using NanoCrystal® 
technology, Xeplion®, was approved for use in Europe.

Nonspecific formulation approaches are applicable to almost any drug molecule 
(apart from a few exceptions). Micronization has been for many years the most widely 
used nonspecific approach, which consists of converting relatively coarse drug parti-
cles to micrometer particles with a mean diameter in the range of approximately 
2–5 μm and a corresponding size distribution approximately between 0.1 and 20 μm 
(Muller et al. 2006). Nonetheless, many novel drugs are so poorly soluble that a further 
decrease in particle-size is required in order to obtain acceptable solubility. Particle-
size reduction techniques increase the surface area leading to an increase in the solubil-
ity by mechanisms that will be explained in this chapter. An increase in solubility is one 
of the reasons for reducing the particle-size of pharmaceutical powders; however, 
particle-size reduction is also applied in other fields of the pharmaceutical sciences, 
such as pulmonary drug delivery, solid oral dosages, and powder handling.

It is known in the literature that pulmonary drug delivery by dry powder inhalation 
is an administration route where particle-size reduction is required to reach the target 
region of the lung. The aerodynamic diameter of a particle should be in the critical 
range of 0.5–5 μm (Clark and Shire 2000) to reach appropriate regions of the deep 
lung for maximum absorption (Hassan and Lau 2010). This size range can be achieved 
by many of the various milling technologies (Chow et al. 2007).
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Additionally, many pharmaceutical processes involving powders can be improved 
by homogenizing the particle size of the drug and excipients. Solids produced by 
uncontrolled crystallization or precipitation processes can have a broad size distribution 
that can result in poor flow properties or tendency to segregate. Blending, compress-
ibility, flow/suspension behavior, and compaction performance can all vary with a 
heterogeneous particle size distribution (Fisher 2006). Furthermore, the particle size 
distribution of very potent drugs, requiring low content in the final dosage form, are 
usually homogenized before blending with excipients in order to provide adequate 
content uniformity (Clement and Purutyan 2002; Rohrs et al. 2006).

Bulk active pharmaceutical ingredient (API) production may often be limited by 
specified particle-size profiles to meet the need of formulation and pharmaceutical 
processes. The capability to control the particle-size during early stage API 
development and to predict the operating conditions that will produce that particle- 
size reproducibly at commercial scale is very important. Furthermore, a final milling 
process may be required in order to homogenize the particle-size among batches, 
narrow a size distribution so that better flow and handling properties are produced, 
or match API particle-size more closely with excipient particle-size to minimize the 
potential for segregation during blending (Fisher 2006).

4.2  Rationale Behind the Reduction of Particle-Size

As stated earlier, a decrease in particle-size to the few micron range and down to the 
nanosize range can increase the extent and rate of solubility of drugs. This is of high 
relevance for poorly water-soluble compounds since this feature is their main 
limitation. Decreasing the particle-size to the micron range increases substantially 
the exposed surface area of a determined amount of powder. The micronized powder 
can then be further engineered, and its particle-size further decreased to the nanosize 
range, when the surface area increases sharply as can be depicted in Fig. 4.1 
(Merisko-Liversidge and Liversidge 2008).

This has a direct effect on the dissolution rate according to the Noyes–Whitney 
equation as epicted in (4.1) (Noyes and Whitney 1897):
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where, m is the undissolved solids’ mass, t the time, hH the diffusion boundary layer 
thickness, D the diffusion coefficient, k the intrinsic dissolution constant, As the 
surface area of the dissolving solid, C the concentration of solute in solution, and Cs 
the saturation solubility. This translates into three main factors that can affect the 
dissolution rate: surface area, saturation solubility, and diffusional distance.

The Kelvin equation describes the increase in vapor pressure as a function of the 
curvature of liquid droplets, which ultimately translates into an increase in the 
saturation solubility as seen in (4.2) (Simonelli et al. 1970):
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where, Pr is the vapor/dissolution pressure with particle radius r; P∞ is the vapor/dis-
solution pressure with infinite particle-size; γ is the interfacial tension; Vm is the molar 
volume; R is the gas constant; T is the absolute temperature; and r is the particle 
radius. When the particles are suspended in a saturated solution, it can be assumed that 
the Pr /P∞ ratio can be approximated to the ratio of the respective activities of small 
and large particles. Furthermore, if the activity coefficients of both particles are equal, 
the activities can be replaced by their respective solubilities. Similar to the sharp 
increase in surface area observed for very small particle-size, reducing the particle-
size below the size threshold of 1–2 μm leads to a distinct increase in the dissolution 
pressure, thus shifting the solubility equilibrium toward an increased saturation solu-
bility. This is expressed in the Ostwald–Freundlich (4.3) (Simonelli et al. 1970):
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where, Cs,r and Cs,∞ are the solubilities of a particle of radius r and of a very large particle 
(or an approximately flat surface with very low dissolution pressure), respectively.

An additional factor that enhances the dissolution velocity is a decrease in the 
diffusion distance at very small particle-size as is described in the Prandtl boundary 
layer, (4.4) (Bisrat and Nyström 1988), which translates into an increase in the con-
centration gradient (Cs − C):
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Fig. 4.1 The plot demonstrates the increase in surface area obtained when solids are fractured from 
the micrometer-size range to the nanometer-size range (Merisko-Liversidge and Liversidge 2008)
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where hH is the diffusion boundary layer thickness, L is the length of the surface in 
the direction of flow, k denotes a constant, and v is the relative velocity of the flowing 
liquid against the flat surface. In addition to the above statement, this can be 
extracted from the Prandtl equation, where individual particles will have a very 
small surface exposed in the direction of the flow, which will ultimately decrease 
the distance that the molecules need to diffuse going into the bulk of the solution.

The equations presented here are clear evidence that reducing the particle-size 
results in larger surface area, elevated saturation solubility, a decrease in the 
diffusional distance for drug molecules, and therefore a faster rate of dissolution as 
summarized in Fig. 4.2.

Additionally, high-energy processes, such as those used in top-down methods 
for particle-size reduction, can be associated with transitions from the crystalline 
state to an amorphous state (Muller et al. 2003). Transformations to the amor-
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Fig. 4.2 Changes in properties when decreasing the particle-size from the micro- to the nano- 
range. Top insert: Decreasing the particle-size increases the particle-size and therefore increases 
the dissolution pressure, increasing the saturation solubility. Bottom figure: Decreasing the particle- 
size results in an increase in surface area, being pronounced below 1 μm and very pronounced 
below 100 nm (Shegokar and Müller 2010)
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phous state or to different polymorphs have also been observed during high-
energy input processes, such as tableting (Chan and Doelker 1985; Koivisto 
et al. 2006; Zhang et al. 2004). High-pressure homogenization is a commonly 
used top-down process to obtain micro- and nanoparticles and is one such high-
energy process; the drug particles are exposed to a power density of up to 1013 W/
m3 (Muller et al. 2003). This high-energy breaks down the drug particles into 
microparticles and into nanoparticles and can also induce the change to an 
increased amorphous fraction or to completely amorphous particles (Böhm et al. 
1998; Dong and Feng 2007; Jacobs et al. 2000; Ward and Schultz 1995) (Fig. 4.3). 
It is known in the literature that the amorphous state yields a higher saturation 
solubility than that exhibited by the crystalline structure of the same drug 
(Agrawal et al. 2004; Hancock and Parks 2000; Murdande et al. 2010). 
Considering the solubility enhancement inherent in the decrease in particle-size 
discussed earlier, amorphous nanoparticles may exhibit very high saturation sol-
ubility compared to the crystalline form prior to processing.

Furthermore, decreasing the particle-size of drugs can increase the stability of 
formulations. An example of this can be found in nanosuspension formulations of 
paclitaxel. Paclitaxel is a highly water-sensitive molecule that when dissolved in 
water degrades to an extent of 80 % within 25 min (Liversidge and Wei 2003). It has 
been found that the production of an aqueous nanosuspension can increase the sta-
bility over a period of 4 years when stored at 4 °C, i.e., more than 99 % of the drug 
remains intact after recovery (Troester 2004).

The following sections will discuss the theory and applications of various top- 
down techniques used in the field for decreasing the particle-size of drugs. These 
techniques can be divided into two main groups: milling and high-pressure 
homogenization.

Micronization

Crystalline Solid Surface Partially Amorphous
Solid Surface

Fig. 4.3 Schematic representation of a crystalline surface before and after mechanical 
comminution. After milling, the surface that has been exposed to collisions is disrupted and may 
exhibit amorphous domains (Ward and Schultz 1995)
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4.3  Milling

Milling processes can be divided into dry or wet milling depending on the media in 
which the powders are milled, namely gas or liquid. In both cases, particle-size 
reduction occurs by collision of particles with the surfaces of the equipment as well 
as with each other. The collision events involve compression, impact and attrition, 
and cutting or shear as the main mechanisms for particle-size reduction (Clement 
and Purutyan 2002; Friedrich 2001; Spencer and Dalder 1997). Additionally, the 
wet-milling process also involves liquid shear forces or cavitation, ultimately 
resulting in particle-size reduction (Rabinow 2004; Sharma et al. 2009) (Table 4.1).

The density of solids in the mill is an important parameter directly affecting 
breakage mechanisms. Density has a direct relationship with the number of particle–
particle or particle–wall collisions as well as the force of the collisions (Bentham 
et al. 2004). Feed rate to the mill and mill residence time also directly affect the 
solids’ concentration in the mill. Thus, an understanding of the particle density in 
the mill is crucial since it can impact the milling rate and efficiency (Tangsathitkulchai 
2003), both of which are important for scale-up purposes. For example, 
Tangsathitkulchai (2003) found that by increasing concentrations from 30 to 55 % 
solids (by volume), the mill net power increased with increased powder filling, and 
then decreased after an optimum value was achieved.

Due to the nature of the milling process, the milled powders produced always 
exhibit a range of particle sizes or a characteristic particle-size distribution. In many 
cases, this range of particle sizes obeys a log normal distribution; however, some 
processed powders can exhibit multimodal distributions. Therefore, when the goal 
of milling is to meet a specific particle-size range, a classification step may be 
needed. Several mills available in the market can perform both operations (particle- 
size reduction and classification) in sequential steps in one instrument (Fisher 2006; 
Steckel et al. 2006). The influence of the feed particle-size can be diminished when 
the milling equipment includes internal classification or if a separate classifier is 
part of the process line. Additionally, the solids’ feed rate and the intrinsic density 
of the particles play a fundamental role in the intensity of the interparticle collisions; 
therefore, controlling both factors will determine particle-size distributions and 
reproducibility in a given milling process.

Table 4.1 Comparison of dry and wet milling

Dry milling Wet milling

Medium Air Liquid

Medium property Compressible Noncompressible

Force/energy 
transfer

Particle–particle collision, 
particle–equipment 
collision

Particle–particle collision, particle–
equipment collision, liquid shear forces, 
and cavitation

Inertial dampening 
of forces

Weak to none Strong
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Another parameter that is relevant to consider is the target and achieved surface 
area during the milling process. As stated earlier, decreasing the particle-size of a 
solid increases the overall surface area exposed, affecting dissolution performance. 
Even so, since the value of surface area is a scalar quantity representing the totality 
of the processed powder, it does not provide a sense of the range of particle sizes. 
Therefore, in the development of controlling parameters during the milling process, 
determining the particle-size distribution is crucial for the performance of the 
engineered powder. It is normally recommended to control for particle-size 
distribution alone, instead of surface area together with distribution since they are so 
closely related (Clement and Purutyan 2002).

Even though understanding the equipment capabilities and the mechanism of 
particle-size reduction is critical in selecting the appropriate mill, specific powder 
properties such as hardness, friability, and fracture toughness will affect the milling 
performance in both dry and wet milling equipment alike (Chaumeil 1998; 
Kesisoglou et al. 2007). It is common for milling equipment to be described in terms 
of the particle sizes that can be achieved, and for this purpose, the Mohs scale is 
used as an indicator of particle hardness and for estimating the mill performance 
(Clement and Purutyan 2002). This scale ranges from a hardness of 1 for soft 
materials to a value of 10 for the hardest material (diamond). Additionally, particle 
morphology or aspect ratio can affect milling results in various ways. For example, 
it has been shown that β-succinic acid crystals with plate-like morphology are more 
prone to crystallinity loss on milling compared to those with needle-like morphology 
(Chikhalia et al. 2006). Therefore, a thorough understanding of the properties of the 
solid, together with the specific mechanism of particle-size reduction of the milling 
equipment, is of high importance.

One of the most relevant limitations of milling is to actually control and narrow 
the particle-size distribution; this is normally optimized by controlling for several 
parameters in the process. In general, capital costs for installation are high, and the 
operation of the equipment can be labor intensive (Fisher 2006). Additionally, while 
milling can allow for a reduction of the aspect ratio, it is not normally able to control 
the particle shape. Furthermore, some active pharmaceutical ingredients may not be 
able to be processed through milling due to either compaction sensitivity (losing 
crystallinity), temperature sensitivity (melting or changing to a different polymorph), 
or changing hydration state (Peltonen and Hirvonen 2010; Shoyele and Cawthorne 
2006). Therefore, depending on the API characteristics, milling may not always be 
the best choice to reduce the particle-size of powders.

It is relevant to note that wet mills such as rotor–stator media mills (Netzsch 
Pumps North America, LLC, Exton, PA) or dry mills such as jet mills (Retsch 
GmbH, Haan, Germany) are limited in the production of solid particles in the 
nanometer scale (Muller et al. 2006). For example, it has been found that usual 
range of particles in a jet mill can be from 0.1 to 20 μm, with only a 10 % in the 
submicron range (Muller et al. 1995). On the other hand, nanoparticles have been 
obtained by using ball media mills for extended periods of time (Liversidge et al. 
1992; Merisko-Liversidge et al. 1996, 2003). The following sections focus on 
several dry- and wet-milling techniques, describing important parameters, particle- 
size ranges, and applications of each technique.
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4.3.1  Dry Milling

As mentioned above, particle-size reduction in dry mills occurs by pressure, fric-
tion, attrition, impact, or shearing by particle–particle or particle–equipment inter-
actions. Even though a variety of mills are available for decreasing the particle-size, 
some common issues can be identified. In general, issues related to the dry-milling 
process may include powder accumulation that can impact performance and elec-
trostatic agglomeration of milled particles that may hinder the API dispersion dur-
ing formulation (de Villiers 1995; de Villiers and Tiedt 1996). Furthermore, the 
moving parts of some dry mills can generate considerable frictional heat. For 
example, during powder processing in a pin mill, the internal temperatures can 
reach 40–60 °C (Fisher 2006), which can impose a limitation to certain pharma-
ceuticals. For these types of powders, cryomilling could be an option and is dis-
cussed in further detail later in this chapter.

In the scale-up process, the flow properties of the dry powder being deposited 
into the mill could affect uniformity of delivery. Furthermore, if the milled or par-
tially milled product is very cohesive (either inherently or due to electrostatic 
charge), it could accumulate, and the overall process yield could be reduced. 
Removing the product periodically from low flow areas (cyclones, pipe elbows, and 
bends) can increase the cost and extend the processing time. If material were to 
accumulate in the mill, especially in places that could block the exit of the mill, this 
could result in equipment overheating and eventual failure.

Manufacturers of mills normally report the correlation between particle hardness 
(on the Mohs scale) and the extent of size reduction that could be achieved in a 
particular mill. A general lower limit can be described for mills, depending on the 
mechanism of action and the amount of energy that it can provide for grinding. The 
following sections describe the dry-milling equipment used for decreasing the 
particle-size of pharmaceutical powders (Clement and Purutyan 2002; Fisher 2006; 
Friedrich 2001) (Table 4.2).

Table 4.2 Types of dry-milling equipment categorized by average particle size achievable and 
hardness of materials it can process

Mill type
Typical minimum particle-size 
achieved (μm)

Maximum hardness (on the Mohs 
scale)

Cutting mill 150 Soft

Pin/cage mill 10–50 Soft, up to 3

Hammer mill 10–75 Intermediate, up to 6

Jet mill 2 Soft, up to 3

Fluidized bed jet 
mill

2 Hard, up to 10

Media (ball) mill <1 Hard, up to 8
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4.3.1.1  Fluidized Bed Jet Milling

The primary mechanism of particle-size reduction in the impinging jet or fluidized 
bed jet mill is particle–particle collisions. When the media to be milled is fed to the 
chamber, it is exposed to impinging high-velocity gas jets that allow for the collisions 
(Fig. 4.4). This type of milling equipment can process hard materials (Mohs scale 
hardness of up to 10), which is a prominent advantage compared to other air jet mills, 
such as spiral mills (Mohs scale hardness of up to 3.5) (Clement and Purutyan 2002).

Additionally, impinging jet mills feature a separate classifier, e.g., rotating wheel, 
preventing unmilled solids from exiting the milling chamber until particles have 
reached a certain particle-size threshold (Fig. 4.4). In the case of a rotating wheel 
classifier, the particle-size depends on the rotation speed of the wheel and the veloc-
ity of the gas exiting the mill (Godet-Morand et al. 2002; de Vegt et al. 2009). Varying 
the classifier speed is the normal technique used to control the particle-size distribu-
tion of the milled material; however, parameters such as grinding gas pressure and 
total gas flow rate can be modified to achieve the desired particle-size distribution 

Fig. 4.4 Scheme of a fluidized bed air jet mill (Godet-Morand et al. 2002)
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and processing times. Changing nozzle diameter is the most common approach for 
control of these variables. It is important to note that when the parameters described 
here are fixed, the solids’ feed rate does not normally affect the particle-size distribu-
tion, but it does affect the residence time and processing times.

Results will vary depending on the conditions used in the equipment and the 
properties of the solid (Rasenack and Müller 2004). However, for typical working 
pressures between 3 and 10 bar, particle sizes are usually tightly distributed due to 
the classifier and normally range between 1 and 10 μm. Typical surface areas 
achieved range from 2 to 5 m2/g and are strictly dependent on the API hardness and 
friability (Fisher 2006).

One of the main limitations of this type of mill is the potential for buildup of 
compressed product in the mill or classifier due to the particle–wall and particle–
classifier collisions. Accumulation of product in either of these compartments will 
change the geometry of the mill and will alter the performance and reproducibility 
of the equipment. In general, buildup at the exit of the mill or in the classifier will 
increase the particle-size over time owing to a reduced performance of the 
classification system. The material accumulated in the mill can become compressed 
or discolored or may change into an amorphous form, all of which will affect the 
product quality if it enters the milled batch stream. Even if intermittent cleaning is 
introduced in the process to avoid these problems, the impact in the overall 
productivity could be important.

Nakach et al. (2004) studied the effect of the air pressure at the grinding nozzles, 
the solids’ feed rate, and the speed of rotation of the turbo selector. In their studies, 
they found a dependency of the specific surface of the product with the air pressure 
(P) and the speed of rotation of the classifier (N) (Nakach et al. 2004). The equation 
below indicates the relationship between air pressure and the classifier rotational 
speed, with the forces present in a dry mill.

 

P

N

drag force

centrifugal force2
µ .

 
(4.5)

It was found that 1–10 kg/h solids’ feed rate had little influence on the specific 
surface of the product (Fig. 4.5). That particle-size is mostly controlled by the 
classifier. Furthermore, by recycling particles back into the mill, there is an increase 
in the mill holdup. The online sizing system evidenced that D50 and D90 varied 
considerably during operation, but D10 was more stable (Nakach et al. 2004).

4.3.1.2  Spiral Jet “Pancake” Mill

Spiral jet or pancake mills have jets of air tangentially located around the center of 
the equipment in order to create a vortex of air. Particle-size reduction is a result of 
particle–particle and particle–wall collisions upon feeding of solids into the air 
stream (Fig. 4.6). Normally, gas velocities are such that a sonic flow is achieved and 
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only particles that reach a predetermined particle-size will be able to leave the 
vortex through the exit. This internal orientation is advantageous due to the 
classification that naturally occurs in the system. Due to centrifugal forces, larger 
particles tend to remain near the perimeter of the milling chamber until the particle- 
size is reduced and they are light enough to travel to the center of the mill due to 
centripetal forces.

Particle-size reduction will depend on two main variables, namely the equipment 
and the solid to be milled. Geometric parameters of the equipment such as shape 
and diameter of the grinding chamber and shape/type, number, and angle of grinding 
nozzles will determine the performance of the milling process. Additionally, 
operating variables such as grinding jet air pressure, total gas flow rate, and solids’ 
feed rate play a role in the final particle-size distribution achieved (Friedrich 2001; 
Hoyer et al. 2008; Midoux et al. 1999; Schlocker et al. 2006).

Geometry Dependence

Midoux et al. (1999) have described the relationship between the volumetric flow 
rate Vn, the solid feed rate Q, and the diameter of the mill chamber D as follows:

 V Dµ 2 .  (4.6)

Moreover, the volumetric flow rate and the feed rate can be correlated Ito (1987):

 Q Vnµ ±1 4 0 1. . .  (4.7)

Finally, by combining the above two relationships a third relationship can be 
defined in terms of the solids’ feed rate and the mill chamber diameter:
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Fig. 4.5 Specific surface created as a function of the factor P/N2 for the fluidized air jet mill. From 
Nakach et al. (2004)
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 Q Dµ ±2 8 0 2. . .  (4.8)

According to a survey using the manufacturers’ product information, the 
above- derived relationship obtained is in accordance with what had been 
described before, namely Q is proportional to D2.3±0.3, as well as to Smit’s work 
on waxes describing a Q proportional to D2.5±0.2 (Smit 1986). Furthermore, the 
exponent seems to depend on the properties of the material being ground (Midoux 
et al. 1999).

Nozzle Dependence

The most common nozzle geometry is the abrupt type, providing sonic velocity at 
the inlet with an exit pressure of about 50 % of the initial fluid pressure (Fig. 4.7). A 
suction that entraps particles from the mill is created after the final expansion occurs 
beyond the nozzle inlet. This phenomenon circulates the gas and induces particle–
particle collisions. In the Laval-shaped nozzle, air expansion occurs at the divergent 
section. This leads to supersonic velocities, increasing the air jet action and the 
velocity of the circulating gas, therefore producing greater particle–particle 

MILL
CHAMBER

GAS JET

FEED FEED

PRODUCT

GRINDING GAS

FINE PARTICLESGRINDING
NOZZLES

PARTICLES
OUTLET

INJECTOR
GAS

GRINDING
GAS

Fig. 4.6 Above: scheme of a spiral jet “pancake” mill (Midoux et al. 1999). Below: scheme of a 
spiral jet mill with an additional classifier online (New Food Pharma Systems Spiral Jet Mill: 
Introduction 2010)
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collisions and thus increasing the production rate and reducing the average particle- 
size (Midoux et al. 1999).

Additionally, regardless of the type of nozzle, the number of nozzles is an impor-
tant factor to consider in the performance of a jet mill. The influence of three different 
configurations, 3, 6, and 12 nozzles, while maintaining the total section of the nozzles 
and varying the solid’s feed rates, has been studied (Skelton et al. 1980). It was found 
that a greater number of nozzles created a more regular pitch circle; furthermore, thin-
ner jet nozzles led to minor perturbations of the spiral flow in the chamber. Accordingly, 
the design including 12 nozzles exhibited the best grinding ratio. Moreover, increas-
ing the feed rates was also found to improve the grinding ratio.

The angle at which the nozzles are oriented toward the inner chamber of mill can 
be modulated, and their optimal values have been reported in the literature. If the 
angle is measured with respect to the tangent, Smit’s optimum value was equal to 
58° (Smit 1986) and Skelton’s was between 52° and 60° (Skelton et al. 1980). 
Nonetheless, other operating angles ranging from 63 to 67° have been described in 
the literature (Midoux et al. 1999).

Working Conditions

In addition to the geometry of the chamber and the nozzles, operating variables can 
be controlled to obtain different outcomes. One of these variables is grinding pres-
sure, which controls the gas mass flow rate input. As described by Midoux et al. 
(1999), if one assumes that the nozzles are isentropic, the initial grinding pressure P 
and the pressure at the nozzle throat Pt are related according to (4.9):
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(4.9)

where Mt is the Mach number at the throat and k is the ratio of specific heats of the 
gas. With this, a critical grinding pressure Pc can be defined as follows in (4.10):

1 2

Fig. 4.7 The (1) abrupt nozzle and (2) Laval-shaped nozzle. In the scheme, the flow is from left to 
right (Albus 1964)
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This critical grinding pressure is equivalent to the minimum pressure that yields 
a sonic flow at the nozzle inlet. Above this value, the gas mass flow rate Mg can be 
expressed by (4.11):
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(4.11)

As can be derived from the (4.11), Mg is directly proportional to the grinding 
pressure P, the throat section A, and the molecular weight Mw of the fluid employed 
for grinding. The gas kinetic energy (Ėk) can be defined by (4.12):

 
E M vk g g=

1

2
2.

 
(4.12)

The concept of specific energy consumption (Esp) has been used in the literature 
(Kaiser and Nied 1980; Schurr and Zhao 1994; Stairmand 1975) to correlate solid’s 
feed rate and grinding pressure, which is directly correlated to the gas kinetic energy 
(defined above). According to Schurr and Zhao, this is calculated by (4.13) (Schurr 
and Zhao 1994):

 
E

E

Qsp

k= .
 

(4.13)

With this value, different mills and different working conditions can be compared 
on the same system. In a spiral jet mill, the specific surface area (SSA) of the product 
is related to Esp by a power function as follows in (4.14):

 
SSA Esp

xµ .
 (4.14)

In their studies, Midoux et al. (1999) corroborated that the SSA was dependent 
on the grinding pressure and the solid’s feed rate and could compare different 
systems. It was found that for the same material, the specific energy required to 
obtain a certain grinding ratio diminishes with the mill diameter. Additionally, a 
different material exhibited a clear Esp transition around 400 kJ/kg. Below this 
value, SSA was proportional to Esp with an exponent of 1.1; however, above the 
critical value of Esp, the exponent decreases sharply as can be seen in Fig. 4.8.

In general, high grinding jet pressures result in smaller particle-size distributions. 
The solids’ feed rate is strictly related to the solids’ concentration in the mill and 
thus, higher feed rates will produce coarser particle sizes, while lower feed rates 
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will result in smaller particles (Midoux et al. 1999). It has been found in the literature 
that an optimal feed rate can be achieved to yield the tightest particle-size 
distributions at a set average particle-size (Midoux et al. 1999). These mills are 
suitable for rather soft materials with a Mohs scale hardness of up to 3.5 (Chamayou 
and Dodds 2007). Nonetheless, they are widely used in the industry due to two main 
advantages: there are no moving parts in the equipment, and the Joule–Thomson 
effect produced by the expansion of the gas passing through the nozzles results in 
cooling in the mill. This effect can control or decrease the temperature of any local 
temperature increases caused by friction (Fisher 2006).

4.3.1.3  Pin Mill

A pin mill is a mechanical energy impact mill. Of all dry mills used without a 
classifier, the pin mill achieves the smallest average particle sizes (Nied 2007). In 
the pin mill, rotating elements in the equipment allow for particle–particle and 
particle–mill collisions. A limited internal classification can be achieved if 
appropriate elements are selected as milling tools.

The milling equipment comprises two disks fitted with overlapping pins as depicted 
on Fig. 4.9. The pin mill is a type of rotor–stator mill; therefore, one of the disks is the 
stator and the other one rotates with a high peripheral speed of up to 150 m/s. An 
additional modification of the design consists of having two counterrotating pin disks, 
which allow for peripheral speed of up to 250 m/s (Nied 2007). The solids are fed at 
a controlled rate into the center of the stator by means of a screw. They are crushed 
through intermeshing rings of the rotor and stator pins and the milled product leaves 
by centrifugal forces to the periphery to be collected or further processed.

Besides the properties of the solid, the final average particle-size of the milled 
product is determined mainly by rotor tip speed, solids’ feed rate, and gas flow rate 
through the mill. By optimizing the process, small average particle sizes can be 
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achieved when rotor tip speed is maximized, and both solids’ feed rate and airflow 
rate are minimized (Muller and Polke 1999). This is illustrated in Fig. 4.10, where 
it can be seen that D90 decreases with increasing tip speed but increases when the 
solids’ feed rate is increased. The rotor tip speed is an adequate way to achieve 
comparable results for scaling-up purposes (Fisher 2006).

Fig. 4.9 Schematic 
representation of a pin mill 
in which the rotor and the 
stator are pin disks (Nied 
2007)
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Fig. 4.10 Influence of tip speed and solids feed rate on reducing the particle-size, expressed as D90 
in μm (Muller et al. 1999)
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An investigation by Nakach et al. (2004) studied the effect of variables such as 
the tip speed (or rotation speed) and the solids’ feed rate. Additionally, the effect of 
the type of pin mill was studied in terms of manufacturer and whether the equipment 
was a single- or double-rotor pin mill (Nakach et al. 2004). As can be seen in 
Fig. 4.11 the SSA increases linearly with the square of the peripheral speed up to 
150 m/s for the different sizes of mills studied (expressed as diameter in mm).

Further studies with a pin mill attached to a dynamic selector found that the 
product quality was essentially dependent on the performance of the selector 
Fig. 4.12. The selector had 12 blades and rotated up to 5000 rpm. After the solid was 
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milled in the pin mill, only fine particles are able to enter the selector due to the 
centrifugal force repulsing the pass of coarser particles, which are brought back to 
the milling chamber until a suitable particle-size is achieved. This mode of operation 
is similar to what has been described for fluidized air jet mills, and SSA is dependent 
on the air pressure P and the speed of rotation of the selector N (see (4.5)).

One of the main concerns with the use of pin mills (and any impact mill) is the 
generation of heat due to friction (am Ende and Rose 2006). This is of particular 
importance for thermally labile drugs and materials, with relatively low phase- 
transition temperatures (<80–100 °C). Inadequate training and subsequent poor 
operation of the mill can result in increasing the temperature beyond normal ranges. 
For example, if the feed rate is higher than the discharge rate the mill can be “choke 
fed,” such that there is an accumulation of solids in the mill chamber, resulting in 
heat buildup. As stated above, with other types of milling equipment, due to the high 
temperatures generated in the milling chamber phase transitions may occur and 
amorphous material could be formed during the operation (Fisher 2006). This phe-
nomenon has direct consequences for stability of the product and can affect the 
performance reproducibility from batch to batch.

Depending on the properties of the solid, the average particle sizes and the sur-
face areas obtained in impact mills can range from 5 to 20 μm and from 1 to 2 m2/g, 
respectively (Fisher 2006).

4.3.1.4  Environmental Limitations of Dry Milling

Even though the particle-size reduction mechanisms involved in the previously 
described mills may differ, in general, during the process of dry milling a large 
amount of small size particles are produced, also known as fines, and they need 
to be minimized in order to prevent operator exposure and reduce the environ-
mental impact. If recovery of the fines is needed in order to combine the fraction 
with the batch bulk material, a pharmaceutical grade dust collector could be used 
(Boundy et al. 2006).

Additionally, most milled APIs produce a potentially explosive dust (Fisher 2006; 
Hamelmann and Schmidt 2003). Certified laboratories perform studies of minimum 
ignition energy (MIE), which is the least amount of energy that is required to ignite 
a dust sample. For the purpose of a safe estimation, the concentration of dust used is 
that which will allow for the minimum energy input for ignition. An MIE lower than 
20 mJ indicates that low energy sources can potentially ignite the dust sample 
(Stevenson 2001). For example, static electricity discharge could be one of the low 
energy sources that could potentially create the explosion (Eckhoff 2003). In cases 
like these, a thorough and careful evaluation of the processing environment is needed 
in order to prevent any conditions that could yield sufficient energy to create a dust 
explosion. In data from Merck and Co., Inc., regarding MIE values (in mJ) for dust 
samples (Fisher 2006). It has been found that even though the majority of the sam-
ples do not impose a risk for explosion, 20 % of the samples have an MIE of 10 mJ 
or less, requiring special handling conditions to prevent ignition.
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There are three main strategies used for dust explosion control, namely prevent-
ing the development of explosive mixtures (dust clouds), preventing the occurrence 
of ignition sources, and strategies for mitigation (Table 4.3).

A common source of ignition in the industry is the presence of hot surfaces. 
Contrary to what has been accepted in the past, minimum hot-surface ignition 
temperatures of dust clouds vary significantly when scaling up. To better estimate 
the value when scaling up, both the magnitude and the geometry of the hot surface 
in relation to the dust cloud should be considered (Eckhoff 2005).

Other common sources of ignition are the electric and electrostatic discharges. 
Switches, failures in electric circuits, and common discharge of static electricity are 
some examples of these sources. Parameters from the dust cloud that can contribute 
to the ignition are the particle-size/shape distributions, dust moisture content, dust 
concentration, and the dynamic state of the dust cloud with respect with the spark 
gap (Eckhoff 1994).

To prevent explosive dust clouds, an inert gas, such as nitrogen or carbon dioxide, 
can be mixed in the dust to a level where the dust can no longer ignite in the operating 
conditions. In contrast with what has been previously reported in the literature 
(Wilén et al. 1999), it has been found that the limiting oxygen concentration (LOC) 
increases with an increase in the initial pressure (in the range of 5–18 bar) 
(Schwenzfeuer et al. 2001). It has been reported that the LOC for ignition of dust 
clouds by electrostatic discharges or metal sparks was significantly higher than that 
determined in standard tests by using a very strong pyrotechnical ignition source 
(Schwenzfeuer et al. 2001). Nonetheless, decreasing the oxygen in the process can 
impose the risk of suffocation on the operator. To overcome this limitation, it has 
been shown that adding a small volume % of CO2 to the inert gas mixture can sig-
nificantly reduce the critical oxygen threshold for suffocation (Eckhoff 2005).

Other operations, such as charging powders into other units, packaging solids 
from a milling system, or cleaning equipment after operation, can create a dust cloud 

Table 4.3 Means of preventing and mitigating dust explosions (Eckhoff 2003)

Prevention

MitigationPreventing ignition sources
Preventing explosive dust 
clouds

Smoldering combustion in dust, 
dust flames

Inerting by N2, CO2, and 
rare gases

Partial inerting by inert gas

Other types of open flames Intrinsic inerting Isolation (sectioning)

Hot surfaces Inerting by adding inert 
dust

Venting

Electric sparks and arcs, 
electrostatic discharge

Dust concentration outside 
explosive range

Pressure-resistant construction

Heat from mechanical impact 
(metal sparks and hot spots)

Automatic suppression

Good housekeeping (dust 
removal and cleaning)
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that could lead to explosive conditions. Therefore, attention to housekeeping and the 
procedures used for these other operations also has importance (Fisher 2006).

With an overall industry increase of very potent APIs, personnel protection has 
become particularly important. By decreasing the particle-size and creating fines in 
the process, dry milling is an operation that increases the risk of exposure to 
personnel compared to wet-milling (Stein et al. 2010). This could eventually dictate 
the choice of milling equipment due to the increased cost of production of dry 
milling and the protective equipment that personnel need to operate the mill. Wet- 
milling in cases of a very potent API can be a more cost-effective choice.

4.3.2  Wet-Milling

Wet-milling, also known as slurry milling, is a particle-size reduction process in 
which the solid particles are suspended in a liquid medium. As such, wet-milling 
has a number of advantages over dry-milling, thermal control over the process being 
one of the most prominent. Due to the thermal control, heat-labile materials can be 
processed through this technique simply by the thermal properties of the liquid in 
the slurry. If additional cooling is needed, the liquid can be precooled or cooled 
during the process to control the temperature. As stated above, this could prevent 
chemical decomposition, solid phase transitions, or melting of the material being 
milled (Merisko-Liversidge et al. 2003).

A common concern in submicron particle-size reduction techniques is the particle-
size change due to dissolution of fine particles and/or growth on larger particles 
(Merisko-Liversidge and Liversidge 2008). The latter phenomenon, known as Ostwald 
ripening, can occur with any material and is accentuated when the solubility is a func-
tion highly dependent with temperature. This can be of particular relevance upon scal-
ing up because the milling chamber surface area to batch volume ratio decreases, which 
ultimately influences the heat transfer in the process (Fisher 2006). Additionally, due to 
significant heating/cooling cycles that could occur during wet-milling, an annealing 
effect could potentially be induced in the solids (Trasi et al. 2010).

The system of mechanical sealing of wet-milling equipment needs to be con-
trolled due to two main issues that can arise: contamination of the batch and seal 
lifetime. For the sealing system to operate, a seal fluid is normally used for 
lubrication and cooling purposes. Therefore, there is always the potential of 
contamination of the batch with the seal fluid; thus the fluid needs to be compatible 
with the solvent and API used in the milling process (Fisher 2006). Additionally, the 
sealing system should be thoroughly cleaned to extend the seal lifetime and decrease 
the chances of batch contamination.

The particle-size achieved in a batch will normally depend on the type of wet- 
milling equipment that is used. However, in general particle-size will be a function of 
the residence time of the slurry in the mill (Stenger et al. 2005). This residence time 
can be controlled by operating the system in either single-pass or recycling mode. In 
either modality, it is important to determine and control the slurry flow rate when 
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considering the scale-up process. Furthermore, depending on the mill, it should take a 
predetermined number of passes to achieve a steady particle-size distribution.

In the pharmaceutical field, there are two common types of wet mills: rotor–stator 
and media (bead) mills. The latter is widely used due to its capacity to produce par-
ticle sizes in the nanoscale range but at the cost of longer milling times (Kipp 2004). 
The rotor–stator mill is widely used in the field for emulsification and homogeniza-
tion and can be used in the wet-milling of APIs, achieving particle sizes in the 
20–30 μm range (Atiemo-Obeng and Calabrese 2004; Lee et al. 2004).

4.3.2.1  Rotor–Stator Wet Milling

Rotor–stator milling equipment are also referred to as high-shear devices due to the 
shear rates generated during the rotation of the mixing element (rotor), which has a 
close proximity with the static element. Probe rotor–stator mills are useful for 
small-scale development and are normally used as batch process-type vessels. Even 
though data from this setup can be used as a reference for scaling-up purposes, the 
average particle sizes might not be comparable upon increasing the batch size. At 
the scale of tens of grams or more, a flow-through unit is the preferable choice, as 
these systems allow the slurry to pass through the high-shear patterns in the mill 
repeatedly, further decreasing particle-size and narrowing the particle-size 
distribution (Nied 2007).

With toothed probe rotor–stator mills (Fig. 4.13), the mechanism of particle-size 
reduction is believed to occur as a combination of high shear and collision of 
particles with each other and the equipment walls (Atiemo-Obeng and Calabrese 
2004). As a consequence, parameters that control the high shear of the equipment 
ultimately control the performance of the mill in terms of particle-size distribution. 
Tip speed (rotation rate of rotor × rotor circumference), shear rate (tip speed/
distance between rotor and stator), and shear frequency (rotation rate × number of 

Fig. 4.13 Rotor–stator geometries: (a) simple Coette conical geometry (also known as colloid 
mill) and (b) toothed rotor–stator
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slots on rotor × number of slots in stator) are the typical design parameters that can 
be controlled in the development of a rotor–stator mill (Lee et al. 2004). For 
scaling-up purposes in equipment that has a fixed rotor–stator design to preserve 
rotor tip speed, scaling to a larger design results in milled particle sizes that are 
comparable to those obtained in small-scale batches.

As with other milling equipment, the solids’ concentration in the slurry will typi-
cally be directly related to the milling efficiency and cycle time. In general, increas-
ing the total solids’ content will increase the milling rate. Nonetheless, there is a 
limit to the slurry concentration, in terms of limiting the flow of the media and 
potentially plugging the milling equipment (Atiemo-Obeng and Calabrese 2004).

In general, the average particle sizes obtained using a rotor–stator mill can be of 
a few microns, with a D95 normally not being larger than 40–50 μm (Fisher 2006). 
The hardness of the milled material dictates the cycle time when the goal is to 
obtain narrow particle-size distribution. A common phenomenon observed with 
hard, block-like materials is the potential for multimodal distributions (Lee et al. 
2004). With these materials, breakage is believed to occur mainly at corners and 
edges, which translates into “chipping” of the hard material resulting in a high 
population of fines and larger particles yielding bi or multimodal particle-size dis-
tributions (Table 4.4).

4.3.2.2  Media (Bead) Wet-Milling

This type of mill operates by mechanically moving media (beads) together with the 
material (normally the API) in a liquid. This can be done either by means of a stirrer 
or by agitating the container itself. The beads can be made of various materials; 
however, they are normally glass spheres, ceramics, metal, or plastic. The bead 

Table 4.4 Milling parameters that affect the performance of a rotor–stator wet mill (Fisher 2006)

Variable Particle-size outcome

Rotor speed Increasing tip speed increases milling rate and decreases average 
particle-size. Typical range 10–50 m/s (Atiemo-Obeng and Calabrese 
2004)

Rotor/stator gap Decreasing the gap increases shear forces, increasing milling rate, thus 
decreasing average particle size

Rotor/stator 
design

The number of teeth will affect the shear forces, milling rate, and thus the 
average particle-size achieved in steady state

Slurry density Higher solids concentration increases milling rate but normally does not 
translate in a decrease in average particle size

Temperature Higher temperature can increase product dispersion but may compromise 
the physical (phase transitions) or chemical (degradation) integrity of the 
drug

Residence time Increasing milling time will normally decrease the average particle-size
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densities can range between 2500 and 7800 kg/m3, with sizes between 0.1 and 
>10 mm (Kwade and Schwedes 2007). Closed stirred media mills can be arranged 
either vertically or horizontally and are normally equipped with a thermal jacket for 
cooling purposes. According to the chamber and stirrer geometry, three types of 
mills can be distinguished, namely a disk stirrer, a medial mill with pin-counter-pin 
stirrer, and an annular gap geometry (Fig. 4.14).

The efficiency of the mill is related to a combination of many variables, such as 
media speed, amount of loaded media, slurry concentration, and milling time 
(Blecher and Schwedes 1996; Blecher et al. 1996; Kwade 2003; Schilde et al. 2010). 
Additionally, material properties and the overall mill design are also factors contrib-
uting to milling performance (Table 4.5).

The specific characteristics of the milling media will greatly influence the 
performance of the milling process. Among different geometries of the milling 
media, it has been found that the spherical geometry is the most effective shape 
(Fisher 2006). Manufacturers offer different beads with diameter ranging from 0.05 
to 130 mm; however, beads 6 mm and smaller are normally used. Beads can also be 
obtained in various materials such as (in order of decreasing density): various 
grades of steel, ZrO2, ZrSiO4, Al2O3, SiO2, annealed glass, polytetrafluoroethylene 
(PTFE), and hard polystyrene derivatives (Keck and Muller 2006).

In direct comparison with a rotor–stator wet mill, media milling equipment can 
yield much smaller average particle sizes for the same material. Average particle 
sizes can range from the 1–2 μm to the nanoscale range, with adequate distribution 
of particle sizes when proprietary media or additives in the slurry have been used 
(Bruno et al. 1996; Liversidge et al. 1992). With such a pronounced particle-size 
decrease, surface areas in 1–2 μm size batches can be 4–5 m2/g and higher. 
Furthermore, nanoparticles obtained by this milling method can have a surface area 
of 10 m2/g or more (Fisher 2006; Muller et al. 2001).

The fundamental processes that control particle-size reduction in this type of 
equipment are the number of stress events and the stress intensity. In general, the 
average number of stress events for each particle, SN, is determined by the number 
of media contacts, NC, the probability that a particle is caught and sufficiently 
stressed at a media contact, PS, and the number of product particles inside the mill, 
NP (Kwade 1999):

 

SN
N P

N
C S

P

= .

 
(4.15)

Kwade further developed a stress model depicting the dependence of particle 
size, specific energy, and stress energy of the grinding media (SEGM) in accordance 
with:

 
SE d vGM GM GM t= × ×3 2r

 (4.16)
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Fig. 4.14 Different stirrer and grinding chamber geometries media (beads) wet mills (Kwade 1999)

Table 4.5 Milling parameters that affect the performance of a media (bead) wet mill (Fisher 2006)

Variable Particle-size outcome

Bead size Decreasing the bead size normally decreases the steady-state average 
particle-size

Intrinsic bead 
density

Modifying the density of the bead can have different results, based on the 
material milled. In some cases, more dense beads have produced coarser product

Bead loading A bead charge of ≥50 % normally provides adequate milling efficiency

Agitator speed Increasing the linear velocity of the agitator tip increases the milling rate

Temperature Increasing the temperature can promote product dispersion and small 
average particle sizes; however, it can compromise the physical and 
chemical stability of the material and further dissolve very small particles

Residence time An increase in the residence time decreases the average particle-size achieved
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Where dGM is the grinding media particle size diameter, ρGM is the grinding media 
density, and vt is the tip speed of the stirrer in the mill (Kwade 2003). Although this 
model does not consider process parameters to estimate product quality, it was 
shown to work on hard inorganic materials (Kwade and Schwedes 2002). More 
recently, Bitterlich et al. expanded this model to the drugs (organic material) 
cinnarizine and fenofibrate (Bitterlich et al. 2014). While cinnarizine exhibited a 
correlation between specific energy and stress energy, fenofibrate milling conditions 
did not show a similar correlation. The authors concluded that the employed stress 
energies were near the optimum region, and thus the influence of stress energy over 
the specific energy requirement was either very small (cinnarizine) or insignificant 
(fenofibrate). Furthermore, the authors highlighted the potential limitations of the 
stress model due to unaccounted effects such as agglomeration, ripening, and amor-
phization during media milling (Colombo et al. 2009).

An alternative model has been developed by Bilgili and Afolabi et al. (Afolabi 
et al. 2014; Bilgili and Afolabi 2012) following the work earlier developed by Eskin 
et al. 2005a, b). In this work, the authors correlate stirrer speed, bead concentration, 
and drug loading on the breakage kinetics of drug particles by the adapted microhy-
drodynamic model for the bead-bead collisions. Several microhydrodynamic 
parameters derived from the model provided significant physical insight, yet the 
milling intensity factor (F) exhibited a strong correlation with the process time con-
stant and was defined as follows:

 

F
c c

c
=

-( )
-( )

2

3

13 10
2

1

1

e
q /

 

(4.17)

Where, c is the volumetric concentration of the beads, ε is the volumetric drug 
loading in the drug suspension, and θ is the granular temperature (Afolabi et al. 
2014). This model was more recently used in reducing processing times, energy 
consumption, and optimizing the milling of griseofulvin and indomethacin to a sub- 
100 nm nanosuspension (Li et al. 2015).

As stated above, the factors determining the number of stress events and stress 
intensity are dependent on the design and residence time in the mill. Scaling up can 
therefore be complicated by the differences in relative contributions of number of 
stress events and stress intensity and if power per unit volume for larger mills 
decreases (Bell 2005). Nonetheless, it has been previously reported that comparable 
particle sizes, around <150 nm, can be achieved upon scaling up mill sizes from the 
same manufacturer. Key parameters such as bead loading, agitator tip speed, and 
linear velocity of the slurry, were kept constant during scaling up and yielded 
acceptable average particle sizes (Shelukar et al. 2003).

One issue concerning the operation of this type of mill at high throughput rates 
is hydraulic packing. This phenomenon is related to the milling media being 
concentrated at the mill exit (packing), instead of remaining in the milling chamber 
during the operating cycle, which translates in reduced milling efficiency. Hydraulic 
packing can result in an increase in power consumption, together with an additional 
heat input to the sample batch (Shelukar et al. 2003). The flow rate that triggers 

J.O. Morales et al.



191

hydraulic packing has been found to be related to increasing agitator tip speed, 
reduced bead loading, as well as the sample batch viscosity.

Another limitation found in milling processes performed in media mills is the 
potential for shedding of the media and components into the batch. It has been 
found that the use of glass beads yielded glass microparticles in the final product 
(Buchmann et al. 1996; Kipp 2004). Since no further purification steps are normally 
considered after milling of APIs, it is important during developmental stages of the 
process to assess the amount of objectionable substances in the batch. For API 
manufacture, these levels are normally in the parts per million range (Fisher 2006); 
however, they can be as high as 70 ppm, imposing development limitations in the 
process (Keck and Muller 2006). To overcome or limit the extent of these materials 
in the final batch, an additional premilling step that decreases the coarse particle- 
size of the raw product can be performed to reduce the residence time of the batch 
in the wet mill, therefore reducing total shedding (Shelukar et al. 2003).

The wet-milling technology has been further developed by G. Liversidge and 
coworkers and turned into the high-energy media milling NanoCrystal technology by 
Elan for obtaining nanoscale nanocrystalline particle distributions of API (Liversidge 
et al. 1992). The nanoparticle dispersions obtained by this technology consist of the 
API and a surface stabilizer to avoid aggregation and subsequent particle growth 
(Merisko-Liversidge and Liversidge 2008). To minimize the shedding of materials, 
the technology makes use of highly cross-linked polystyrene beads; however, the 
extent of erosion is dependent on a combination of the bead material and the physical 
characteristics of the drug (i.e., hardness) and the residence time (Keck and Muller 
2006). The grinding process developed by Liversidge et al. has a limitation upon scal-
ing up due to the heavy weight that it would impose, increasing the size of the mill.

Particles obtained by media milling that are in the range of a few microns to the 
nanoscale are generally required to be stabilized using surface active agents or surfac-
tants to prevent particle growth (Lee et al. 2005; Van Eerdenbrugh et al. 2008). The 
process normally begins with the formation of a macrosuspension in which the surfac-
tant is added, followed by the wet-milling process itself. The surfactant to be used will 
be determined by a number of factors including the properties of the solid to be sus-
pended (affinity of the solid with the surfactant), physical mechanism of action (elec-
trostatic vs. steric stabilization), and route of administration of the nanosuspension 
(Berglund et al. 2003; Lee et al. 2005). Steric stabilization can be a more effective 
choice when there is a chance for poor gastrointestinal or systemic stability due to 
excess electrolytes. Ionic surfactants can also provide sufficient stabilization by reduc-
ing the zeta potential, thus preventing particle aggregation. In many cases, the final 
choice is a combination of both steric and electrostatic stabilization using a combina-
tion of surfactants. There is a wide variety of surfactants that can be used for the devel-
opment of nanosuspensions meant for oral administration; however, for the parenteral 
route the choices are limited. Lecithins, Poloxamer 188, Tween 80, low-molecular 
weight polyvinylpyrrolidone (PVP), and sodium glycocholate (combined with leci-
thins) are surfactants that have been accepted for injection (Muller et al. 2006).

The number of different media mills available in the market range from labora-
tory-scale to industrial-scale volumes. Upon scaling up, there is need for equipment 
that can handle large volumes (and weights) of media and product. Since enlarging 
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the whole milling unit would require a large amount of milling media, an external 
suspension container has been devised for operating mills with large-scale batches 
(Fig. 4.15). With this arrangement, an additional container feeds a suspension to the 
milling system in more discrete quantities, allowing a smaller mill to decrease the 
particle-size of large quantities of feed. The downside of this strategy is the increase 
in milling times (Muller et al. 2006).

4.3.2.3  Cryogenic Milling

The term cryomilling has been used in the literature to describe two different 
processes involving cryogenic conditions. The first is a grinding technique in which 
the solids are milled in a slurry formed with a cryogenic milling media. The other 
configuration consists of using a cryogenic liquid to decrease the temperature of the 
grinding chamber and mill the solids as in dry milling. Nonetheless, both operations 
rely on a cryogenic substance to control the temperature of the process while 
decreasing by attrition the average particle-size (Witkin and Lavernia 2006). The 

Fig. 4.15 Bead mill DISPERMAT® SL for mill base amounts of 50 mL 50 L. Schematic represen-
tation of the laboratory mill Dispermat SL (Modified from Schilde et al. (2010))
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direct and obvious advantage of the process is the suitability for thermally labile 
compounds; however, the removal of the cryogenic liquid upon finishing the mill-
ing process may impose certain limitations (Fisher 2006).

An investigation by Niwa et al. (2010) coined the term “ultra cryomilling” and 
was used for media milling that explicitly uses liquid nitrogen as dispersant 
(Fig. 4.16). Liquid nitrogen was used as the cryogenic liquid due to its poor 
solubilizing potency. Furthermore, the low surface tension (8.85 mN/m at −196 °C) 
and viscosity (0.158 mPa at −196 °C) exhibited by liquid nitrogen might prevent 
secondary coaggregation and undesired particle growth. Additionally, materials 
under very low temperatures (−196 °C for liquid nitrogen) become more brittle and 
can be milled more efficiently (Reed 2007).

In the investigation by Niwa, after optimizing for size and amount of zirconia 
beads and agitation speed, crystalline nanoparticles were obtained (Niwa et al. 
2010). The authors found that, by increasing the agitation speed of the shaft from 
550 to 1600 rpm, the average particle-size could be decreased. This was attributed 
to a higher kinetic energy imparted on the beads, thus creating high-impact colli-
sions between particles and beads. The bead size in the 0.1–1 mm diameter range 
was found not to impact the performance of the milling process, both achieving 
similar particle-size distributions. For the purpose of comparing the performance of 
the novel cryomilling technique, the authors used 1 mm beads. Powders processed 
by the ultra cryomilling technique were comprised of 21.5 % submicron particles, 
while powders processed by jet milling only achieved 9.07 % of submicron particles 
(Niwa et al. 2010). The process was shown to work with a wide variety of drugs in 
terms of their physicochemical characteristics such as heat sensitivity and water 
solubility. It was further demonstrated that the crystalline structure found in the bulk 

Fig. 4.16 Diagram of the ultra cryomilling apparatus in liquid nitrogen developed by Niwa et al. 
The beads, disks, shaft, and inner wall of the vessel were made of zirconia (Niwa et al. 2010)
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solid remained after processing. One inherent limitation of the process though is the 
aggregation of particles upon liquid nitrogen evaporation. To account for this, the 
authors proposed an additional formulation design mainly focused on adding a sur-
factant to increase the wettability of the particles.

In recent years, this use of ultra cryomilling has seen progress in both the 
materials used and the processing technology (Sugimoto et al. 2012a, b). Phenytoin 
has been processed with ultra cryomilling to render much smaller particle sizes and 
more uniform in size in comparison with jet-milled drug, yet the dissolution rate 
was not improved due to aggregation. To overcome this limitation, Sugimoto et al. 
added a number of polymeric excipients (polyvinylpyrrolidone, Eudragit L100, 
hypromellose, hypromellose acetate-succinate, microcrystalline cellulose, 
hydroxypropylcellulose and carboxymethyl cellulose) that provided stability to the 
nanosuspension and resulted in an improvement of the dissolution rate (Sugimoto 
et al. 2012b). More recently, the ultra cryomilling process has been further modified 
by using dry ice as milling media. Not only were the particle size achieved 
comparable to that of the standard process, but also the authors found a yield 
increase due to the sublimation of both the milling liquid (liquid nitrogen) and 
media (dry ice as beads) (Sugimoto et al. 2012a).

4.4  High-Pressure Homogenization Techniques

Homogenization is a process by which the particle-size distribution of a suspension 
or an emulsion is narrowed or “homogenized”, thus decreasing the polydispersity of 
the sample. Particle breakage is achieved by a combination of high shear, turbulence, 
impact, as well as cavitation in the homogenizer. The type of homogenizer used 
determines which of these mechanisms will be more important for particle-size 
reduction together with the physical properties of the bulk powder.

4.4.1  Piston-Gap Homogenizers

Piston-gap homogenizers work with pure water as dispersant and rely on cavitation 
as the driving force for particle diminution. In these homogenizers, the suspension 
(or sometimes a coarse emulsion) passes through a very thin gap at very high veloc-
ities. Before entering the gap, the suspension is contained in a cylinder with a rela-
tively large diameter compared to the width of the gap (Fig. 4.17). This tremendous 
decrease in diameter leads to an immense drop in the static pressure of the liquid. 
The resulting static pressure is below the vapor pressure of water, leading to boiling 
and the creation of gas bubbles that implode after leaving the gap, returning to nor-
mal pressure in the reservoir compartment of the homogenizer. This first technol-
ogy, known as DissoCubes, considered this phenomenon, cavitation, as a primary 
factor in particle breakage (Muller et al. 1999).
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Particle-size decrease is controlled by several factors: homogenization pres-
sure, number of homogenization cycles, and hardness of the drug and stabilizers 
(Keck and Muller 2006). In general, increasing the pressure will translate to a 
decrease in average particle-size; however, this relationship is not always linear. 
It has been found that up to a pressure of 4000 bar there is a certain pressure 
above which particle-size diminution does not decrease any further (Fichera 
et al. 2004). The reason for this phenomenon appears to be that upon crystal 
breakage and particle- size reduction the imperfections in particles become 
reduced in number per particle, thus decreasing the chance for particle breakage. 
A decrease in average particle-size may also result from an increase in the num-
ber of homogenization cycles. In general, after five cycles, further increasing the 
number of cycles does not decrease the batch D50 (Keck and Muller 2006). 
Increasing the number of cycles to 15–20 does have an impact on the homogene-
ity of the sample and is reflected in a decrease of the batch D95. As in other grind-
ing techniques, softer material can be processed to achieve smaller average 
particle sizes when processing conditions are kept the same. Paclitaxel, a soft 
drug, has been reported in the 250 nm range after 10–20 homogenization cycles 
at 1500 bar. A harder drug, azodicarbonamide, has been found to achieve particle 
sizes ranging from 500 to 800 nm, depending on the processing conditions (Keck 
and Muller 2006). Finally, the nature and concentration of the stabilizer (either 
surfactant or polymer) in the formulation, as opposed to emulsions, has been 
found to not affect the extent of particle-size diminution, although it does have 
an impact on aggregation in the long term (Muller et al. 1996).

Fig. 4.17 Basic homogenization principles: piston gap (left) and jet-stream arrangement (right). 
In the piston gap homogenizer the macrosuspension is forced to pass through a small gap (few 
microns), and particle breakage is due to shear forces, cavitation, and impaction. In jet-stream 
homogenizers the collision of two high-velocity streams leads to particle breakage mainly by 
impact forces (Adapted from Muller et al. (2006))
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4.4.2  Microfluidizer

The mechanism of particle-size reduction for this high-pressure homogenization 
technique is through the impaction of jet streams (Dearn 2000). As seen in Fig. 4.18, 
prehomogenized liquid is pumped through an interaction chamber where impac-
tion occurs. The interaction chamber is composed of microchannels that split the 
liquid line in two. These two streams are then recombined at high velocities to 
produce forces of shear, impaction, and cavitation. These forces combine to cause 
particle breakage and size reduction. A detailed description of the operation and 
examples of the use of the microfluidizer can be found in US patent 4,553,254 
(Cook and Lagace 1985).

A disadvantage of this technology is that the product obtained can have a 
rather large quantity of particles in the larger size range (Illig et al. 1996). 
Furthermore, a high number of passes have been described in patents, reaching 
sometimes even 75 passes and ultimately translating into long processing times. 
Additionally, the system is more compatible with soft drugs, enabling nanosus-
pensions to be achieved during processing (Keck and Muller 2006; Muller et al. 
2006). Larger particles often result when harder drugs are processed by this 
method, reducing the extent to which solubility can be increased through 
mechanical size reduction.

Inlet reservoir:
Pre-homogenized

suspension

Intensifier pump:
Up to 30,000 psi

Interaction
chamber

Outlet reservoir:
Homogenized
nanosuspension

Fig. 4.18 Flow chart of the particle size reduction process in the Microfluidizer (Adapted from 
Singh and Naini (2006))
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4.5  Combination of Top-Down and Bottom-Up in a Single 
Process for the Manufacture of Drug Nanosuspensions

Due to the limitations found in either wet ball milling or high-pressure 
homogenization such as the need of a micronized suspension as the starting material, 
and the long runtimes required for particle size reduction, new strategies that 
combine top down and bottom up approaches have been recently described 
(Moschwitzer and Mueller 2006; Salazar et al. 2014). To this date, five combinative 
strategies have been described and are summarized in Table 4.6: NANOEDGE and 
nanoedge-like strategies, H 69, H 42, H 96, and CT.

4.5.1  NANOEDGE®

The NANOEDGE technology belongs to Baxter and it was the first combinative 
technology described back in the early 2000s (Kipp et al. 2002, 2006). The 
technology combines a first step of microprecipitation based on antisolvent 
precipitation of the poorly water soluble drug. For this, the drug is first dissolved in 
a water miscible organic solvent and then mixed with an aqueous solution that 
triggers the precipitation of poorly water soluble drug. The resulting particles can 
either result in small size amorphous and/or semicrystalline particles suitable for the 
comminution step. This microprecipitation step is then followed by a high-pressure 
homogenization where particle size is further reduced and stabilized by either an 
enhancement of the crystallinity or by a rearrangement of the surface stabilizer 
(Kipp 2004). Although high-pressure homogenization is the conventional 
comminution step, other high energy processes such as sonication or microfluidization 
can be used (Kipp et al. 2002, 2006). The remaining organic solvent from the 
antisolvent step represent a substantial limitation for product development, and 
particularly for the injectable development. The NANOEDGE technology and 
nanoedge-like technologies have been used to formulate a number of poorly water 
soluble drugs (Table 4.6) including anticancer agents such as placlitaxel (Kipp 
2004; Rabinow et al. 2004).

4.5.2  H 69 Technology

H 69 technology, along with H 42 and H96, is part of the smartCrystal technology 
family (Keck et al. 2008). Similar to the NANOEDGE technology, H 69 involves 
antisolvent precipitation and high-pressure homogenization, yet the precipitation 
occurs in the presence of cavitation, hence cavi-precipitation (Table 4.6). The drug 
is dissolved in a suitable water-miscible organic solvent which is then incorporated 
into an aqueous solvent (non-solvent of the drug) in the high-energy zone of a 
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homogenizer. This results in particle formation, growth, and comminution occurring 
simultaneously as the high-pressure homogenization process advances through 
cavitation, particle collision, and shear forces (Muller and Moschwitzer 2015; Sinha 
et al. 2013). The high-energy homogenization process favors the crystallized state 
of nanoparticles, increasing their stability. The resulting nanosuspension also 
contains a portion of organic solvent which is a limitation requiring further 
processing towards the final product. At defined conditions, the H 69 technology 
can yield nanosuspensions as small as 22 and 27 nm with rather large polydispersion 
(polydispersity indices 0.44–0.46) (Muller and Moschwitzer 2015).

4.5.3  H 42 Technology

Another application of the smartCrystal technology is termed H 42 and addresses 
the organic solvent issue found in technologies above. This method combines a 
particle manufacture step of spray drying followed by high-pressure homogenization 
(Salazar et al. 2013). The drug is first dissolved in an organic solvent and optionally 
mixed with surfactants or sugars to stabilize the solid during and after the spray 
drying step. In addition to the advantage of organic solvent removal, the resulting 
particles from the spray drying step are more breakable for the high-pressure 
homogenization step that follows (Moschwitzer 2011). Another advantage of the H 
42 technology is the reduction in the degree of crystallinity of the starting powders 
(spray dried), which results in the need for lower number of high-pressure 
homogenization cycles (reduction from 20 to 1 cycle) and positive particle size 
performance (Liu et al. 2012; Salazar et al. 2014). The main limitation of this 
method of manufacture is associated to the heating required during the drying step, 
which could limit its use in thermolabile drugs (Moschwitzer and Mueller 2006).

4.5.4  H 96 Technology

The last addition to the smartCrystal technology family is H 96 where the process 
begins with a freeze drying step followed by high-pressure homogenization 
(Moschwitzer and Lemke 2008; Shegokar and Müller 2010). The process consists of 
dissolving the drug in an organic solvent that is then frozen with liquid nitrogen and 
subsequently freeze dried. Depending on the freeze drying conditions, the resulting 
material can present varying degrees of crystallinity and yet remain brittle for the lat-
ter high-pressure homogenization step (Salazar et al. 2011). Similar to the H 42 tech-
nology, in the H 69 technology the organic solvent is removed prior to the high-pressure 
homogenization process, rendering the final aqueous nanosuspension without further 
processing. The right choice of solvent or solvent mixtures to solubilize, freeze, and 
efficaciously lyophilization is key in the overall process performance and depends 
mainly in the drug (Salazar et al. 2012). As processing occurs at freezing 
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temperatures, this technology enables particle size reduction of thermolabile drugs. 
Although H 96 has been largely described for high-pressure homogenization as the 
secondary comminution process, studies have been conducted with wet media (bead) 
milling demonstrating that the lyophilized brittle material can be processed into a 
nanosuspensions with both particle size reduction strategies (Salazar et al. 2012). 
Figure 4.19 summarizes the particle size reduction potential of the microprecipitation 
followed by high-pressure homogenization H 69, H 42, and H 96 technologies in 
comparison with conventional wet media (bead) milling and high-pressure 
homogenization.

4.5.5  CT Technology

The Combination Technology (CT) is the only combination strategy that does not 
rely on the use of organic solvents and consists of two sequential top-down processes 
(Keck et al. 2008; Petersen 2015). This process consists of a low-energy pearl 
milling step followed by a high-pressure homogenization step. The first process 
reduces that size of a macrosuspension to a range between 600 and 1500 nm average 
size. The high-pressure homogenization stage further decreases particle size but 
more importantly provides the product with nanosuspension stability by bringing all 

Fig. 4.19 Particle size reduction performance of standard and combinative technologies. Six 
levels of particle size reduction progress are depicted: premilling (1), 1 High-pressure 
homogenization cycle at 1500 bar/1 h of WBM (2), 5 cycles/2 h (3), 10 cycles/4 h (4), 15 cycles/8 h 
(5), and 20 cycles/24 h (6) (Salazar et al. 2014)
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larger particles to a homogeneous small particle size (decreasing the impact of 
Ostwald ripening) (Keck et al. 2008). Although this technology reaches average 
particle sizes larger than the aforementioned strategies, CT is advantageous due to 
the lower pressure required, shorter process length, and improved physical stability 
of nanosuspensions (Al Shaal et al. 2010).

4.6  Conclusion

The number of new drugs and drug candidates with poor aqueous solubility is on the 
rise and there is a need to overcome this limitation. Decreasing particle-size achieves 
an increase in surface area, saturation solubility, and a decrease in diffusional 
distance, all of which ultimately result in an increase in the extent and rate of 
dissolution for a given material. Strategies that rely on mechanical particle-size 
reduction, also known as the top-down approach, can be roughly classified into 
milling techniques and high-pressure homogenization techniques. Of all the 
strategies, wet-media milling, piston-gap homogenization, and microfluidization 
are the most popular techniques. These widely used approaches may yield particle- 
size distributions in the low micron to the nanoscale range. Various technologies 
have been patented using the top-down approach. Technologies such as NanoCrystal® 
by Elan and IDD-P® by SkyePharma are the only top-down technologies that yield 
particles in the nanoscale range and are currently used in marketed products. In 
addition to these successfully commercialized technologies, there are several other 
pipelines incorporating mechanical particle-size reduction using different tech-
niques, demonstrating the growing acceptance of particle-size reduction as a means 
of improving drug water solubility.
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Method Capsule 1
Particle-Size Reduction by Spiral Air Jet Milling

Based on the method reported by Schlocker et al. (2006).

Objective

• To obtain protein-loaded microparticles with adequate protein stability after 
processing. Horse-radish peroxidase was used as model protein and was 
co-precipitated with either carbomer or a poly(methacrylate) prior to grinding.

Equipment and Materials

• Carbopol 934P and Eudragit L 100–55 as polymer matrix.
• Horseradish peroxidase as protein model.
• Spiral jet mill (Hosokawa Alpine Aeroplex 50 AS) with a diameter and height of 

grinding chamber 50 and 4.5 mm respectively; standard blowing-out nozzle; 
number of nozzles 4; nozzle diameter 0.8 mm; nozzle pitch 50°; and equipped 
with a temperature sensor (Lutron, DH-802C, Ming Chuan, Taiwan).

Method

• After co-precipitation of the model protein and one of the model polymer 
matrices, 1 g of the powder was added in the chamber of the spiral air jet mill.

• Injector air pressure was 7.5 bar.
• Grinding air pressure (GAP) was either 2.5 or 4.5 bar and the powder was ground 

for 10 min.
• After milling, the material was collected from the grinding chamber and stored 

at −18 °C.

Results

• After laser diffraction analysis, it was revealed the increasing the GAP in the mill 
decreased the microparticles’ size.

• Using isopropanol as the nonsolvent in the co-precipitation of the protein and 
carbomer and increasing the GAP from 2.5 to 4.5 bar decreased D50 from 5.2 to 
2.7 μm. By using petroleum ether as the nonsolvent in the co-precipitation of the 
protein and poly(methacrylate) and increasing the GAP from 2.5 to 4.5, the D50 
was decreased from 4.5 to 2.8 μm.

• A GAP of 4.5 bar in the case of the poly(methacrylate) reduced protein stability 
(measured as activity after processing) almost completely, while at 2.5 bar 58 % 
activity remained. In the case of carbomer, increasing GAP from 2.5 to 4.5 bar 
decreased the remaining activity from 75 to 35 %.

• The spiral air jet mill was found to be an effective process for the manufac-
ture of protein-loaded microparticles with adequate protein stability after 
processing.
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Method Capsule 2
Particle-Size Reduction by Media Milling

Based on the method reported by Liversidge et al. (1992).

Objective

• To obtain a suspension of PVP surface-modified crystalline danazol nanoparticles 
to improve bioavailability.

Equipment and Materials

• Wet-media mill with a 600 mL cylindrical vessel (inner diameter 7.6 cm).
• 200 mL of zirconia grinding media (0.85 − 1.18 mm diameter).
• Micronized danazol (mean particle-size 10 μm).
• PVP K-15.

Method

• Zirconia grinding media was added to the vessel of the mill.
• Micronized danazol and PVP were added to the mill and water was used as a 

dispersing agent to an adequate volume.
• The vessel was rotated horizontally around its axis at 57 % of the critical speed.
• After 5 days of milling, the slurry was separated from the grinding media by 

sieving.

Results

• A sedimentation field flow fractionator was used for sizing and, after processing, 
the number average weight was 84.9 nm and the weight average weight was 
169.1 nm.

• Particle-size of the batch ranged from 26 to 340 nm.
• X-ray diffraction demonstrated that the crystalline structure of danazol remained 

unchanged after the process.
• Dispersions of unmilled danazol and the nanoparticulate slurry were dosed in 

beagles. The relative bioavailability of danazol from the nanoparticulate 
dispersion was 15.9-fold higher than from the danazol suspension containing 
microparticles (10 μm).
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Method Capsule 3
Particle-Size Reduction by Ultra Cryomilling

Based on the method reported by Niwa et al. (2010).

Objective

• To obtain nanocrystals by a one-step milling process for drugs with a wide vari-
ety of physical properties, such as heat sensitivity, oxidizability, or water 
solubility.

Equipment and Reagents

• Liquid nitrogen
• Phenytoin
• Batch-type wet mill with a 400-mL capacity vessel
• Zirconia rotation shaft, disks, and beads
• Sieve No. 60 (0.25 mm)

Method

• Similar to a typical wet-milling process, the drug is suspended in liquid nitrogen 
and the suspension of drug and milling beads is vigorously agitated.

• Precool the parts of the mill (vessel, shaft, disks, and beads) with liquid nitrogen.
• Fill the milling vessel with 550 g of zirconia beads 1 mm diameter (approximately 

150 mL).
• Suspend 15 g of phenytoin in liquid nitrogen and fill the milling chamber to 

360 mL.
• Start and maintain a controlled agitation at 1600 rpm for 30 min, and pour 

additional liquid nitrogen to account for loss due to volatilization.
• Pass the slurry through a sieve to separate the powder from the beads.
• Collect the milled powder after all the liquid nitrogen evaporates.

Results

• After laser diffraction analysis, the particle-size profile revealed a D10, D50, and 
D90 of 0.62, 1.84, and 5.27 μm, respectively, with a 27.5 % of submicron particles 
per batch.

• X-ray powder diffraction patterns and DSC curves indicated that the crystalline 
structure of particles before milling remained after the process.

• The crystalline habit of the particles remained the same as the initial.
• Milled particles tend to agglomerate; they may require a wetting agent for 

dispersion.
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Method Capsule 4
Particle-Size Reduction by Piston-Gap High-Pressure Homogenization

Based on the method reported by Grau et al. (2000).

Objective

• To reproducibly obtain a 1 % potency nanosuspension of 4-[N-(2-hydroxy-2- 
methyl-propyl)-ethanolamino]-2,7-bis(cis-2,6-dimethylmorpholin-4-yl)-6- 
phenyl- pteridine in water using a piston-gap high-pressure homogenizer.

Equipment and Materials

• Micron Lab 40 (APV Deutschland GmbH, Germany), 40 mL capacity high- 
pressure homogenizer.

• 4-[N-(2-hydroxy-2-methyl-propyl)-ethanolamino]-2,7-bis(cis-2,6- 
dimethylmorpholin- 4-yl)-6-phenyl-pteridine.

• Tween 80.
• Glycerol.

Method

• The drug is suspended in an aqueous solution containing the surfactants.
• At room temperature, the suspension is homogenized using a variable pressure 

profile.
• Two cycles are performed at 150 bar.
• Two more cycles are performed at 500 bar.
• Finally, 10 cycles are performed at 1500 bar.
• If needed, at the end of any cycle draw a slurry sample to determine 

particle-size.
• At the end of the particle-size reduction process, collect the nanosuspension 

from the high-pressure homogenizer.

Results

• After the whole homogenization cycle (14 cycles), photon correlation 
spectroscopy revealed a mean diameter of 502 nm and a polydispersity index of 
0.390.

• Laser diffraction data revealed D10, D50, and D90 of 0.31, 0.95, and 2.20 μm, 
respectively.

• High reproducibility was found for the mean size in between batches and at each 
cycle number with the parameters utilized in the high-pressure homogenization 
process.
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Method Capsule 5
Particle-Size Reduction by Cavi-precipitation Coupled with High-Pressure 
Homogenization

Based on the method reported by Sinha et al. (2013).

Objective

• To obtain ibuprofen nanocrystals by using the combined bottom-up and top- 
down approach of coupling cavi-precipitation with high-pressure homogenization.

Equipment and Materials

• Emulsiflex C5 (Avestin Europe GmbH, Mannheim, Germany) piston-gap 
homogenizer modified by inserting HPLC tubing to direct the antisolvent input 
as close as possible to the homogenization gap.

• Ibuprofen.
• Isopropanol.
• Hydroxypropyl methylcellulose (HPMCE5)
• Sodium dodecyl sulphate (SDS).

Method

• The drug (ibuprofen) is dissolved in the solvent phase (isopropanol).
• The antisolvent aqueous phase is composed of 0.1 % w/v HPMCE5 and 0.2 % w/v 

SDS.
• Set the homogenizer pressure to 1200–1300 bar and outside temperature to 

0–1 °C through an iced water jacket.
• Set the antisolvent phase (aqueous) to 0–1 °C and incorporate into the high- 

pressure homogenizer.
• Incorporate all the solvent phase (organic solution containing ibuprofen) during 

the first homogenization cycle using an HPLC pump as close as possible to the 
homogenization gap.

• Continue the homogenization for ten further cycles.

Results

• The optimum solvent /antisolvent ratio that yielded the smallest particle size 
(304 nm) was found to be 1.65/56.4.

• The ibuprofen concentration that resulted in the smallest particle size (304 nm) 
was 45.44 w/v.

• DSC and powder X-ray diffraction showed that crystallinity of ibuprofen 
remained after the precipitation and the high-pressure homogenization step as 
well.
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Chapter 5
Co-solvent and Complexation Systems

Soraya Hengsawas Surasarang and Robert O. Williams III

Abstract Co-solvent and polyethylene glycol (PEG)-based solubilization 
techniques for the delivery of poorly soluble drugs are discussed in this chapter. The 
properties of excipients and the physicochemical principles are presented for 
formulating each type of the solubilized formulations. Co-solvents are commonly 
used in combination with surface-active solubilizers to increase the solubilizing 
capacity and to improve the in vivo emulsification of self-emulsifying formulations. 
In PEG-based delivery systems, drug is either dispersed as micronized crystalline 
particles (via the formation of eutectic mixtures) or present in its amorphous state. 
Improvement in absorption from a PEG matrix is due to (1) fast dissolution rate of 
drug from the dosage forms and (2) higher transient solubility of the drug substance 
in gastrointestinal tract.

Various manufacturing techniques to process the solubilized formulations into 
oral dosage forms are also discussed in this chapter. For the formulations that are 
liquid under ambient conditions, encapsulation into soft gelatin or hard gelatin 
capsules is the most common manufacturing method. Semi-solid and solid- 
solubilized formulations that are liquid at a higher temperature (50–70 °C) can be 
encapsulated into hard gelatin capsules as molten liquids at elevated temperature. 
Semi-solid or solid matrices are formed inside the capsules when the molten 
materials are cooled to ambient temperature. Spray congealing and fluidized bed 
melt granulation are alternative manufacturing processes to convert the solubilized 
formulations with high melting/softening points into granules that can be readily 
processed into capsules or tablets. Powdered solution technology can also be applied 
to transform the solubilized formulation of low-dose drug into free flowing powder 
by absorbing the formulation into solid carriers. In addition, the interest in using 
cyclodextrins (CDs) for drug solubilization has proven beneficial for delivery of 
poorly water-soluble drugs through the formation of inclusion complexes. This 
chapter provides an update with studies of drug-CD inclusion complexes, 
characterization of the complexes and examples of commercial products containing 
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CDs. The current authors would like to thank and acknowledge the significant 
contributions of the previous authors of this chapter from the first edition. This cur-
rent second edition chapter is a revision and update of the original authors’ work.

Keywords Polyethylene glycol (PEG) • Co-solvents • Cyclodextrins (CDs) • 
Solubilized formulations • Crystalline nonelectrolyte • Gastrointestinal (GI) tract • 
Complexation • Soft gel capsules • Hard gelatin capsules

5.1  Introduction

In solubilized formulations, excipients function as solvents to maintain drug 
molecules in the solution state in the final dosage forms. Application of solubilized 
formulations for enabling delivery of poorly water-soluble drugs has attracted 
substantial research interest for developmental compounds and has been successfully 
applied to a number of low-solubility commercial products. This chapter focuses on 
the following three types of formulations: co-solvent and polyethylene glycol-based 
formulations. Solubilized formulations based on polymeric solid dispersion, self- 
emulsifying formulation, and drug-cyclodextrins complexation technologies are 
covered in other chapters of this book. Properties of commonly used excipients for 
each type of formulations are presented in this chapter. Formulation development 
and selection of the manufacturing process for the finished dosage forms are 
discussed in this chapter as well.

5.2  Theoretical Modeling of Solubility in Co-solvents

The process of solubilizing a crystalline nonelectrolyte in a solvent thermodynamically 
consists of two steps: dissociation of the solute and mixing between the solute and 
solvent molecules. Noting that the dissociation process is analogous to melting, the 
solubility of a crystalline nonelectrolyte solute in a solvent is a function of the 
melting point of the solute and solute–solvent affinity. The extended Hildebrand 
equation ((5.1), Martin et al. 1982) has been derived to predict the solubility of drug 
in pure solvents and binary mixture of co-solvents:
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(5.1)

where 1 stands for solvent while 2 stands for solute. X2 is the mole fraction of the 
solute, ΔHf is the molar enthalpy of melting, R is the gas constant, Tm is the melting 
point of the solute, T is the absolute temperature (kelvin) at which the solubility is 
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determined, V2 is the molar volume of the liquid solute, Φ1 is the volume fraction of 
the solvent, and δ is the solubility parameter.

The Solubility parameter is defined as the square root of the energy of vaporization 
per unit volume. It can be calculated using a group contribution method. W is the 
interaction energy between the solute and solvent. The value of interaction energy 
cannot be calculated from fundamental physicochemical properties of the compound. 
However, W could be expressed as a power series of the solubility parameter of 
co-solvent:

 W C C C C C= + + + + +¼0 1 1
1

2 1
2

3 1
3

4 1
4d d d d  (5.2)

As shown in (5.1), low solubility of nonelectrolyte can be attributed to two factors: 
high melting point of the solute (a represented in the first term on the right-hand side 
of the equation) or low affinity between solute and solvent (represented in the 
second term on the right-hand side of the equation). The maximum solubility occurs 
when the intermolecular energy is the same for solute–solvent and solvent–solvent, 
and the second term on the right-hand side of the equation is equal to zero.

Yalkowsky et al. (1972) derived the log linear equation (5.3) that describes the 
solubility of drug in a binary aqueous system:

 log log ,S S Fw= +s  (5.3)

where S is the solute solubility (molar concentration) in water and co-solvent 
mixture, Sw is the solubility in water, F is the volume fraction of co-solvent, and σ, 
the linear regression coefficient, represents the solubilizing power of the co-solvent. 
This equation works very well when the water–co-solvent system is more polar than 
the solute. As a general rule of thumb, the solubility parameter of solute needs to be 
at least three units lower than that of water–cosolvent mixture for the log linear 
regression to be applicable.

The solubility of poorly water-soluble drug in several different levels of 
co-solvent is experimentally measured. Log linear regression of the solubility data 
can then be used to predict solubility in co-solvent. The linear regression coefficient 
(slope of log linear regression) is indicative of the solubilizing power of the 
co-solvent.

Moore (1958) reported that different co-solvent mixtures with the same 
approximate dielectric requirement (ADR) could solubilize drug to the same extent. 
Approximate dielectric requirement can be calculated using (5.4):
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When changing to a different co-solvent system, the Moore equation can be used to 
identify a good starting percent for the new co-solvent.
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5.3  Oral Absorption of Drug Substances

As shown in Fig. 5.1, orally administered drug can be absorbed in gastrointesti-
nal (GI) tract through three different pathways: passive transcellular diffusion, 
active transcellular transport, and passive paracellular diffusion. These three 
absorption mechanisms could occur simultaneously. For most drugs, passive 
transcellular transport through a highly lipophilic GI membrane is the primary 
absorption mechanism. Fick’s law of diffusion governs passive transcellular 
transport, where the diffusion rate is directly proportional to the concentration 
gradient across the membrane. Intrinsic diffusion coefficient is dependent on the 
lipophilicity and size of drug molecules. The optimal LogP for passive diffusion 
is 2–9. For ionizable drugs, it is the unionized species that permeates through GI 
membrane via passive transcellular pathway. Active transport is selective, could 
take place against a concentration gradient and is limited to drugs that are struc-
turally similar to endogenous substances such as vitamins and sugars. Active 
transport can only occur at specific site in GI tract. Passive paracellular diffusion 
occurs through water-filled intercellular channels. In human, surface area of 
intestine available for paracellular diffusion only accounts for about 0.01 % of 
total intestinal surface area. The channel diameter is in the range of 3–10 Å. 
Therefore, paracellular diffusion is only applicable to small molecules with a 
molar mass less than 200 dalton.

For BCS class II compounds, drug absorption is limited by the solubility in GI 
tract, while class IV compounds are limited by solubility and absorption constraints. 
The amount of drug absorption is proportional to drug concentration time permea-
bility. Drug concentration in GI tract is a function of both solubility and dissolution 
rate. Drugs are dispersed at molecular level in the solubilized formulations. When 
the hydrophilic solubilized formulation comes into the contact with aqueous envi-
ronment in GI tract, the dissolution rate is controlled by the disintegration rate of the 

passive carrier mediated specialized

paracellular efflux

transcellulartranscellular endocytosis

Fig. 5.1 GI membrane transport for drug absorption (Lobenberg and Amidon 2000)
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formulation. As the excipient matrix dissolves, solubilized drug molecules go into 
the aqueous environment and stay supersaturated over a period of time. This fast 
dissolution and transient supersaturation allows for improved absorption.

Drugs absorbed in the GI tract can enter either through the blood capillaries 
or lymphatic capillaries. Most drugs are absorbed into the portal vein because the 
fluid flow rate for blood capillaries is about 500× of that for lymphatic capillar-
ies. Lymphatic absorption has several advantages over the portal vein absorp-
tion. The fraction of drug absorbed through lymphatic system is protected from 
first pass metabolism. For drug metabolized on first pass through the liver, lym-
phatic transport improves oral bioavailability. Surfactants, such as Tween 80, 
Cremorphor EL, and vitamin E TPGS that are used in self-emulsifying formula-
tions, are known to improve drug bioavailability by inhibition of P-glycoprotein-
mediated efflux (Collnot et al. 2007) and by inhibition of CYP3A metabolism 
(Wu and Benet 2005).

5.4  Co-solvent-Based Formulations

Co-solvents are water-miscible organic solvents used to improve the solubility of 
poorly water-soluble drugs. They are used to support the preclinical studies in 
animal models to determine the pharmacokinetic profiles and toxicity profile of 
compounds in the drug discovery stage where exposure from a conventional crys-
talline system may be insufficient to elicit a response. Commonly used co-solvents 
for preclinical studies are ethyl alcohol, propylene glycol, low- molecular- weight 
PEG, glycerin, dimethylsulfoxide, and dimethylacetamide. However, only PEG, 
ethanol, propylene glycol, and glycerin demonstrate acceptable safety profile in 
long-term use to be included in commercial dosage forms (Nema et al. 1997). 
Physical properties of these four co-solvents are presented in Table 5.1. Glycerin 
and propylene glycol are more polar co-solvents than ethanol and liquid PEG. To 
achieve the optimum solubilizing capacity, co-solvents are often combined to yield 
a similar polarity to the drug substance.

Table 5.1 Properties of commonly used solvents at 25 °C

Solvent
Dielectric 
constant (ε)

Solubility parameter (Cal/
cm3)1/2

Surface tension (dynes/
cm)

Water 80.1 23.50 72.8

Glycerin 42.5 21.10 64.0

Propylene glycol 32.1 11.97 40.1

Ethanol 24.5 12.92 22.3

PEG 400 12.4 11.30 44.5
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5.4.1  Development of Co-solvent-Based Solubilized 
Formulations

Co-solvents are widely used to prepare concentrated drug solutions in parental and 
oral solution products. For parental drug delivery, the concentrated drug solutions 
are often diluted with saline solution and delivered to patient via IV infusion. 
Ethanol and propylene glycol alone or in combination are the most common 
co-solvent systems in injectable products (Nema et al. 1997). The amount of ethanol 
or propylene glycol in the formulation ranges from 0.2 to 80 % glycerin has been 
used in injectable at level as high as 80 %. PEG 300 and PEG 400 are used in 
injectable products at level as high as 65 %. Polyethylene glycol undergoes auto- 
oxidation (Hamburger et al. 1975) and the peroxides generated can induce drug 
degradation. Therefore, application of PEG as a co-solvent for injectable products 
is limited. Co-solvents not only need to achieve higher solubility but also need to 
prevent drug precipitation upon dilution. Co-solvents can also be used to suppress 
chemical degradation of drugs by altering the dielectric constant of the medium 
(Zhao and Yalkowsky 2001).

Co-solvents are also commonly used in oral solutions and soft gelatin capsules 
for poorly soluble compounds. The advantage of oral solution is that it is easier to 
administer solution to pediatric patients and adults having difficulty in swallowing. 
Sweetening agents are needed for solutions containing propylene glycol which is 
known for its bad taste. In the case of self-emulsifying formulations, the presence of 
co-solvents not only improves the solubility of drug in the formulation but also 
facilitates the emulsification in aqueous medium. In combination with vitamin E 
TPGS, PEG-400 and propylene glycol are present in oral solution and soft gelatin 
capsule products of amprenavir (Agenerase®). Self-emulsifying soft gelatin capsules 
of cyclosporine (Sandimmune®) contain glycerol, propylene glycol, and ethanol as 
co-solvents. Co-solvents facilitate the emulsification process via “diffusion and 
stranding” mechanism (Pouton 1997). Co-solvents dissolve the water-soluble 
component into aqueous environment as a solubilized system. With further 
migration, co-solvent gets diluted and can no longer maintain a single phase 
consisting of water, oil, and co-solvent. As a result, the oil phase separates out as 
fine oil droplets.

5.5  Polyethylene Glycol-Based Solid Dispersion

Polyethylene glycol-based solid dispersion for poorly water-soluble drugs has 
attracted a great deal of research interest over the last 30 years. PEG is an ideal 
excipient for the preparation of hydrophilic solubilized formulation. It has low 
enthalpy of fusion (2.5 kJ/mol), low melting point, and low viscosity in molten 
state. It also has good solvent capacity in its molten state. Classification of drug–
PEG dispersions is presented in Table 5.2 (Craig 1990). Improved bioavailability 
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from these systems is attributed to the increase in surface area of drug substance, 
solubilization, and improved surface wetting of drug particles in the microenvironment 
with concentrated PEG (Chiou and Riegelman 1971).

High-molecular-weight PEG has an average molar mass ranging from 3350 to 
8000. These PEGs are manufactured by The Dow Chemical Company and sold 
under the trade name of Carbowax™ Sentry™. It is semi-crystalline material with 
a high degree of crystallinity. With melting points ranging from 45 to 65 °C, PEGs 
of high-molecular weight are solid at room temperature. Above the melting point, 
PEG becomes a low viscosity liquid. At 80 °C, viscosity of molten PEG ranges from 
150 (PEG 3350) to 1500 cP (PEG 8000). In the solid state, PEG forms lamellar 
structure with alternating crystalline and amorphous regions. The crystal lattice of 
PEG consists of two parallel helices in a unit cell.

5.5.1  Development of PEG-Based Solubilized Formulations

PEG is a large molecule with a covalent crystal lattice. In contrast, most drugs form 
molecular or ionic crystals. The lattice mismatch between PEG and drug makes the 
formation of a true solution difficult. When the drug does not interact with PEG 
strongly, a two-phase solid is formed. The two-phase system could be a simple eutec-
tic mixture, which is thermodynamically stable mixture of intimately blended crys-
talline drug domains and semi-crystalline PEG domains. Enhanced drug absorption 
from eutectic mixture is attributed to the large surface area and improved wetting of 

Table 5.2 Classification of drug dispersions in PEG

Classification Properties

Eutectic mixture • Negligible solid–solid solubility

• Thermodynamically, the composition is an intimately blended physical 
mixture of drug crystals and PEG crystals

• The system is thermodynamically stable

Solid solution • Drug molecules could also be present in the parallel helix unit cell of 
the crystalline phase of PEG

• Covalent nature of PEG crystal lattice makes the solubilization of drug 
molecules in PEG crystalline phase difficult

Glass solution • Drug molecules are predominately solubilized in the amorphous region 
of PEG semi-crystalline structure

• The system is not thermodynamically stable. Crystallization of drug 
can take place when the composition is exposed to high-humidity and 
high-temperature environment

Amorphous 
precipitates

• Drug and PEG exist in two different phases

• Drug phase is amorphous

• The system is not thermodynamically stable. Crystallization of drug 
can take place when the composition is exposed to high-humidity and 
high-temperature environment
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micronized or sub-micron drug crystals. For formulations of eutectic mixtures, 
molten PEG must have good solubilization capacity for the drug substance. In the 
melt method, processing drug and PEG at the eutectic point allows for the low pro-
cessing temperature to minimize drug degradation. Eutectic mixture formulation 
strategy has been successfully applied to develop rapidly dissolving mixtures of PEG 
8000 and fenofibrate, which resulted in a tenfold increase in fenofibrate dissolution 
(Law et al. 2003). Differential scanning calorimetry, hot stage microscopy, and vari-
able temperature X-ray diffraction techniques can be used to determine the phase 
diagram of these systems and were applied to the PEG 8000 and fenofibrate compo-
sition. Crystalline drug and semi-crystalline PEG phases were identified in samples 
across all drug loadings. At the eutectic point was identified to be at 20–25 % drug 
loading. The drug–PEG eutectic crystallization led to the formation of irregular 
microstructures. Fenofibrate crystal in the microstructure was less than 10 μm.

For drug substances that demonstrate good glass forming properties (Tg/Tm (in 
kelvin) > 2/3) and strong interaction with PEG, a physically stable solid dispersion 
consisting of amorphous drug phase and semi-crystalline PEG phase could be 
successfully prepared. Since the only difference in the liquid PEG and solid PEG is 
the degree of polymerization, interaction between drug and low-molecular-weight 
liquid PEG is indicative of the interaction between drug and high-molecular-weight 
PEG. In the presence of small amount of high-molecular-weight PEG, improvement 
in the solubility of drug substance in aqueous medium is also a good indicator of 
drug and PEG interaction. Solubility of parabens in liquid PEG (PEG 400) has been 
used to predict the interaction between parabens and high-molar weight PEG (PEG 
4000) (Unga et al. 2009). Law et al. (2003) have developed amorphous PEG 
8000-ritonavir solubilized solution. High Tg/Tm ratio indicates that ritonavir is a 
good glass former. Amorphous ritonavir is reasonably stable at ambient conditions. 
Solubility of crystalline ritonavir improved in the presence of PEG markedly. 
Solubility of ritonavir in the amorphous state is ten times the solubility of crystalline 
drug. PEG was found to have negligible effect on the glass transition temperature of 
ritonavir. The formulation was moisture sensitive. Crystallization of amorphous 
ritonavir was observed when the composition was exposed to high humidity 
environment. However, the formulation was chemically and physically stable when 
the composition was protected from the moisture with proper packaging 
configuration. Even at 30 % drug loading, ritonavir solid dispersion in PEG 8000 
was stable under dry condition for >1.5 years. The presence of ritonavir did not 
affect the PEGs 8000 enthalpy of fusion. It was concluded that the solid dispersion 
consisted of two phases: crystalline PEG 8000 and amorphous phase comprising a 
mixture of amorphous ritonavir and amorphous PEG. Good stability of the ritonavir- 
PEG 8000-solubilized formulation was attributed to the intrinsic stability of 
amorphous ritonavir and the stabilization effect of PEG.

Due to the unique crystalline structure and high crystallinity of PEG, formation 
of interstitial solid between PEG and drug is not common and can only occur at low 
drug loading. When drug is present in the crystal lattice of PEG, changes in thermal 
properties of PEG, such as lower melting point and low enthalpy of melting, can be 
observed. Interstitial solid solution of clofibrate in high-molecular-weight PEG has 

S.H. Surasarang and R.O. Williams III



223

been reported (Anguiano-Igea et al. 1995). In the presence of clofibrate, PEG 
melting point shifted to a lower temperature and the broadening of the melting peak 
was also observed. Drug release rate increased with an increase in the molecular 
weight of PEG and PEG/drug ratio.

When drug is dispersed at the molecular level in PEG matrices, drug molecules 
can be dissolved either in the amorphous domain or in the helix interstitial space of 
crystalline domain. It is believed that most of drug molecules are present in the amor-
phous domain of PEG. As pointed previously, the amount of drug that could be truly 
dispersed at molecular level in PEG-based solid dispersion is limited since PEG is a 
highly crystalline material. The limited commercial success with PEG- based solid 
dispersions is attributed to (1) low drug-loading capacity as the result of high crystal-
linity of PEG and (2) poor chemical stability of drug substances associated with the 
system as the result of PEG-induced oxidation. Gris-PEG® (griseofulvin in PEG 400 
and PEG 8000 mixture) and Aprical® (Nifedipine in PEG 300 and PEG 6000 mix-
ture) are the only two market products containing PEG- based solid dispersion. Gris-
PEG® is a eutectic mixture of griseofulvin and PEG. Drug is present as ultra-microsize 
crystals in Gris-PEG®. Nifedipine is solubilized in Aprical®. Nifedipine is highly 
soluble in both the liquid low- molecular- weight PEG and the melt of high-molecu-
lar-weight PEG (Hohne et al. 1990). When high-molecular-weight PEG is used, nife-
dipine dissolves easily in molten PEG. However, nifedipine crystallizes out of the 
formulation when molten PEG solidifies at ambient conditions. The product was 
successfully developed when a mixture of liquid PEG and solid PEG is used. 
Incorporation of PEG 300 increases the amorphous content of the PEG matrices, and 
no crystallization of nifedipine is observed during the storage.

Pharmaceutical scientists have been studying different formulation and process 
approaches to decrease the crystallinity of high-molecular-weight PEG in order to 
improve the drug-loading capacity of PEG-based drug delivery systems. Polymers 
and surface-active excipients have been used to inhibit the crystallization of drug 
substances. Strong hydrogen bonding or hydrophobic interactions between these 
excipients and drug molecules reduces the mobility of drug molecules and hinders 
the molecular packing in crystal lattice. The same principles could be used to reduce 
the crystallinity of high-molecular weight PEG. Shock freezing of PEG melt has 
been studied to inhibit crystallization of PEG; however, due to the low glass 
transition temperature (−60 °C) recrystallization occurs during storage which limits 
the effectiveness of quenching. Tertiary systems comprising poorly soluble drug, 
high-molecular-weight PEG, and stabilizer have been investigated to increase the 
amorphous content of PEG to improve the drug loading and to prevent drug from 
crystallizing during the storage. Bley et al. (2010) used Povidone and Copovidone 
to stabilize nifedipine in PEG 1500. The stabilized drug/polymer/PEG dispersion 
demonstrated more consistent dissolution characters, compared to PEG solid 
dispersions, which contained a higher amount of crystalline drug. Inclusion of 
sodium lauryl sulfate in naproxen-PEG 4000 solid dispersion further enhanced the 
dissolution properties of the solid dispersion. After 30 months of storage at ambient 
conditions, there was no change in physicochemical characteristics and the dissolu-
tion properties of solid dispersion Mura et al (1999).
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5.5.2  Fusion Method for the Preparation of Solid Dispersion

Drug is dissolved in molten PEG in fusion method. The molten mass solidifies when 
it cools to ambient temperature. Simplicity of the manufacturing process is the 
biggest advantage of fusion method. Degradation of the drug at the elevated 
processing temperature limits fusion methods application to thermally stable 
compounds. For thermally labile drugs that form a eutectic mixture with PEG, a 
mixture of PEG and drug at eutectic ratio can be used to reduce the processing 
temperature since the eutectic mixture melts at a temperature much lower than 
either of the melting points of the individual components. Various techniques, such 
as pouring the molten mass to metallic plate and quenching the molten mass with 
liquid nitrogen, have been explored in the laboratories. Alternatively, the molten 
mass can be filled directly into hard shell capsules (gelatin or HPMC capsules). 
Crystallization of PEG is dependent on the temperature of PEG melt. Properties of 
the PEG-based solid dispersion prepared with the melt method are also known to be 
cooling rate dependent. Rapid quenching during the preparation process, low 
storage temperature, and low relative humidity were found to prevent crystallization 
of nimodipine from its solid solution in PEG 2000 (Urbanetz and Lippold 2005). 
Recently, the melt method was used to prepare binary solid systems of poorly water- 
soluble drugs, including piroxicam, and PEG. Different drug:PEG 6000 ratios were 
mixed and heated until melted, then immersed in an oil bath controlled at the melting 
point of piroxicam. The study compared the outcomes between the homogeneous 
liquid that was cooled to room temperature at a slow rate (1 °C/min) and that which 
was rapidly solidified in an ice bath. Regarding the binary solid dispersions with 
high content of PEG 6000 (90 % w/w), it was presumed that these melted solid 
dispersions exhibited drug heterogeneity, which the rapid cooling could not prevent. 
However, FT-IR spectra show some interactions between drug and PEG 6000. The 
solid dispersion systems from both techniques significantly improved the drug 
dissolution and speed when compared to the crystalline piroxicam. These results 
confirmed that PEG 6000 had an influence on reducing degree of drug crystallinity 
in these solid dispersion systems (Bouchal et al. 2015).

5.5.3  Solvent Method for the Preparation of PEG Dispersion

In the solvent method, a homogeneous organic solution containing drug and PEG is 
prepared. Processing techniques such as rotary evaporation, spray drying, and 
lyophilization, are applied to remove the organic solvents. Drug degradation is 
minimized or avoided in solvent method. However, the difficulties associated with 
organic solvents handling and complete removal of the organic solvents present 
unique challenges with solvent method.

A dispersion of piroxicam and PEG 6000 was prepared by the evaporation 
technique. Drug and PEG 6000 were dissolved in methanol, stirred and evaporated 
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to dryness under vacuum in a rotary evaporator. The dispersion prepared by this 
method created a highly porous drug delivery system, which exhibited rapid drug 
dissolution (Bouchal et al. 2015).

With the extensive research interest in the application of supercritical fluid in 
pharmaceutical processing, supercritical CO2 as an alternative solvent to prepare 
drug–PEG dispersion has been demonstrated. Where drug has sufficient solubility 
in supercritical CO2, rapid expansion of supercritical fluid solution (RESS) process 
is safer and more environmentally friendly than organic solvent processes. In RESS 
process, drug and PEG solution in supercritical CO2 is passed through a small 
nozzle and allowed to expand rapidly under ambient condition. When CO2 was 
converted to gas, solid dispersion of very fine particle size and uniform size 
distribution formed. With the rapid flashing of supercritical CO2 and solidification 
of the drug dispersion, PEG processed with RESS process has higher amorphous 
contents than that processed with traditional solvent-based process and fusion 
process. Higher amorphous content would potentially allow higher drug loading. 
Concentration of drug and PEG, processing temperature, and flow rate of the 
solution through the expansion nozzle can be controlled to produce drug–PEG 
dispersion with different morphology. Brodin et al. (2003) successfully applied 
RESS process to prepare lidocaine and PEG 8000 dispersion.

For the drug substance with limited solubility in supercritical CO2, a gas anti- 
solvent recrystallization (GASR) process has been developed. The GASR process is 
a more universal process than RESS process since supercritical CO2 has limited 
solvent capacity for most drug substances. Complete miscibility of organic solvent 
with supercritical CO2 is required for GASR process. When organic solution of drug 
and PEG is mixed with supercritical CO2, carbon dioxide is dissolved in and expands 
the organic solvent under moderate temperature and pressure. The solubilization 
power of an organic solvent decreases when CO2 is incorporated. When the organic 
solvent can no longer keep drug and PEG in solution, nucleation of drug–PEG 
dispersion starts to form. As more CO2 is mixed in the solution, the nuclei continue 
to grow until the drug–PEG completely precipitates out of the solvent.

Moneghini et al. (2001) used supercritical CO2 as the anti-solvent to recover 
carbamazepine–PEG 4000 solid dispersion from its acetone solution.

5.6  Other Solubilized Systems

Other formulation strategies to develop solubilized formulations include drug–
cyclodextrins complex, amorphous solid dispersion, and self-emulsifying 
formulation. Below is a brief overview of these three types of formulations. The 
reader is referred to Chaps. 7 and 10 for an in-depth discussion of drug–cyclodextrin 
molecular complexes and self-emulsifying systems. Preparation of amorphous solid 
dispersions via spray drying and melt extrusion is covered in Chaps. 8 and 9.
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5.6.1  Drug–Cyclodextrins Complex

Cyclodextrins (CD) are cyclic oligosaccharides derived from starch. CD molecules 
take the shape of a truncated cone. The hydroxyl groups of CDs are at the exterior 
of the cone structure, leaving the interior of the cone a hydrophobic environment. 
Hydroxypropyl and sulfobutylether derivatives of CDs have been synthesized to 
improve the solubility of CDs for broader application. CDs have a safe toxicological 
profile with little oral absorption. CDs that are absorbed are excreted unchanged in 
the urine. CDs have been used in formulating poorly water-soluble drugs.

Thermodynamic driving forces for the formation of CD inclusion complexes 
include: (a) hydrophobic interaction between the inner cavity of CD and drug; (b) 
release of “high-energy water” from the CD cavity; and (c) release of conformational 
strain in a CD-water adduct. Phase solubility diagram of the concentration of dis-
solved drug as the function of CD concentration is constructed to determine drug to 
CD ratio, binding constant, and the complexation efficiency (Connons 1996). 
Depending on the solubility of formed complex, drug–CD complexation can be clas-
sified into two different categories (Fig. 5.2). In type A systems, solubility increases 
with increase in CD concentration. Type B profile is indicative of the formulation of 
drug–CD complex with limited water solubility. Studies have shown that drug–CD 
complex itself can also aggregate that can further enhance drug solubility. In most 
cases, the drug and CD complex is at 1:1 ratio and of AL type. Dilution of the solution 
will not result in supersaturation, which could induce precipitation. However, for a 
compound with very low intrinsic solubility, the drug must have a strong affinity 
with the CD to achieve the desired enhancement in solubility.

Conc. of Cyclodextrin

AP
AL

AN

BS

Bi

C
o

n
c.
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f 

d
is

so
lv

ed
 d

ru
g

Fig. 5.2 Phase solubility 
profile drug in 
cyclodextrins solution: A 
and B types (with 
applicable sub-types) 
(Connons 1996)
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Complexation Techniques
There have been a variety of techniques used to prepare CD-guest inclusion 

complexes. As for the complexes of drugs and CDs, the methods used vary from 
more simplistic techniques to more sophisticated ones. Spray drying and freeze- 
drying have become preferred techniques in preparing CD complexes. Examples of 
recently reported preparation techniques used to form the inclusion complexes of 
poorly water soluble drugs and CDs are summarized as follows:

Grinding: Mechanical grinding is one of the simplest preparation techniques, 
which does not require the sophisticate equipment, or any toxic solvents that are not 
environmentally friendly (Barzegar-Jalali et al. 2010). Drug-CD complex can also 
be prepared by this method. Talmisartan was entrapped into β-CD using a solid state 
grinding method (ball milling). The ratio between drug and β-CD and grinding time 
were varied. Complexes at a ratio of 1:2 and 1:3 after 30 min grinding showed faster 
in vivo pharmacological effect than the free drug during (Borba et al. 2015).

Kneading: The drug substance is added into a CD slurry, then the mixture is 
kneaded until a paste is produced. A small volume of organic solvent is often used 
to improve the solubility of drug in the slurry in order to facilitate the drug inclusion 
process. For example, the kneaded inclusion complex of famotidine and β-CD also 
enhanced the solubility and dissolution rate of the drug (Gupta et al. 2013). A 
fenofibrate-HP-β-CD inclusion complex was prepared by kneading the drug and 
HP-β-CD with a small amount of ethanol as a paste using a mortar and pestle. The 
resulting product exhibited improved dissolution of the drug as compared with the 
uncomplexed drug (Yousaf et al. 2015).

Co-Precipitation: The CD and drug are dissolved in water or a mixture of water 
and organic solvent, and the solvent is evaporated. The precipitate is collected. An 
inclusion complex prepared using a co-precipitation method of nifedipine, a BCS 
class II drug, and ethylenediamine-β-CD showed significant improvement in water 
solubility (Heydari et al. 2015).

Solvent Evaporation: For this method, the drug and CD are completely dissolved 
in an organic solvent. The solvent is evaporated to dryness and the dried powder is 
collected. Ethanol (90 %) was used as the solvent to dissolve fenofibrate and HP-β-CD 
in the solvent-evaporation technique. The solvent was evaporated at 40 °C for 48 h. 
The complex formation of the resulting product was confirmed using various charac-
terization techniques. Moreover, in particular, PXRD indicated that the drug was 
amorphous after inclusion into the cavity of HP-β-CD (Yousaf et al. 2015).

Extrusion: Wet and dry extrusion can be applied to prepare drug-CD inclusion 
complexes. Drug and CD, with or without water, are premixed or mixed in the 
extruder. Extrusion parameters are varied to obtained the optimized complex. A 
comparison between melt extrusion and wet extrusion of indomethacin-HP-β-CD 
inclusion complexes were investigated. The in vitro drug release study shows that 
the application of HP-β-CD in the extrusion process improved the dissolution of the 
poorly water-soluble drug (Yano and Kleinebudde 2010).

Spray Drying: Drug and CD are firstly dissolved in an appropriate solvent. The 
solution is then sprayed in the spray dryer. Fenofibrate and piroxicam were prepared 
by forming complexes with CDs by spray drying. The inclusion complexes were 
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amorphous. The solubility and dissolution rate of these drugs were dramatically 
enhanced in comparison the uncomplexed drugs (Yousaf et al. 2015 and Bouchal 
et al. 2015).

Freeze-Drying: Similar to spray drying, a solution of drug and CD are prepared 
prior to freeze-drying, then the solvent is removed by freeze drying. The ternary 
inclusion complexes comprising HP-β-CD or hydroxybutenyl-β-cyclodextrin 
(HBen-β-CD) and Soluplus® prepared by freeze-drying exhibited fast and extensive 
release of the drug in the dissolution media (Taupitz et al. 2013).

For characterization of the actual CD-complex in the solid state, various 
techniques have been used, including thermal analytical analysis, X-ray diffraction, 
and SEM. Thermal analysis is a widely used approach, and include Differential 
Scanning Calorimetry (DSC) (Bettinetti et al. 2002; Al-Marzouqi et al. 2007; 
Mennini et al. 2014; Corciova et al. 2015), Thermogravimetric analysis (TGA) 
(Meier et al. 2001; Bai et al. 2012, and Garnero et al. 2012), and Hot-stage 
microscope (HSM) (Ginés-Dorado et al. 2014 and Trollope et al. 2014). Generally, 
X-ray diffraction is a technique used to characterize the crystallinity of the material. 
X-ray diffraction methods, in particular, are used to study the crystal structure of 
CD in the inclusion complex (Christoforides et al. 2015). Powder X-ray diffraction 
determines the residual crystallinity of drug in the formulations or recrystallization 
of the CD during the process (Al-Marzouqi et al. 2009; Banchero et al. 2013; 
Mennini et al. 2014, and Tang et al. 2016). Spectroscopic techniques (for example 
Fourier-transform infra-red (FT-IR) spectroscopy (Salústio et al. 2009 and Zhang 
et al. 2014), Attenuated total reflectance (ATR)-FTIR spectroscopy (Venuti et al. 
2014) and Raman IR (Mohan et al. 2012)) are also used to determine interactions of 
the drug-CD complexes. In addition, scanning electron microscopy (SEM) provides 
evidence of the physical mixture and the inclusion complex (Zoppi et al. 2013 and 
Qiu et al. 2014). Solid-state nuclear magnetic resonance (solid-state NMR), as well 
as computational chemistry, provides a better understanding of these complexes 
(Ogawa et al. 2010 and Ferreira et al. 2015).

Regarding the CD complexes in solution, spectroscopic techniques are the most 
effective techniques, and these include UV–Vis (Ungaro et al. 2011 and Pápay et al. 
2016), circular dichroism (Song et al. 2011), fluorescence (Iglesias-Garcia et al. 
2010; Çelik et al. 2015, and Pápay et al. 2016) and NMR (Garnero and Longhi 
2007; Holm et al. 2015) spectroscopy. Other methods include are electroanalytical 
techniques (such as potentiometry (Becherirat et al. 2013) and electro conductivity 
(Iglesias 2006)) and the high performance liquid chromatography (HPLC) (Dodziuk 
et al. 2011). Other techniques used for characterization of the drug and CD complex 
in aqueous solution include polarimetry (Lo Meo et al. 2011 and Rizzo et al. 2014), 
potentiometric titration and isothermal titration calorimetry (ITC) (Ragab et al. 
2015 and Holm et al. 2015).

The success of drug-CD inclusion complexes is reflected in numerous approved 
products available on the worldwide market since about 1976 (see, Table 5.3) and 
about 1000 research articles and a large number of patents published every year 
(Del Valle 2004 and Loftsson and Duchêne 2007).
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5.6.2  Self-Emulsifying Formulation

Self-emulsifying formulations transform into stable emulsion spontaneously when 
they are dispersed in aqueous environment. The presence of bile salts and digestive 
products of glycerides in the formulation is not required for the emulsification pro-
cess. Self-emulsifying formulation consists of drug, oil, high HLB surfactant, and 
co-solvent. Improved drug absorption of poorly soluble drug from self- emulsifying 
formulation is due to the large surface area of the emulsion. Self- emulsifying for-
mulations also offer the advantage of more rapid absorption onset and more consis-
tent absorption under different GI conditions such as food effect and pH effect.

The best-known example of marketed self-emulsifying drug product is cyclospo-
rine formulation. Earlier formulation contains corn oil, ethanol, and labrafil. The 
formulation disperses into coarse emulsion in aqueous medium. The improved for-
mulation, also known as Neoral™, consists of mixed glycerides as the oil phase, 
Cremorphor as emulsifying surfactant, and propylene glycol and ethanol as the co-
solvents. The formulation forms a thermodynamically stable transparent nanoemul-
sion when dispersed into aqueous medium. Improved absorption from Neoral™ 
formulation was attributed to better dispersability of the formulation. Surfactants 
used in self-emulsifying formulations have also been reported to enhance drug 
absorption by inhibition of P-glycoprotein-mediated efflux (Collnot et al. 2007) and 
by inhibition of CYP3A metabolism (Wu and Benet 2005).

The predominant mechanism of self-emulsification is “diffusion and stranding” 
driven by osmotic pressure imbalance (Pouton 1997). Construction of ternary sur-
factant–oil–water phase diagram is crucial to understanding the role of each compo-
nent. Selection of the formulation should be based not only on the how readily the 
formulation self-emulsifies but also on the stability of the emulsion.

5.6.3  Amorphous Solid Dispersion in Polymer Matrices

Amorphous solid dispersion is a single-phase system consisting of preferably amor-
phous polymer as the carrier, drug in its high-energy state, and other excipients such 
as processing aid, recrystallization inhibitor, and wetting agent. Drug molecules are 
dissolved in polymeric formulation matrix. Three-dimensional long-range order of 
drug molecule in crystalline state is absent in amorphous solid dispersion. Hydrogen 
bonding and hydrophobic interactions between the drug and polymer are the pri-
mary driving forces for the formation of the solid dispersion during melt extrusion, 
inhibition of drug crystallization during storage, and achievement and sustainment 
of supersaturation in GI tract. Copovidone, povidone, HPMCAS, and HPMC have 
been successfully used as the carriers in commercial products.

In vivo, drug molecules released from the amorphous dispersion are in four dif-
ferent states: (1) free drug molecules; (2) amorphous drug/polymer nanostructures; 
(3) aggregates of amorphous drug/polymer nanostructures; and (4) amorphous or 
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crystalline precipitates. Supersaturation of free drug molecules and the rapid release 
of drug from drug/polymer nanostructures are two contributing factors for achiev-
ing higher bioavailability. An example of supersaturation and sustainment of super-
saturation of amorphous drug alone and a solid dispersion in aqueous media is 
shown in Fig. 5.3 (Friesen et al. 2008). Supersaturation up to 100-fold has been 
reported for an amorphous drug. The solubility ratio (amorphous over crystalline) 
drug can be theoretically calculated using the difference in the heat capacity of 
crystalline state and amorphous state at the glass transition temperature (Hancock 
and Parks 2000).

Solvent-based spray drying, melt extrusion, and solvent-based drug layering pro-
cesses could be used to prepare amorphous drug dispersion in polymeric carriers. 
The reader is referred to Chaps. 8 and 9 for the in-depth discussion of spray drying 
and melt extrusion for solid dispersion.

5.7  Dosage Form Manufacturing of Solubilized 
Formulations

Various manufacturing techniques process the drug solution in carrier excipients 
into oral dosage forms. Selection of the proper process depends on the physical 
characteristics of the solubilized formulations. For solubilized formulations that are 
liquid under room temperature, encapsulation in soft gelatin capsule is the most 
common manufacturing approach. Absorption of liquid formulation into excipients 
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phous solid dispersion (Friesen et al. 2008)
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(powered solution) with large surface area has attracted a great deal of research 
interest. Due to the low liquid-carrying capacity of pharmaceutical excipients, there 
has been no commercial success with powdered solution technology. For solubi-
lized formulations that are molten low-viscosity liquids at the elevated temperature 
and semi-solid or solid at the room temperature, direct filling into hard gelatin cap-
sules is a practical choice. In comparison with soft gelatin encapsulation, hard gela-
tin encapsulation is simpler and a more efficient manufacturing process. There is 
also less interaction between the capsule shell and fill material in hard gelatin 
encapsulation. Spray congealing and fluid bed melt granulation are alternative 
manufacturing techniques to process the molten solution at the elevated temperature 
to solid particles at room temperature. In spray congealing, solubilized formulations 
are atomized into fine droplets and transformed into spherical solid particles when 
the molten droplets are cooled with air in a spray dryer. In fluid bed melt granulation, 
solubilized formulation is sprayed into a powder bed as atomized molten droplet. 
Granules consisting of powder carrier and solidified solubilized formulation are 
produced inside the fluidizing chamber.

5.7.1  Soft Gelatin Capsule

Soft gelatin capsules are the most common dosage form used to deliver solubilized 
formulations. A list of commercial soft gelatin capsules containing solubilized for-
mulations of poorly soluble compounds is presented in Table 5.4.

Manufacturing of soft gelatin capsule consists of the following key steps: gel 
mass preparation, fill material preparation, encapsulation, drying (primary drying 
and secondary drying), and finishing. Gel mass for the capsule shell typically con-
tains gelatin, water, plasticizers, opacifier, colorant, preservative, flavor, and sweet-
ener. Gelatin of different bloom strengths can be used to manufacture the soft gelatin 
capsule shells. Glycerin, sorbitol, and propylene glycol, individually or in combina-
tion, are used as the plasticizer for the capsule shell. Selection of plasticizer is based 
on the compatibility with fill materials and desired properties of the final products 

Table 5.4 Example compositions of commercial soft gelatin capsule products

Product
Active 
ingredient Composition of the solubilized formulation

Adalat Nifedipine Peppermint oil, PEG 400

Procardia Nifedipine Peppermint oil, PEG 400, glycerin

Accutane Isotretinoin Soybean oil, hydrogenated vegetable oil and hydrogenated 
soybean oil, Sodium EDTA, BHA

Vesanoid Retinoin Soybean oil, hydrogenated vegetable oil and hydrogenated 
soybean oil, Sodium EDTA, BHA

Rocaltrol Calcitriol Fractioned triglyceride of coconut oil, BHA, BHT

Fortase® Saquinavir Medium chain nono- and diglycerides, povidone, vitamin E

Acodart Dutasteride Medium chain nono- and diglycerides, BHA
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(e.g., hardness and appearance). Propylene glycol is a more effective plasticizer 
than glycerin. However, the use of propylene glycol is limited since its volatiles 
lead to changes in the mechanical integrity of capsules and too much propylene 
glycol interferes with the capsule shell sealing process. Glycerin is the most com-
mon plasticizer for soft gelatin capsules. However, capsules shell containing too 
much glycerin can be tacky due to the hygroscopicity of gelatin. Sorbitol is likely to 
crystallize out of the capsule shells when the capsules are stored at low humidity 
conditions. A mixture of glycerin and sorbitol is most commonly used. For the prep-
aration of gel mass, all components are mixed together at room temperature to 
hydrate the gelatin. The mixture is then processed at high temperature (90 °C) under 
vacuum to form molten gel mass, which is kept at 60 °C until the encapsulation. Fill 
material must be kept below 35 °C so that the sealing of capsule is not interfered 
with by the fill material. Soft gelatin capsules are produced on a rotary die machine, 
which is fed by two tanks of materials: molten gelatin at 60–65 °C and fill material 
at a temperature less than 35 °C. Molten gelatin flows onto the surface of two sepa-
rate drums, where flat, solid ribbons of gelatin are formed. Liquid fill material is 
injected into the space between two ribbons. The injection of the liquid formulation 
forces the gelatin to expand into die pockets. As the ribbons continue to pass the 
heated wedge and pressed between the die rolls, capsule halves are sealed together 
by the application of heat and pressure (Jimerson 1986). A fill-weight accuracy of 
±4 % can be easily achieved with rotary die process. Soft gelatin capsules coming 
off the encapsulation machine go through primary and secondary drying processes 
to remove the excess water in the gelatin shell. Water content of the shell is high in 
order to facilitate the encapsulation process. In primary drying, water leaves the 
shell and evaporates into atmosphere. At the same time, water could also migrate 
into the fill materials. As the drying process proceeds, the excess water partitions 
back out of the fill materials into the capsule shell and out into the atmosphere. 
Water migration during drying is illustrated in Fig. 5.4 (Gullapalli 2010). It is 
important to understand the effect of this dynamic change in water content on the 
physical and chemical stability of capsule shell and fill materials. Migration of 
water into the fill materials could cause the precipitation of solubilized drug. 
Serajuddin et al. (1986) studied the effect of water migration on the stability of 
encapsulated drug solution in PEG 400. After the equilibration of capsule at ambi-
ent condition, 6.3 % water was present in drug solution in PEG400. This reduced the 
solubility by 45 %, in resulting drug crystallization. When Gelucire 4414 was incor-
porated into PEG400 formulation, water migration was hindered and drug crystal-
lization was not observed during 3 months of observation. Besides the migration of 
water, migration of other small molecules such as drug itself, plasticizer in capsule 
shell, and co-solvent in fill material can also take place during the primary and sec-
ondary drying processes. Migration of these excipients is accelerated by the high 
shell water content and high product temperature during drying.

The biggest challenges with soft gelatin capsules are identifying means to 
prevent or minimize the chemical and the physical interactions between the cap-
sule shell and fill material. Development of the shell formulation is as critical as 
the development of fill formulation. The chemical stability of drug solubilized in 
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lipid formulation must be evaluated by mixing the formulation with a small 
amount of water and representative empty soft capsule shell while monitoring 
the stability of drug in the mixture. The presence of aldehyde in the fill material 
can result in cross- linking of gelatin, which would reduce the drug release rate 
during the shelf life of the product. Furfural generated at the elevated tempera-
ture from rayon coil, a common packaging material, is also known to cross-link 
gelatin. If drug contains aldehyde group, incorporation of succinic acid in the 
gelatin shell could be used to prevent cross-linking. Succinylated gelatin is not 
commonly used for pharmaceutical products but has been widely used in 

Fig. 5.4 Dynamics of water migration during Softgel Drying Process Water migration patterns 
during drying of a softgel product containing a typical (a) PEG 400 fill formulation; (b) mixed 
medium chain mono-, di-, and triglycerides fill formulation with or without an added surfactant(s); 
and (c) medium chain triglycerides (MCT) or long chain triglycerides (LCT) fill formulation. 
Yellow inner core represents fill formulation and brown exterior represents gelatin shell. Numerical 
values represent approximate percent water content, w/w. (1) Water migration from shell to fill, (2) 
water migration from fill to shell, and (3) water migration from shell to environment
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neutraceutical products. Aldehydes can also be generated from auto-oxidative 
degradation of excipients containing polyoxyethylene groups, such as PEG, 
Poloxamer, Gelucire, and the like (Bindra and Stella 1994). When these excipi-
ents are present in fill material for soft gelatin capsules, incorporation of antioxi-
dants in the formulation is necessary. BHT, BHA, and vitamin E are commonly 
used antioxidants in soft gelatin capsules.

When the fill material is lipid-based drug solution, studies must be conducted to 
determine the solubility of poorly soluble drug in lipid vehicle that is in equilib-
rium with water. The study is performed to simulate the scenario of the migration 
and retention water from capsule shell to fill material inside soft gelatin capsule. 
Solutions of poorly soluble drugs in lipid vehicle at several different concentra-
tions are prepared. Each solution is then mixed with small amount of water. When 
the mixtures reach the equilibrium, the highest concentration at which no precipi-
tation is observed is considered to be the solubility of drug in “soft gelatin compat-
ible vehicle.”

As discussed previously, hydrophilic excipients such as low-molecular-weight 
PEG, ethanol, and propylene glycol can diffuse into the capsule shell easily, 
especially during the drying stage. Plasticizer in the shell also tends to migrate into 
hydrophilic fill materials. The amount of these hydrophilic excipients should be 
kept at a minimum level. Water content in the fill material must be kept below 5 %. 
Several formulation strategies can be applied to achieve a stable product containing 
hydrophilic fill materials. High-bloom, low-viscosity gelatin is better suited to 
encapsulate hydrophilic material, since the initial water content in this type of 
gelatin shell is lower and the process for drying this type of gelatin shell is much 
shorter. Partially replacing glycerol with sorbitol as the plasticizer in the capsule 
shell, and adding small amount of glycerol and sorbitol into the fill material can 
minimize the migration of plasticizers from the shell to the fill material (Werner 
1988). Diffusivity of PEG decreases with increased molecular weight. Therefore, 
better stability can be achieved by using liquid PEG with a higher molecular-weight 
(with a minimum molar mass of 400).

Migration of drug into the capsule shell must also be monitored for soft gelatin 
capsules. In general, drug migration is less a concern for solubilized formulations 
containing poorly water-soluble drugs, since these hydrophobic drugs have low 
affinity for hydrophilic capsule shells. Armstrong et al. (1984) investigated the 
drug migration from the fill material (drug solution in isopropyl myristate) into 
capsule. No correlation was found between the extent of drug migration and drug 
solubility in isopropyl myristate. However, there is a direct correlation between 
the extent of drug migration and drug solubility in aqueous medium. Most of the 
drug migration took place during the primary drying (rotating basket). Smaller 
degree of migration took place during the secondary drying (tray drying). There 
was no additional drug migration in the first 6 months of storage following the 
manufacturing.
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5.7.2  Hard Gelatin Capsules

Over the last decade, encapsulating liquid and semi-solid compositions in hard 
gelatin capsules is becoming more accepted. Several hard gelatin capsules containing 
solubilized compositions of poorly soluble drugs have been commercialized. Due to 
the concern over the leakage of liquid formulation, the fill material for hard gelatin 
capsules is generally semi-solid or solid at ambient condition. Hard gelatin capsules 
containing ibuprofen solubilized in Gelucire 44/14 is marked in Europe under brand 
name Solufen®. Hard gelatin capsule containing fenofibrate solubilized in Gelucire 
44/14 and PEG 20,000 mixture is marked in Europe as Fenogal®. The Manufacturing 
process for hard gelatin capsules is much simpler than that for soft gelatin capsules. 
A comparison between the soft gelatin capsule and hard gelatin capsule 
manufacturing processes is presented in Table 5.5.

Manufacturing of hard gelatin capsules consists of encapsulation and band-
ing processes. With the installation of a liquid dosator, capsule machine used for 
filling powder and granule can be easily modified to fill the liquid formulation. 

Table 5.5 Comparison between soft gelatin capsule and hard gelatin capsules

Soft gelatin capsules Hard gelatin capsules

Properties of fill materials Liquid, liquid suspension Liquid, liquid suspension, 
semi-solid, solid with low 
melting point

No concern over the leakage of 
low viscosity fill materials

Leakage of low viscosity fill 
materials is a concern.

Compatible with hydrophobic 
fill materials; Compatible with 
formulations containing low 
level of hygroscopic excipients 
such as liquid PEG

Compatible with hydrophobic 
fill materials; Hygroscopic 
excipients such as liquid PEG 
can only be present at a much 
lower level

Maximum temperature of fill 
materials: 40 °C

Maximum temperature of fill 
materials: 70 °C

Interaction between 
capsule shell and fill 
content

Major concern Less a concern, especially when 
the fill material is semi-solid or 
solid at storage conditions

Manufacturing 
environment

Strict requirement on the 
manufacturing environment; 
20–30 % relative humidity

40–60 % relative humidity is 
preferred

Manufacturing process Capsule shells are made during 
encapsulation.

Capsule shells are prefabricated 
for encapsulation.

Manufacturing process is 
complex. Only a few companies 
possess acknowledge, 
equipment & facility.

Manufacturing process is 
simple.

Postencapsulation Lengthy secondary drying 
(could take several days)

Banding or sealing right after 
the encapsulation followed with 
quick drying
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The Composition of hard gelatin capsules for encapsulating liquid and semi-
solid formulations is the same as that of hard gelatin capsules for encapsulating 
powder and granules. Capsule shells contain gelatin as the structural material, 
colorant, and TiO2 as the opacifier. Capsule shell manufacturers have designed 
gelatin capsules where the body fits tightly into the cap and functions as the 
primary seal barrier in order to prevent the leakage of liquid formulations prior 
to sealing or banding operation. In the banding operation, concentrated gelatin 
solution is applied to the junction of body and cap to form a seal when the gela-
tin solution dries up. The gelatin banding process is time consuming and labor 
intensive. Capsugel Inc. has invented and commercialized LEMS™ (Liquid 
Encapsulation by Micro-Spray) banding technology where a water and ethanol 
(1:1 ratio) mixture is sprayed into the junction of the body and cap (Cole et al. 
2008). As a result of the capillary effect, the solution is drawn into the gap 
between the body and cap. The gelatin then melts to fuse the cap and body 
together. A gentle heat is required to remove the residual water/ethanol solution. 
Compared with traditional capsule banding, LEMS™ sealing operation is more 
efficient and easier to control.

Cade et al. (1986) used vitamin A palmitate, peanut oil, and vitamin E as the 
model compounds to determine the fill-weight uniformity of liquid-filled hard gela-
tin capsules on a commercial-scale machine. The relative standard deviation of the 
fill weight was less than 0.5 % at target fill weight of 400 mg. The consistency of the 
liquid encapsulation process is highly dependent on the rheology of the fill materials. 
The viscosity of the fill material should be kept between 100 and 1000 cP. If the 
viscosity is too low, the fill material might splash in a high-speed filling process and 
the fill material might seep out into the overlapping area between the body and cap. 
If the viscosity is too high, the fill material might string at the dosing tip during 
manufacturing. Splashing, seeping out, and stringing due to improper viscosity of the 
fill materials could “contaminate” the overlapping area between the body and cap 
and, therefore, prevent the proper seal of the capsules (Cole et al. 2008). Splashing 
and seeping can be overcome by incorporating viscosity enhancers. Polymers such 
as povidone and hydroxypropyl cellulose, high- melting- point excipients such as 
hydrogenated oils, and suspending agents such as silicon dioxide and colloidal clays 
can be used to increase the viscosity of the fill materials.

For high-molecular weight PEG-based formulations, the cooling of fill material 
inside the capsule could have an effect on drug release properties of the finished 
product. PEG is a semi-crystalline excipients and its crystallization is dependent on 
the cooling condition. Higher amorphous content due to the fast cooling could result 
in faster drug release. Higher amorphous content of PEG as the result of flash 
cooling was identified to be the contributing factor for the faster release from PEG 
matrices (McGinity et al. 1984). Chatham (1987) used PEG as the model to 
demonstrate the effect of processing temperature of fill material, the duration of 
holding the fill material in the molten state, and the cooling rate following 
encapsulation on crystallization of PEG inside gelatin capsule and potentially the 
drug release rate from the capsule. Fast cooling of PEG-based dispersions has also 
been reported to result in faster drug release.
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To be encapsulated in hard gelatin capsules, the formulation must be chemically 
and physically compatible with gelatin shell. Chemically, cross-linking of gelatin 
by aldehydes in the formulation is known to cause the decrease in drug dissolution 
rate and decrease in bioavailability. For the formulation to be physically compatible 
with hard gelatin capsules, migration of the water between the fill contents and 
capsule shells must be inhibited or minimized. The water content of empty gelatin 
capsules are 14–16 %. If too much water migrates from capsule shell into the fill 
material, the shell becomes brittle and is likely to fracture during shipping and 
handling. As in soft gelatin capsule, the migration of water into the fill material 
could also cause solubilized drug to precipitate in hard gelatin capsule. If too much 
water migrates from the fill material to the shell, the shell becomes soft and loses its 
physical integrity. Cade and Madit (1996) developed a testing procedure to determine 
the miscibility between the fill material and hard gelatin capsules. Filled capsules 
are stored at various relative humidity conditions (ranging from 2.5 to 60 % relative 
humidity) and the weight change in the shell is monitored for 2 weeks. The 
acceptable weight change is ±2 %. Kuentz and Rothlisberger (2002) used texture 
analysis as a nondestructive test for hard gelatin capsules containing liquid 
formulations to investigate the effect of water migration on the mechanical properties 
of capsule shell. It was concluded that small amounts of water are often required in 
the fill material to inhibit water migration between the capsule shell and fill material.

Formulations containing high level of hydrophilic co-solvents such as ethanol, 
glycerin, propylene glycol, and low-molecular-weight PEG are not compatible with 
hard shell capsules. The capsules become brittle and break easily when these 
hydrophilic solubilizers pull the water from the capsules during the storage. These 
formulations are generally encapsulated in soft gelatin capsules. High-molecular 
weight PEGs and Poloxamer are an exception. They are compatible with hard shell 
capsules since they form solid plugs inside the capsules at ambient conditions. 
Incorporation of antioxidant in the formulation has been demonstrated to further 
improve the stability of hard gelatin capsule shell containing PEG matrices (Stain 
and Bindar 2007). Lipophilic excipients such as super-refined oils and tri-glycerides 
of fatty acids are compatible with hard gelatin capsules. A comprehensive summary 
of excipients compatibility of hard gelatin capsule shell is presented in Table 5.6.

Most hydrophilic solubilized formulations for hard gelatin capsules are based on 
solid PEG (MW ≥ 4000) and Poloxamer. These formulations are semi-solids or sol-
ids at the ambient temperature and have low melting points (<60 °C). They can be 
filled into hard gelatin capsules as molten liquids. When cooled to ambient tempera-
ture, the molten formulations transform into a semi-solid or solid plug inside the 
capsules. Hard gelatin capsules maintain physical integrity, as long as the tempera-
ture of fill materials is lower than 70 °C. PEG-based solubilized nifedipine formula-
tion is commercialized as hard gelatin capsules in Europe under the trade name 
Aprical®. The formulation matrix is comprises a mixture of low molecular weight 
PEG and high-molecular-weight PEG (Hohne et al. 1990). Nifedipine is highly 
soluble in both the liquid low-molecular weight PEG and the melt of high- molecular 
weight PEG. Compared against the traditional tablet containing micronized nifedip-
ine, nifedipine solution in PEG 200 has improved bioavailability, higher Cmax, and 

5 Co-solvent and Complexation Systems



242

shorter Tmax. However, liquid PEG is not compatible with hard gelatin capsule shell. 
When high-molecular-weight PEG is used, nifedipine dissolves easily in molten 
PEG. However, nifedipine crystallizes out of the formulation when molten PEG 
solidifies at ambient conditions. Aprical® is based on the mixture of liquid PEG 300 
and solid PEG 6000. With the proper PEG 300 and PEG 6000 ratio, the formulation 
is compatible with hard gelatin capsule and no crystallization of nifedipine is 
observed during the storage.

5.7.3  Spray Congealing

Spray-congealing process, also known as spray cooling or prilling process, is 
commonly used in food and chemical industry to convert a pool of molten liquid 
into solids spheres. The operation principles and processing parameters for the 
spray-congealing process is discussed by Killeen (1993). The same basic equip-
ment used for spray congealing is also used for spray drying. Unlike spray drying, 
spray congealing is a solvent or water-free process. In spray-congealing process, 
cooling air is passed through the chamber to remove the thermal energy from the 
atomized droplets. In spray-drying processes, hot air is passed through the cham-
ber to flash off the solvent or water. To undergo spray congealing, solid material 
is melted and transformed into a low-viscosity liquid. The molten liquid is then 
atomized into molten droplets inside a chamber with cooling air passing through. 
The residence time inside the cooling chamber ranges from a few seconds to 
1 min. The molten droplets cool and solidify into spherical particles inside the 

Table 5.6 List of excipients compatible with hard gelatin capsule shell

Excipient category Excipient list

Long-chain 
triglycerides

Soybean oil Sesame oil Peanut oil

Olive oil Cottonseed oil Hydrogenated oil

Corn oil Castor oil Safflower oil

Medium-chain 
tri-glycerides

Medium chain triglyceride (Miglyol 810, Miglyol 812, Captex 300, 
Captex 355, Labrafac CC)

Fatty acid and 
related esters

Oleic acid Lauric acid

Propylene glycol ester (Capryol, Lauroglycol)

Polyglycerol ester (Plurol Oleique)

Surfactants Polyoxyl-40 hydrogenated castor oil (Cremorphore)

Polyoxylglyceride (Gelucire, Labrasol, Labrafil)

Polyoxyethylene sorbitan monooleate (Tween)

Mono- and di-glyceride (Capmul MCM, Imwitor 191, Imwitor 900, 
Imwitor 380, Peceol and Maisine)

Vitamin E TPGS

Poloxamer

Solubilizer PEG (MW ≥ 3350)
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cooling chamber. For both spray-drying and spray-congealing processes, air 
cyclone is used to convey the particles out of the cooling chamber into a collector. 
The spray-congealed material can then be compressed along with other excipients 
into tablets or filled into capsules.

The most critical processing steps in spray congealing are atomization and cool-
ing. Pneumatic atomizer (two-fluid nozzle) and rotary atomizer (centrifugational 
atomizer) are used to disperse the melt into find droplets. In pneumatic atomizer, the 
kinetic energy from the compressed atomization air breaks the liquid feed into fine 
droplets. The medium particle size of the droplets is typically in the range of 
50–300 μm. The higher the atomization air volume-to-liquid mass rate ratio, the 
smaller the droplet size. The lower the viscosity of the feed material (higher feed 
material temperature), the smaller the droplet size. Generally speaking, larger 
particles can be achieved when the process is scaled up in larger size equipment. 
Longer residence time inside the cooling chamber of larger sprayers allows bigger 
droplets to cool and solidify sufficiently before they are collected. When a rotary 
atomizer is used, the molten liquid, introduced to the center of a rotating wheel, is 
accelerated to the wheel edge by centrifugational forces from the rotating wheel. 
When the liquid is discharged at the edge of the wheel, it breaks into fine droplets. 
The advantages of rotary atomizer over pneumatic atomizer are: (1) rotary atomizer 
can handle materials of higher viscosity; (2) larger particles can be produced with 
rotary atomizer; and (3) particle size is more uniform. In rotary atomization 
processes, droplet diameter is proportional to liquid feed rate (power of 0.2) and 
inversely proportional to the disk speed (Mackaplow et al. 2006).

Spray congealing has been successfully applied in micro-encapsulation, drug stabil-
ity enhancement, taste masking, sustained release delivery, and excipients manufactur-
ing. Yajima et al. (1999) demonstrated the effectiveness of taste masking of 
spray-congealed clarithromycin wax matrix consisting of glycerol monostearte and 
Eudragit E. Spray congealing of hydrophobic matrix comprising fatty acid, wax, glyc-
eride, and emulsifier for masking the taste of pseudoephedrine HCl, dextromethorphan, 
and cholesyramine is disclosed by Sharma et al. (1989). Preparation of controlled release 
of Verapamil hydrochloride wax microparticles via spray congealing has been reported 
by Passerini et al. (2003). Microcrystalline wax and stearyl alcohol were investigated as 
the sustained release agents. Verapamil hydrochloride maintained its crystallinity in 
spray-congealed microparticles. At 10 % drug loading, the drug was released over an 8 h 
period. Compritol® 888 ATO, a free flowing powder of glycerol behenate supplied by 
Gattefosse, is manufactured via the spray-congealing process. Preparation of solid solu-
tions of mannitol with various sugars for use as suspending agents or carrier for drug 
formulations via spray-congealing process is disclosed in a patent (Scott 1967).

Spray-congealed particles can be blended with excipients and compressed into 
tablets or filled directly into the capsules. Juppo (2004) applied a spray-congealing 
technique to transform the solubilized formulation of felodipine into a 
multiparticulate-modified release dosage form with improved drug absorption. The 
molten drug solution maintained at 110 °C was atomized with a pneumatic nozzle 
using hot atomizing air at 400 °C and a pressure of 7 bar. Spray-congealed particles 
were 50–100 μm in the diameter and 0.95 in roundness.
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Molten formulation is flash-cooled in spray-congealing process. Therefore, 
polymorphic transformation of the carrier excipients must be closely monitored. 
If necessary, curing of the spray-congealed particles under elevated temperature can 
be applied to allow the conversion to more stable form. Emas and Nyqvist (2000) 
studied the thermodynamic changes in the thermal properties of spray-congealed 
carnauba wax microspheres with microcalorimeter. Annealing procedures were 
developed to accelerate the thermodynamic transition during the storage. Glycerol 
tripalmitate crystallized predominately in metastable α form following spray con-
gealing. The metastable form gradually converted back to stable β form upon stor-
age. The conversion was accelerated when the spray-congealed material was heated 
slightly above the melting point of α form.

Since acetazolamide is a drug that melts and decomposes at high temperature, it 
is difficult to formulate as a molecular dispersion. Spray congealing under optimal 
heat treatment was proposed as a suitable technique to prepare this drug in the 
amorphous state. A mixture of drug dissolved in ethanol and molten poloxamer-237 
was sprayed using the spray dryer with an inlet temperature of 80 °C. However, the 
outer walls of the spray cylinder were chilled with ice packs. There was no thermal 
degradation of acetazolamide detected in the resulting product. Moreover, the test 
results indicated a drastic increase in solubility and rapid dissolution of the drug 
(Kulthe and Chaudhari 2014).

5.7.4  Fluidized Bed Melt Granulation

Fluidized bed processes have been used for drying, granulating, and coating pharma-
ceutical products. For solubilized formulation with low meting point, fluidized bed 
processes could be used to incorporate the formulation into a powder substrate to 
produce free flowing granules. Fenoglide® is a commercial product containing solu-
bilized composition of fenofibrate. The product is manufactured with a melt granula-
tion process, where a solution of fenofibrate in PEG 6000 and Poloxamer 188 was 
sprayed onto the fluidized lactose monohydrate powder bed (Holm et al. 2007).

Fluid bed granulator can be modified to perform melt granulation. In fluidized bed 
melt granulation, heating of both the liquid feed line and atomization air is required to 
prevent solidification of the feed material in the line and to ensure proper atomization 
of the molten formulation. The spray nozzle needs to be properly positioned so that 
the atomized formulation is in the molten state in the agglomeration zone of the fluid-
ized bed. To achieve uniform and gradual growth of the melt granules, it is critical to 
maintain the product bed temperature below the melting point of the solubilized for-
mulation. This would allow the growth of the granules to take place in the agglomera-
tion zone only. If the solubilized formulation is predominately in its molten state in the 
fluidized bed, then that could potentially lead to the collapse of the bed.

For the manufacturing of Fenoglide®, drug solution in PEG and Poloxamer 
188 is kept at about 80 °C. The temperature of substrate was found to be the criti-
cal processing parameter. In several enabling examples disclosed in the patent, 
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the atomization air was kept at 100 °C and the inlet air at ambient temperature 
(20–25 °C) for the controlled agglomeration. When the inlet air temperature was 
heated to 85 °C, the geometric weight mean diameter grew to 980 μm even at 
25 % solubilized solution loading. In contrast, geometric weight mean diameter 
grew only to 450 μm even at 60 % solubilized solution loading under the controlled 
agglomeration conditions.

Granules containing the solubilized formulation were blended with Avicel 
PH200 and magnesium stearate, and compressed into tablets. In the animal PK 
study, the percent drug absorbed from the tablets was at least 50 % higher than that 
from nanosuspension and microemulsion. It was also found that the higher the ratio 
between the solubilizing agent and drug, the greater the absorption.

5.7.5  Powered Solution Technology

Powered solution technology, also known as Liquisolid technology, is to absorb 
drug solution onto porous solid excipients to prepare a flowable and compressible 
powder. The powder can be further processed into a capsule or tablet dosage forms. 
To date, there has been no commercial success with this type of formulation. A 
mathematical model has been established for formulating powdered solution 
composition. The model can be used to calculate the optimum quantity of carrier 
excipient needed to prepare powder with desired flow and compaction properties 
(Spireas et al. 1992). Even though a solid dosage form is developed, drug remains 
in solubilized liquid state. Colloidal SiO2, microcrystalline cellulose and natural 
clays are commonly used solid carrier. Large surface of the solid carrier and drug 
being at solubilized state are two contributing factors for fast drug release and 
improved absorption. Drug could precipitate from the absorbed solution as the 
result of moisture absorption during the storage.

Sheth and Jarowski (1990) used powdered solution to improve the drug-release 
properties of polythiazide tablets. Solution of polythiazide in PEG 400 (60 mg/mL) 
was triturated with amorphous silica. The liquid carrying powder mass was then passed 
through a 40-mesh screen and blended with microcrystalline cellulose. The resulting 
free-flowing powder was compressed into tablet. Almost 90 % drug was released at 
5 min. In contrast, less than 20 % drug was released from directly compressed tablets 
containing drug and microcrystalline cellulose. Drug release from polythiazide liqu-
isolid tablets is a function of the ratio between drug solution, silica and microcrystalline 
cellulose, the duration of mixing, and the order of mixing. The tablets were physically 
and chemically stable when stored at 40 °C and 75 % relative humidity.

Hydrochlorothiazide liquisolid tablets were prepared using PEG200 as the solu-
bilizer and Avicel® PH 101, and Aerosil and light magnesium carbonate as the car-
riers (Khaled et al. 2001). The absolute bioavailability of liquisolid tablets was 15 % 
higher than that of commercial tablets. Inclusion of certain water-soluble additives 
such as PVP in the drug solution as crystallization inhibitor can further enhance the 
bioavailability of the solubilized drug in Liquisolid tablets (Spireas 2002).
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5.7.6  Summary

Co-solvent and PEG-based solubilization formulations have been demonstrated to be 
viable delivery systems for enhancing bioavailability of poorly water-soluble drugs. 
Drug bioavailability is improved due to fast dissolution rate and transient supersatura-
tion of drug. Limited by their drug-loading capacity PEG-based solubilized formula-
tions are more suited for delivering low-dose compounds. Soft gelatin encapsulation, 
hard gelatin encapsulation, spray congealing, fluid bed melt granulation, and absorp-
tion into solid carriers are commonly used techniques used to prepare the solid dosage 
forms containing solubilized formulations. Physical stability of the solubilized formu-
lation should be closely monitored. Formulation composition, manufacturing process, 
and packaging configuration must be properly selected so that poorly soluble drugs 
remain solubilized during the manufacturing and on the shelf.
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Method Capsule 1
Preformulation Support of Solubilized Formulations

Based on the method reported by Desai and Park (2004)

Objective

• To determine the solubility of valdecoxib in a variety of solid carriers, co-sol-
vents, and surfactants.

Equipment and Reagents

• Valdecoxib
• Polyethylene Glycol 4000, 6000, 8000
• Urea
• Mannitol
• Tween 20, Tween 80
• Sodium lauryl sulfate
• Glycerol
• Ethanol
• Methanol
• Purified water

Method

• Solubility studies with 1, 2, 5, 10 % wt/vol for carrier–water mixtures.
• Solubility studies with 10, 20, 30, 40, 50 % wt/vol for co-solvent–water mixtures.
• Solubility studies with 0.25, 0.50, 0.75, 1.0 % wt/vol for surfactant–water 

mixtures.
• Powder X-ray diffraction and scanning electron microscopy for characterization 

of valdecoxib drug substance.

Results

• The solubility of valdecoxib increased up to 8-, 7-, 6.7-, and 4.2-fold for PEG 
4000, PEG 6000, PEG 8000, and urea, respectively. Mannitol provided no 
solubility benefit.

• Co-solvent systems through 50 % wt/vol showed a rank-order increase of 
solubility such that ethanol > methanol > glycerol which was due to the greater 
polarity of the mixed solvent system.

• Anionic surfactant (sodium lauryl sulfate) provided greater solubility 
enhancement than nonionic surfactants (Tween) and was associated with the 
micelle interaction between the surfactant and valdecoxib.
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Method Capsule 2
Miniaturized and Automated Screening of Liquid and Semi-solid Formulations

Based on the method reported by Mansky et al. (2007)

Objective

• To apply a material sparing and efficient screening method to identify liquid and 
semi-solid formulations.

Equipment and Reagents

• JNJ-25894934, JNJ-3026582
• Gelucire® 44/14
• Hydroxypropyl-β-cyclodextrin
• Tween 20, Tween 80
• Volpo 10
• Capmul® MCM, PG8
• Captex 200
• Maisine 35–1
• Myvacet® 9–45
• Oleic acid
• Capric acid
• Vitamin E TPGS
• TECAN Genesis Workstation (96 Well Model)

Method

• Compound and excipient stock solutions were prepared, metered, and dried to 
using the TECAN system into 96 well plates.

• Samples were aged as necessary by protocol.
• Microplate dissolution was performed and concentration profiles assessed by 

HPLC.

Results

• Testing was successfully performed using drug levels as small as 50 μg per well, 
allowing for multiple formulation evaluation within a material sparing design.

• Binary drug–excipient evaluation at multiple drug loadings revealed that JNJ- 
25894943 and JNJ-3026582 were solubilized at up to 100 mg/g by Vitamin E 
TPGS and Incrocas 35, with Vitamin E TPGS being the most effective stabilizer 
over extended durations for both compounds.

• Kinetic solubility data generated by the high-throughput methodology was 
highly correlated with conventional solubility screening.
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Method Capsule 3
Preparation and Characterization of Posaconazole-CD Inclusion Complexes 
for In Vitro Study

Based on the method reported by Tang et al. (2016)

Objective

• To prepare the solid water-soluble complexes of poorly water soluble drug and 
CDs for in vitro fungal testing

Equipment and Reagents

• Posaconazole (POS)
• β-cyclodextrin (β-CD)
• 2,6-di-O-methyl-β-cyclodextrin (DM-β-CD)
• Acetone
• Methanol

Method

• The solid inclusion complexes of POS-β-CD and POS-DM- β-CD were prepared, 
sieved through a 60-mesh sieve and stored in sealed glass containers.

• The samples were characterized using various solid-state analytical techniques 
including FT-IR, PXRD, DSC, 1H-NMR, and SEM.

• Molecular modeling was performed using the software.
• Phase solubility of the complexes was studied.
• Solubility in water of the complexes was carried out using saturated solutions 

approach.
• In vitro dissolution was demonstrated and the concentrations of the drug were 

evaluated using UV spectrophotometer at 263 nm.
• In vitro antifungal susceptibility test were performed in different types of 

common pathogenic fungi.

Results

• Phase solubility study provided both solubilizing ability and the apparent stabil-
ity constant of the complexes.

• The DM-β-CD complexes showed greater stability constants when compared 
with those of the β-CD.

• The characterization methods confirmed the formation of drug-CD complexes.
• Molecular modeling illustrated the most likely configuration prepared, which is 

the 1:2 drug-CD complex.
• Solubility of the β-CD and DM-β-CD complexes increased about 10 and 90 

folds, respectively form the pure POS.
• Owing to the hydrophilic exterior surface of the CDs, the in vitro dissolution rate 

significantly increased from the intact drug.
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• The drug-CD inclusion complexes preserved the antifungal activity of the drug.
• These two CD complexes decreased the viability of the fungi in a dose-dependent 

manner and the DM-β-CD complex is superior to the β-CD complex.
• In summary, in this study the substitution of methyl groups in DM-β-CD resulted 

in an expansion of the hydrophobic region which increased the greater binding 
with drug and led to the better performance of the complexes formed in 
comparison with those of the parent β-CD.
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Method Capsule 4
Cross-linking of Soft Gelatin and Hard Gelatin Capsules

Based on the method reported by Meyer et al. (2000)

Objective

• To utilize in vitro analysis to predict bioequivalent and bioinequivalent capsules.

Equipment and Reagents

• Acetaminophen
• Lactose
• Polyethylene Glycol 600, 1000
• Hard Gelatin Capsules, Size 1
• Type B Gelatin, 150 bloom limed-bone gelatin
• Glycerin
• Sorbitol

Method

• Hard gelatin capsules were stressed by filling with lactose containing 20 and 
120 ppm of formaldehyde while storing for 6 days at room temperature and 1 day 
at 40 °C/75%RH. Capsules were then emptied and manually filled with 
acetaminophen.

• Soft gelatin capsules were prepared containing 0, 20, and 80 ppm, with a storage 
period of over 30 weeks at 25 °C/60%RH and 40 °C/75%RH.

• In vitro dissolution was conducted using USP Apparatus II with 900 mL of 
simulated gastric fluid containing pepsin at 50 rpm.

• Two separate 24-subject, three-way crossover, bioequivalence studies using 
three different lots of hard gelatin capsules and three different lots of soft gelatin 
capsules, all having experienced different levels of stress.

Results

• Hard gelatin capsules exposed to increased levels of formaldehyde failed to meet 
USP dissolution testing requirements in SGF and water.

• Soft gelatin capsules containing 20 ppm formaldehyde met dissolution 
requirements; however, higher levels failed to comply with USP specifications 
after 55 days storage at 40 °C/75%RH.

• Oral bioavailability of stressed capsules showed similar AUC when compared to 
nonstressed product; however, a statistically significant increase in Tmax was 
observed for stressed product due to the cross-linked induced delayed release.

5 Co-solvent and Complexation Systems



252

References

Al-Marzouqi AH, Elwy HM, Shehadi I, Adem A (2009) Physicochemical properties of antifungal 
drug–cyclodextrin complexes prepared by supercritical carbon dioxide and by conventional 
techniques. J Pharm Biomed Anal 49:227–233

Al-Marzouqi A, Jobe B, Dowaidar A, Maestrelli F, Mura P (2007) Evaluation of supercritical fluid 
technology as preparative technique of benzocaine–cyclodextrin complexes–comparison with 
conventional methods. J Pharm Biomed Anal 43:566–574

Anguiano-Igea S, Otero-Espinar FJ, Vila-Jato JL, Blanco-Mendez J (1995) The properties of solid 
dispersions of clofibrate in polyethylene glycol. Pharm Acta Helv 80:57–66

Armstrong NA, James KC, Pugh WKL (1984) Drug migration into soft gelatin capsule shells and 
its effect on in-vitro availability. J Pharm Pharmacol 36:361–365

Bai Y, Wang J, Bashari M, Hu X, Feng T, Xu X, Jin Z, Tian Y (2012) A thermogravimetric analysis 
(TGA) method developed for estimating the stoichiometric ratio of solid-state α-cyclodextrin- 
based inclusion complexes. Thermochim Acta 541:62–69

Banchero M, Ronchetti S, Manna L (2013) Characterization of ketoprofen/methyl-β-cyclodextrin 
complexes prepared using supercritical carbon dioxide. J Chem 1–8

Barzegar-Jalali M, Valizadeh H, Shadbad MR, Adibkia K, Mohammadi G, Farahani A, Arash Z, 
Nokhodchi A (2010) Cogrinding as an approach to enhance dissolution rate of a poorly water- 
soluble drug (gliclazide). Powder Technol 197(3):150–158

Becherirat S, Lanhers MC, Socha M, Yemloul M, Astier A, Loboda C, Aniceto N, Gibaud S (2013) 
The antitumor effects of an arsthinol–cyclodextrin complex in a heterotopic mouse model of 
glioma. Eur J Pharm Sci 85(3):560–568

Bettinetti GP, Sorrenti M, Rossi S, Ferrari F, Mura P, Faucci MT (2002) Assessment of solid-state 
interactions of naproxen with amorphous cyclodextrin derivatives by DSC. J Pharm Biomed 
Anal 30:1173–1179

Bindra WTD, Stella VJ (1994) Degradation of O6-benzylguanine in aqueous polyethylene glycol 400 
(PEG 400) solutions: concern with formaldehyde in PEG 400. Pharm Res 11(7):1060–1064

Bley H, Fussnegger B, Bodmeier R (2010) Characterization and stability of solid dispersions based 
on PEG/polymer blends. Int J Pharm 390:165–173

Borba PA, Pinotti M, Andrade GR, da Costa NB, Olchanheski LR, Fernandes D, de Campos CE, 
Stulzer HK (2015) The effect of mechanical grinding on the formation, crystalline changes and 
dissolution behaviour of the inclusion complex of telmisartan and β-cyclodextrins. Carbohydr 
Polym 133:373–383

Bouchal F, Skiba M, Chaffai N, Hallouard F, Fatmi S, Lahiani-Skiba M (2015) Fast dissolving 
cyclodextrin complex of piroxicam in solid dispersion Part I: Influence of β-CD and HPβ-CD 
on the dissolution rate of piroxicam. Int J Pharm 478(2):625–632

Brodin A, Frank S, Ye C (2003) Method of preparing solid dispersions. US Patent Publication 
2003/0104065

Cade D, Cole ET, Mayer JPH, Witter F (1986) Liquid filled and sealed hard gelatin capsules. Drug 
Dev Ind Pharm 12(11–13):2289–2300

Cade D, Madit N (1996) Liquid filling in hard gelatin capsules-preliminary steps. Bull Tech 
Gattefosse 88:15–19

Çelik SE, Özyürek M, Güçlü K, Apak R (2015) Antioxidant capacity of quercetin and its glyco-
sides in the presence of β-cyclodextrins: influence of glycosylation on inclusion complexation. 
J Incl Phenom Macro 83(3-4):309–319

Chatham SM (1987) The use of bases in SSM formulations. STP Pharma 3(7):575–582
Chiou WL, Riegelman S (1971) Pharmaceutical application of solid dispersion systems. J Pharm 

Sci 60(9):1281–1301
Christoforides E, Mentzafos D, Bethanis K (2015) Structural studies of the inclusion complexes of 

the (+)- and (2)-borneol enantiomers in α– and β–cyclodextrin. J Incl Phenom Macrocycl 
Chem 81:193–203

S.H. Surasarang and R.O. Williams III



253

Cole ET, Cade D, Benameur H (2008) Challenges and opportunities in the encapsulation of liquid 
and semisolid formulations into capsules for oral administration. Adv Drug Del Rev 
60:747–756

Collnot EM, Baldes C, Wempe MF, Kappl R, Huttermann J, Hyatt JA, Edgar KJ, Schaefer UF, 
Lehr CM (2007) Mechanism of inhibition of P-glycoprotein mediated efflux by vitamin E 
TPGS: influence on ATPase activity and membrane fluidity. Mol Pharm 4(3):465–474

Connons KA (1996) Measurement of cyclodextrins complex stability constants, Comprehensive 
supermolecular chemistry. Elsevier, Oxford, pp 205–241

Corciova A, Ciobanu C, Poiata A, Mircea C, Nicolescu A, Drobota M, Varganici CD, Pinteala T, 
Marangoci N (2015) Antibacterial and antioxidant properties of hesperidin:cyclodextrin 
complexes obtained by different techniques. J Incl Phenom Macrocycl Chem 81:71–84

Craig DQM (1990) Polyethylene glycols and drug release. Drug Dev Ind Pharm 
16(17):2501–2526

Cyclodextrin News (2013) 27(2)
Davis ME, Brewster ME (2004) Cyclodextrin-based pharmaceutics: past, present and future. Nat 

Rev Drug Discov 3(12):1023–1035
Del Valle EM (2004) Cyclodextrins and their uses: a review. Process Biochem 39(9):1033–1046
Desai KGH, Park HJ (2004) Solubility studies on valdecoxib in the presence of carriers, cosolvents 

and surfactants. Drug Dev Res 62:41–48
Dodziuk H, Bielejewska A, Schiff W, Ueda H (2011) Complexation of [2.2]para- cyclophane with 

β- and γ-cyclodextrins studied by HPLC and NMR. Centr Eur J Chem 9:1056–1061
Emas M, Nyqvist H (2000) Method of studying aging and stabilization of spray-congealed solid 

dispersions with carnauba wax 1. microcalorimetric investigation. Int J Pharm 197:117–127
Ferreira MJG, García A, Leonardi D, Salomon CJ, Lamas MC, Nunes TG (2015) 13 C and 15 N 

solid-state NMR studies on albendazole and cyclodextrin albendazole complexes. Carbohyd 
polym 123:130–135

Friesen DT, Shanker R, Crew M, Smithy DT, Curatolo WJ, Nightingale JAS (2008) Hydroxypropyl 
methylcellulose acetate succinate based spray dried dispersions: an overview. Mol Pharm 
5(6):1003–1019

Frömming KH, Szejtli J (1993) Cyclodextrins in pharmacy, vol 5. Springer, New York
Garnero C, Aiassa V, Longhi M (2012) Sulfamethoxazole:hydroxypropyl-β-cyclodextrin complex: 

preparation and characterization. J Pharm Biomed Anal 63:74–79
Garnero C, Longhi M (2007) Study of ascorbic acid interaction with hydroxypropyl-β-cyclodextrin 

and triethanolamine, separately and in combination. J Pharm Biomed Anal 45:536–545
Ginés-Dorado JM, Arias-Blanco MJ, Rabasco-Álvarez AM, González- Rodríguez ML, Cózar- 

Bernal MJ, Sánchez-Soto PJ (2014) Application of hot stage microscopy to the thermal study 
of two binary systems of pharmaceutical interest: triamterene–polyethyleneglycol 6000 and 
triamterene–β-cyclodextrin. In: Méndez-Vilas A (Ed.), Microscopy: advances in scientific 
research and education, vol. 2. Formatex Research Center, Spain, pp 1015–1019

Gullapalli RP (2010) Soft gelatin capsules. J Pharm Sci 99(10):4107–4148
Gupta V, Ain S, Babita K, Ain Q, Dahiya J (2013) Solubility enhancement of the poorly water-

soluble antiulcer drug famotidine by inclusion complexation. IJPSN 6:1983–1989
Hamburger R, Azaz E, Donbrow M (1975) Autoxidation of polyoxyethylenic non-ionic surfactants 

and of polyethylene glycols. Pharm Acta Helv 50(1/2):10–17
Hancock BC, Parks M (2000) What is the true solubility advantage for amorphous pharmaceuticals? 

Pharm Res 17(4):397–404
Heydari A, Iranmanesh M, Doostan F, Sheibani H (2015) Preparation of inclusion complex 

between nifedipine and ethylenediamine-β-cyclodextrin as nanocarrier Agent. Pharm Chem 
J 49(9):605–612

Hohne H, Lahr W, Schmersahl HU (1990) Nifedipine-containing form of administration and 
method for its production. US Patent 4,894,235

Holm P, Buur A, Elma MO, Mollgarrd B, Holm JE, Schultz K (2007) Controlled agglomeration. 
US Patent 7,217,341

5 Co-solvent and Complexation Systems



254

Holm R, Olesen NE, Alexandersen SD, Dahlgaard BN, Westh P, Mu H (2016) Thermodynamic 
investigation of the interaction between cyclodextrins and preservatives—application and 
verification in a mathematical model to determine the needed preservative surplus in aqueous 
cyclodextrin formulations. Eur J Pharm Sci 87:22–29

Iglesias-Garcia I, Brandariz I, Iglesias E (2010) Fluorescence study of tetracaine-cyclodextrin 
inclusion complexes. Supramol Chem 22:228–236

Iglesias E (2006) Inclusion complexation of novocaine by beta-cyclodextrin in aqueous solutions. 
J Org Chem 71:4383–4392

Jimerson RF (1986) Soft gelatin capsule update. Drug Dev Ind Pharm 12(8&9):1133–1144
Juppo A (2004) Novel modified release formulation. US Patent Application 20,040,067,256
Khaled KA, Yousif A, Asiri B, El-sayed YM (2001) In vitro evaluation of hydrochlorothiazide 

liquisolid tablets in beagle dogs. Int J Pharm 222:1–6
Killeen MJ (1993) The process of spray drying and spray congealing. Pharm Eng 13(4):56–64
Kuentz M, Rothlisberger D (2002) Determination of the optimal amount of water in liquid filled 

masses for hard gelatin capsules by means of texture analysis and experimental design. Int 
J Pharm 236:145–152

Kulthe VV, Chaudhari PD (2014) Effectiveness of spray congealing to obtain physically stabilized 
amorphous dispersions of a poorly soluble thermosensitive API. AAPS PharmSciTech 
15(6):1370–1377

Kurkov SV, Loftsson T (2013) Cyclodextrins. Int J Pharm 453(1):167–180
Law D, Wang W, Schmitt EA, Qiu YH, Krill SL, Fort JJ (2003) Properties of rapidly dissolving 

eutectic mixtures of poly(ethylene glycol) and fenofibrate: the eutectic microstructre. J Pharm 
Sci 92(3):505–515

Lobenberg R, Amidon GL (2000) Modern bioavailability, bioequivalence and biopharmaceutics 
classification system new scientific approaches to international regulatory standards. Eur 
J Pharm Biopharm 50:3–12

Lo Meo P, D’Anna F, Riela S, Gruttadauria M, Noto R (2011) Binding properties of heptakis-(2,6- 
di- O-methyl)-β-cyclodextrin and mono-(3,6-anhydro)-β- cyclodextrin: a polarimetric study. 
J Incl Phenom Macrocycl Chem 71:121–127

Loftsson T, Brewster ME, Másson M (2004) Role of cyclodextrins in improving oral drug delivery. 
Am J Drug Deliv 2(4):261–275

Loftsson T, Duchêne D (2007) Cyclodextrins and their pharmaceutical applications. Int J Pharm 
329(1):1–11

Mackaplow MB, Zarraga IE, Morris JF (2006) Rotary spray congealing of a suspension: effect of 
disk speed and dispersed particles properties. J Microencapsul 23(7):793–809

Mansky P, Dai WG, Li S, Pollock-Dove C, Daehne K, Dong L, Elchenbaum G (2007) Screening 
method to identify preclinical liquid and semi-solid formulations for low solubility compounds: 
miniaturization and automation of solvent casting and dissolution testing. J Pharm Sci 
96(6):1548–1563

Martin A, Wu PL, Adjei A, Mehdizadeh M, James KC, Metzler C (1982) Extended hildebrand 
solubility approach: testosterone and testosterone propionate in binary solvents. J Pharm Sci 
71(12):1334–1340

Mennini N, Bragagni M, Maestrelli F, Mura P (2014) Physicochemical characterization in solution 
and in the solid state of clonazepam complexes with native and chemically-modified 
cyclodextrins. J Pharm Biomed Anal 89:142–149

Meier MM, Luiz MTB, Szpoganicz B, Soldi V (2001) Thermal analysis behavior of β- and 
γ-cyclodextrin inclusion complexes with capric and caprylic acid. Thermochim Acta 
375:153–160

Meyer MC, Ab S, Mhatre RM, Hussain A, Shah VP, Bottom CB, Cole ET, Lesko LL, Mallinowski 
H, Williams RL (2000) The effect of gelatin cross-linking on the bioequivalence of hard and 
soft gelatin acetaminphoen capsules. Pharm Res 17(8):962–966

McGinity JW, Maincent P, Steinfink H (1984) Crystallinity and dissolution rate of tolbutamide 
solid dispersions prepared by the melt method. J Pharm Sci 10:1441–1444

S.H. Surasarang and R.O. Williams III



255

Mohan PRK, Sreelakshmi G, Muraleedharan CV, Joseph R (2012) Water soluble complexes of 
curcumin with cyclodextrins: characterization by FT-Raman spectroscopy. Vib Spectrosc 
62:77–84

Moneghini M, Kikic I, Voinovich D, Perissutti B, Filipovic-Grcic J (2001) Processing of carbam-
azepine-PEG 4000 solid dispersions with supercritical carbon dioxide: preparation, character-
ization and in vitro dissolution. Int J Pharm 222:129–138

Moore WE (1958) The use of an approximate dielectric constant to blend solvent systems. J Pharm 
Sci 47(12):855–857

Mura P, Faucci MT, Manderioli A, Bramanti G, Parrini P (1999) Thermal behavior and dissolution 
properties of naproxen from binary and tertiary solid dispersions. Drug Dev Ind Pharm 
25(3):257–264

Nema S, Washkuhn RJ, Brendel RJ (1997) Excipients and their use in injectable products. PDA 
J Pharm Sci Technol 51(4):166–171

Ogawa N, Higashi K, Nagase H, Endo T, Moribe K, Loftsson T, Yamamoto K, Ueda H (2010) 
Effects of cogrinding with β-cyclodextrin on the solid state fentanyl. J Pharm Sci 
99:5019–5029

Pápay ZE, Sebestyén Z, Ludányi K, Kállai N, Balogh E, Kósa A, Somavarapu S, Böddi B, Antal I 
(2016) Comparative evaluation of the effect of cyclodextrins and pH on aqueous solubility of 
apigenin. J Pharmaceutic Biomed 117:210–216

Passerini N, Perissutti B, Albertini B, Voinovich D, Moneghini M, Rodriguez L (2003) Controlled 
release of verapamil hydrochloride from waxy microparticles prepared by spray congealing. 
J Control Release 88:263–275

Pouton CW (1997) Formulation of self-emulsifying drug delivery systems. Adv Drug Del Rev 
25:47–58

Qiu N, Cheng X, Wang G, Wang W, Wen J, Zhang Y, Song H, Ma L, Wei Y, Peng A, Chen L (2014) 
Inclusion complex of barbigerone with hydroxypropyl-β-cyclodextrin:preparation and in vitro 
evaluation. Carbohydr Polym 101:623–630

Ragab MT, El-Rahman MKA, Ramadan NK, El-Ragehy NA, El-Zeany BA (2015) Novel potentio-
metric application for the determination of pantoprazole sodium and itopride hydrochloride in 
their pure and combined dosage form. Talanta 138:28–35

Rizzo C, D’Anna F, Marullo S, Vitale P, Noto R (2014) Two-component hydrogels formed by 
cyclodextrins and dicationic imidazolium salts. Eur J Org Chem 5:1013–1024

Salústio PJ, Feio G, Figueirinhas JL, Pinto JF, Cabral Marques HM (2009) The influence of the 
preparation methods on the inclusion of model drugs in a β-cyclodextrin cavity. Eur J Pharm 
Biopharm 71:377–386

Scott MW (1967) Pharmaceutical tablet excipients of solid particles of a binary solid solution of 
mannitol with a sugar. US Patent 3,341,415

Serajuddin ATM, Sheen PC, Augustine MA (1986) Water migration from soft gelatin capsule shell 
to fill material and its effect on drug solubility. J Pharm Sci 75:82–84

Sharma SC, Shaw JJ, Yang RK (1989) Novel drug delivery system. US Patent 4,797,288
Sheth A, Jarowski CI (1990) Use of powdered solutions to improve the dissolution rate of polythia-

zide tablets. Drug Dev Ind Pharm 16(5):769–777
Song W, Yu X, Wang S, Blasier R, Markel DC, Mao G, Shi T, Ren W (2011) Cyclodextrin–eryth-

romycin complexes as a drug delivery device for orthopedic application. Int J Nanomed 
6:3173–3186

Spireas SS, Jarowski CI, Rohera BD (1992) Powdered solution technology: principles and 
mechanisms. Pharm Res 9(10):1351–1358

Spireas S (2002) Liquisolid systems and method of preparing same. US Patent 6,423,339
Stain D, Bindar DS (2007) Stabilization of hard gelatin capsule shells filled with polyethylene 

glycol matrices. Pharm Dev Technol 12:71–77
Tang P, Wang L, Ma X, Xu K, Xiong X, Liao X, Li H (2016) Characterization and in vitro evalu-

ation of the complexes of posaconazole with β-and 2, 6-di-O-methyl-β-cyclodextrin. AAPS 
PharmSciTech 1–11

5 Co-solvent and Complexation Systems



256

Taupitz T, Dressman JB, Buchanan CM, Klein S (2013) Cyclodextrin-water soluble polymer 
ternary complexes enhance the solubility and dissolution behaviour of poorly soluble drugs. 
Case example: itraconazole. Eur J Pharm Biopharm 83(3):378–387

Trollope L, Cruickshank DL, Noonan T, Bourne SA, Sorrenti M, Catenacci L, Caira MR (2014) 
Inclusion of trans-resveratrol in methylated cyclodextrins: synthesis and solid-state structures. 
J Org Chem 10:3136–3151

Unga J, Tajarobi F, Norder O, Frenning G, Larsson A (2009) Relating solubility data of parabens 
in liquid PEG400 to the behavior of PEG400-parabens solid dispersions. Eur J Pharm Biopharm 
73:260–268

Ungaro F, Giovino C, Catanzano O, Miro A, Mele A, Quaglia F, La Rotonda MI (2011) Use of 
cyclodextrins as solubilizing agents for simvastatin: effect of hydroxypropyl-β-cyclodextrin on 
lactone/hydroxyacid aqueous equilibrium. Int J Pharm 404:49–56

Urbanetz NA, Lippold BC (2005) Solid dispersions of nimodipine and polyethylene glycol 2000: 
dissolution properties and physico-chemical characterization. Eur J Pharm Biopharm 
59:107–118

Venuti V, Cannavà C, Cristiano MC, Fresta M, Majolino D, Paolino D, Stancanelli R, Tommasini 
S, Ventura CA (2014) A characterization study of resveratrol/sulfobutyl ether-β-cyclodextrin 
inclusion complex and in vitro anticancer activity. Colloids Surf B 115:22–28

Werner B (1988) Soft gelatin capsules and method for their production. US Patent 4,744,988
Wu CY, Benet LZ (2005) Predicting drug disposition via application of BCS: transport/absorption/

elimination interplay and development of biopharmaceutics drug disposition classification 
system. Pharm Res 22:11–23

Yajima T, Umeko N, Itai S (1999) Optimum spray congealing conditions for masking the bitter 
taste of clarithromycin in wax matrix. Chem Pharm Bull 47(2):220–225

Yalkowsky SH, Flynn GL, Amidon GL (1972) Solubility of nonelectrolytes in polar solvents. 
J Pharm Sci 61(6):983–984

Yano H, Kleinebudde P (2010) Improvement of dissolution behavior for poorly water-soluble drug 
by application of cyclodextrin in extrusion process: comparison between melt extrusion and 
wet extrusion. AAPS PharmSciTech 11(2):885–893

Yousaf AM, Kim DW, Cho KH, Kim JO, Yong CS, Choi HG (2015) Effect of the preparation 
method on crystallinity, particle size, aqueous solubility and dissolution of different samples of 
the poorly water-soluble fenofibrate with HP-β-CD. J Incl Phenom Macro 81(3–4):347–356

Zhang JQ, Li K, Cong YW, Pu SP, Zhu HY, Xie XG, Jin Y, Lin J (2014) Preparation, characterisa-
tion and bioactivity evaluation of the inclusion complex formed between picoplatin and 
β-cyclodextrin. Carbohydr Res 396:54–61

Zhao L, Yalkowsky SH (2001) Stabilization of eptifibatide by cosolvents. Int J Pharm 218:43–56
Zoppi A, Delrivo A, Aiassa V, Longhi MR (2013) Binding of sulfamethazine to β-cyclodextrin and 

methyl- β-cyclodextrin. AAPS PharmSciTech 14:727–735

S.H. Surasarang and R.O. Williams III



257© American Association of Pharmaceutical Scientists 2016 
R.O. Williams III et al. (eds.), Formulating Poorly Water Soluble Drugs, AAPS 
Advances in the Pharmaceutical Sciences Series 22, 
DOI 10.1007/978-3-319-42609-9_6

    Chapter 6   
 Injectable Formulations of Poorly 
Water- Soluble Drugs                     

     Youssef     W.     Naguib     ,     Hannah     L.     O’Mary     ,     Zhengrong     Cui    , and     Alan     B.     Watts    

    Abstract     Each year, an increasing number of new molecular entities are 
characterized as having poor water solubility. For parenteral formulations, it is 
exceptionally important that solubility limitations are well understood so that the 
desired therapeutic activity can be achieved. Formulation approaches should be 
implemented to overcome the challenges of solubility for these new compounds. 
Techniques such as pH manipulation, salt formation, cosolvent or surfactant addi-
tion, or complexation may be used to increase aqueous solubility. Advanced tech-
niques focused on increasing drug therapy through delivery of a stabilized dispersion 
can also be implemented. Formulations such as liposomes and nanosuspensions 
have been used to promote drug targeting, alter pharmacokinetics, and reduce toxic-
ity without directly increasing molecular solubility. This chapter provides an over-
view of current formulation approaches used for injectable drugs and also covers 
advanced approaches in development. Considerations that are specifi c to injectable 
products will be reviewed fi rst including buffering, tonicity, sterility, drug product 
stability, and manufacturing, before detailing formulation strategies used to formu-
late poorly water soluble compounds. The current authors would like to thank and 
acknowledge the signifi cant contribution of the previous authors of this chapter 
from the fi rst edition. This current second edition chapter is a revision and update of 
the original authors’ work.  
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6.1       Introduction 

 Injectable formulations encompass a wide range of uses and routes of administra-
tion. Although sometimes less preferred due to patient compliance and strict pro-
duction requirements, injectable formulations are critically important in a variety of 
indications, particularly in the acute care setting. By  direct administration   to 
systemic circulation or target tissue, injectable formulations reduce inter/intra 
subject variability, allow for rapid onset of action, and enable greater control of 
pharmacokinetics. The U.S. Department of Health and Human Services lists key 
medications for use in adult acute care, almost all of which are injectable formula-
tions (Aschenbrenner and Venable  2009 ). In addition, many of the current top-sell-
ing drugs are injectables. For example, in 2012, 8 of the top 20 best-selling 
 commercial drug products   were injectable formulations. These medications are 
used to treat psoriasis, rheumatoid arthritis, multiple sclerosis, neutropenia, cancer, 
and diabetes. In addition to the many commercial indications, injectable formula-
tions are often used during drug product development in preclinical and clinical 
studies to assess toxicity and pharmacokinetic parameters. 

 The percentage of drugs that are poorly soluble in water has risen above 40 % in 
recent years, with that number extending as high as 90 % for some therapeutic areas 
of research. Examples of these newly approved, poorly water soluble products are 
listed in Table  6.1 . As this percentage has risen, so have the methods and approaches 
for formulating these compounds. This chapter provides guidance for improving the 
solubility of poorly  water-soluble drugs   and for developing a stable product for 
injectable delivery.

   Table 6.1    Newly approved injectable products of poorly water-soluble drugs (2014–2015)   

 Product 
 Route of 
administration  Solubilization technique 

 (ceftazidime and avibactam) for injection  Intravenous  Salt formation 
 ARISTADA ®  (aripiprazole lauroxil) 
extended-release injectable suspension 

 Intramuscular  Surfactant 

 ONIVYDE™ (irinotecan hydrochloride) 
liposome injection 

 Intravenous  Liposome, salt formation 

 YONDELIS ®  (trabectidin) for injection  Intravenous  pH adjustment 
 INVEGA TRINZA™ (paliperidone 
palmitate) extended-release injectable 
suspension 

 Intramuscular  Surfactant, cosolvent 

 DYLOJECT™ (diclofenac sodium) 
injection 

 Intravenous  Salt formation, 
cyclodextrins 

 NOXAFIL ®  (posaconazole) injection  Intravenous  pH adjustment, 
cyclodextrins 

 (oritavancin) for injection  Intravenous  Salt formation 
 RYANODEX ®  (dantrolene sodium) for 
injectable suspension 

 Intravenous  Salt formation, surfactant, 
pH adjustment 
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6.2        Target Product Profi le 

 Prior to developing an injectable formulation, it is critical to defi ne the objectives 
for the fi nal drug product. Using a pharmaceutical “quality by design” approach, 
patient-centric quality characteristics can be translated into quality attributes of the 
drug product, known as a  target product profi le (TPP)  . Details in a comprehensive 
TPP include intended clinical use, route of administration, dosage form, dosage 
strength, drug product release rate, and product sterility, stability, or purity. Careful 
consideration of the TPP allows for the design and implementation of a consistent 
manufacturing process. In addition to the TPP, regulatory implications and properties 
of the therapeutic  moiety   will also determine the acceptable characteristics of the 
fi nal injectable product (see FDA  2016 ; Yu et al.  2014 ).  

6.3     Routes of Administration 

6.3.1     Intravenous 

  Intravenous (IV) administration   involves injection of the drug product directly into 
a patient’s vein. This can be performed as a bolus or “push” dose where the drug is 
administered rapidly over a few minutes, or as a continuous infusion over several 
hours to days. Bolus dosing allows for rapid serum concentrations and is useful 
when an immediate therapeutic effect is warranted. Because it can be maintained for 
prolonged periods, IV infusion ensures more accurate serum concentrations and can 
be used to administer larger volumes to the patient. Drugs with short half-lives may 
also be administered through IV infusion if continued therapeutic effect is necessary. 

 IV injection of a drug product is typically performed using a sterile needle and 
syringe or using a sterile catheter as part of an IV infusion set. Drug products that 
might be irritating through other routes (such as intramuscular or subcutaneous) are 
often given through IV administration. Drug products that require precise control 
over serum concentrations utilize IV administration since IV administration avoids 
the need for absorption across a mucosal membrane to reach blood circulation 
making them immediately bioavailable.  

6.3.2     Subcutaneous 

  Subcutaneous (SC) administration   involves injecting the drug product below the der-
mis and epidermis into the fatty, subcutaneous layer in the skin. Typical sites of injec-
tion include the upper arm, upper leg, or abdomen and the injection is usually performed 
with a small, thin needle. The drug is able to diffuse into the vasculature within the 
subcutaneous layer, though the time for this diffusion is dependent on both the formu-
lation and properties of the active pharmaceutical ingredient (Cengage  2006 ). 
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 SC administration is limited by volume (less than 2 mL), but is often used for 
products that cannot be given orally due to instability or poor absorption. An 
example of this would be insulin, which is most commonly administered through 
this route. Suspensions, which are typically not viable for IV administration, 
may also be given through the SC route. Oil-based formulations may be given 
through SC administration to form drug depot systems for sustained-release. 
Hydromorphone, formulated as the hydrochloride salt, is available as an aqueous 
solution for subcutaneous administration in patients with severe pain requiring 
dosing every 2–3 h.  

6.3.3     Intramuscular 

  Intramuscular (IM) administration   involves the injection of a bolus dose of the drug 
product directly into the muscular tissue, with the most common sites being the glu-
teal, vastus lateralis, or deltoid muscles. As with SC injections, the rate of absorption 
into the blood stream is dependent on the properties of the formulation and therapeu-
tic moiety. However, the rate of absorption for IM injections is typically quicker and 
more predictable than that of SC injections, as more blood fl ow is available to the 
muscle than to the fatty tissue of the subcutaneous layer (Bhalla  2007 ).  IM   injections 
are limited by injection volume as well, which is typically 4 mL or less, but may 
consist of suspensions or sustained-release products. This route is most commonly 
used for vaccines, but may also be used to deliver other therapeutics including corti-
costeroids and antibiotics. For example, SOLU- CORTEF ® , hydrocortisone sodium 
succinate, is available as an intramuscular injection for use in infl ammatory 
conditions.  

6.3.4     Intrathecal 

  Intrathecal (IT) injection   is a route of intra-spinal administration that delivers drug 
directly into the cerebrospinal fl uid (CSF). Injection involves direct placement of 
the needle into the subarachnoid space of the spinal column. Drugs delivered 
through this route are not available to systemic circulation and are maintained 
within the CSF, allowing for drug to bypass the blood–brain barrier. 

 The CSF is a sterile liquid without immune defense capabilities; therefore, steril-
ity of formulations intended for intrathecal administration is exceedingly important. 
Additionally, due to the potential for infl ammatory-mediated reactions and neuro-
toxicity, intrathecal preparations must be preservative-free, reiterating the need for 
aseptic processing. 

 Dosing volumes of 5 mL or less are preferred for intrathecal administration 
to reduce the risk for increases in intracranial pressure. Specially designed 
intrathecal catheter sets may be used in patients requiring frequent and repeated 
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injections (Dodou,  2012 ). Because the CSF is isotonic, products should be pre-
pared as close to physiological tonicity as possible. While intrathecal prepara-
tions may contain buffers, inclusion of additional excipients should be limited. 
Because the CSF is susceptible to introduced foreign matter, the limits of con-
tamination are restricted further for intrathecal preparations than for other 
injectable formulations. Therefore, it is essential that excipients be limited to 
reduce potential exposure and possible toxicity. Table  6.2  lists commercially 
approved products for intrathecal injection as examples.

6.3.5        Intra-articular 

 Injectable formulations may also be administered directly at the site of action, as is 
the case with  intra-articular (IA) injections  . IA injections involve the administration 
of drug into the joint space using a sterile needle and syringe. The needle size and 
dose volume are dependent upon the joint that is being injected. For example, 
injections of 3 mL with an 18–22 gauge needle are tolerated in the knee, while 
injection volumes of only 0.25–0.5 mL with a 25 gauge needle are acceptable in the 
fi rst metacarpal joint of the hand. This route is frequently used to administer 
products for the relief of pain and infl ammation, and may be benefi cial to deliver 
drugs that are poorly distributed to the joint following IV administration or that 
have signifi cant systemic toxicities (Cardone and Tallia  2003 ; Larsen et al.  2008 ; 
Lavelle et al.  2007 ). 

 Potential formulations for IA  injection   may include solutions, suspensions, 
liposomal preparations, hydrogels, or micro/nanoparticles. Solutions may be prone 
to rapid clearance from the joint and require repeated administrations, increasing 
the risk for infection. Preferably, IA injectables should provide sustained therapeu-
tic effect and be free from any potential immunogenic components that might elicit 
an unwanted immune response (Gerwin et al.  2006 ). Table  6.3  lists selected IA 
products that are currently marketed, as well as in commercial development 
(Neustadt  2006 ).

   Table 6.2    Commercial products for intrathecal injection   

 Product  Formulation  Inactive ingredients  Dose 

 DURAMORPH ®  (morphine 
sulfate) injection 

 Solution  9 mg sodium chloride in 1 mL of 
Water for Injection 

 0.2–1 mL 

 LIORESAL ®  
INTRATHECAL (baclofen) 
injection 

 Solution  500 mcg or 2000 mcg and 
sodium chloride 9 mg in Water 
for Injection 

 0.5–2 mL 

 RINDERON ®  
(betamethasone) 4 % injection a  

 Solution  Dibasic sodium phosphate, 
monobasic sodium phosphate, 
D-Sorbitol, and anhydrous 
sodium sulfi te 

 2 mL 

   a Not an FDA approved product (see Taguchi et al.  2007 )  

6 Injectable Formulations of Poorly Water-Soluble Drugs



262

6.3.6        Other Injectable Routes 

 Injectable formulations are not limited to the previously mentioned routes, which 
are summarized in Table  6.4 . The FDA lists a number of routes of administration, 
many of which would require the use of an injectable product (see FDA  2015b ). 
Though less commonly used, these routes may be required for specialized delivery 
of a  parenteral product  . Careful investigation of the challenges and limitations of 
each of these routes must be thoroughly explored before development of a drug 
product.

6.4         Formulation Considerations for Injectable Products 

6.4.1     pH 

 One of the initial parameters that needs to be considered when formulating injectable 
products is the pH. Formulations designed for IV or IM administration may be 
developed at a pH range from 2 to 12; however, there are constraints to this range 
dependent on the volume, rate of administration, and buffer capacity of the product. 
With regards to volume,  pH restrictions   will be tighter on large volume 
administrations (defi ned by the USP as IV volumes exceeding 100 mL) as compared 
to slowly-injected small volume preparations. While the range of 2–12 is typically 
accepted, products should be ideally formulated as close to the physiological pH as 
possible and pH values greater than 3 and less than 10.5 are preferred. Injectable 
products to be administered subcutaneously are restricted even further by pH, to a 
range of 2.7– 9, due to the decreased capacity for in vivo dilution. Careful 
considerations must be taken to ensure that products formulated away from 
physiological pH do not precipitate upon dilution in circulation following adminis-
tration. Additionally, pH must be considered in regards to overall product stability, 
including solubility of the active pharmaceutical ingredient and the functionality of 
other excipients, such as preservatives.  

   Table 6.3    Commercial products for intra-articular injection   

 Product  Formulation  Dose and frequency  Status 

 CELESTONE ®  SOLUSPAN 
injection (betamethasone acetate, 
betamethasone sodium phosphate) 

 Suspension  0.5–2 mL (0.08–0.33 mg) 
per day 

 Marketed 

 KENALOG-40 ®  injection 
(triamcinolone acetonide) 

 Suspension  0.06–2.5 mL (2.5–
100 mg) per day 

 Marketed 

 ARISTOSPAN ®  injection 
(triamcinolone hexacetonide) 

 Suspension  0.1–2.4 mL (2–48 mg) 
per day 

 Marketed 

 EXPAREL ®  liposome injectable 
suspension (bupivacaine) 

 Liposomal 
suspension 

 Total of 120 mL over the 
course of 3 months 
post-total hip arthroplasty 

 Phase IV 
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6.4.2      Buffer Systems   

 In order to maintain the intended pH of a formulation throughout the shelf-life, a 
buffered system is used. Preformulation solubility and stability assessments are 
conducted to determine the pH range that provides optimal solubility and chemical 
stability from degradation products. Thorough reviews of preformulation solubility 
and stability assessments have been provided by a number of authors (see Halbert 
 2009 ; Tong and Wen  2008 ) and will not be discussed here. 

 Injectable formulations commonly make use of buffer systems containing a 
weak acid or weak base with a corresponding salt. Once the optimal pH range is 
determined, appropriate buffers for this range can be tested for compatibility with 
the drug product. If possible, multiple buffers should be tested to ensure minimal 
degradation of the drug product in the buffer or changes in the solubility of the drug. 
In addition to promoting the shelf-life of the drug  product  , buffer concentrations 
should be selected that minimize alterations in blood pH following injection and 
decrease the potential for injection site pain or irritation.  

6.4.3     Tonicity and Biological Implications 

  Tonicity   is another critical factor that must be considered when developing an 
injectable formulation. “Isotonic” solutions are defi ned as having an equal osmotic 
pressure with respect to a particular membrane, and therefore no net movement of 
fl uid from one side to another. In the case of intravenous drug products, the mem-
brane of interest is that of the blood cells and cardiovascular tissue. The conse-
quences of altered tonicity on red blood cells are swelling (in the case of hypotonic 
solutions) or crenation (in the case of hypertonic solutions), both of which can result 
in cell destruction and toxicity. To prevent cell damage and maintain fl uid homeo-
stasis within the blood cells, an injectable product should be developed as close as 
possible to the tonicity of physiological fl uids (Crawford and Harris  2011 ). 

 Often, however, it is not feasible to develop an isotonic formulation due to product-
specifi c factors, such as high drug concentrations, low injection volumes, or stability 
considerations. In these instances, it is possible to overcome potential complications by 
utilizing specifi c means of preparation or by altering the route of administration of the 
product. Drug products may be mixed with a suffi cient amount of isotonic diluent 
(which will be discussed further in Sect.  6.4.7 ) prior to dosing, or a tonicity modifi er 
may be added into the formulation. A list of common tonicity- modifying agents is pro-
vided in Table  6.5 . Small volumes of hypotonic or hypertonic solutions may be admin-
istered without tonicity modifi cation either by using a low injection rate or by injecting 
into large veins where they are able to undergo rapid dilution in the circulation.

   Methods to characterize and quantify the tonicity of a solution include the freez-
ing-point depression method, sodium chloride equivalent method, Van’t Hoff 
equation method, and the White-Vincent method. Of these, freezing-point depres-
sion or vapor-pressure osmometer are most commonly used to quickly determine 
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the osmolality of solutions and compare it to that of plasma (275–299 mOsm/kg). 
Unlike tonicity, osmolality takes into consideration both permeable and imperme-
able solute molecules. As such, tonicity is always equal to or less than osmolality 
and can be defi ned as the osmolality minus the concentration of freely permeable 
solutes. Knowing this, it is possible to estimate the potential fl uid interactions with 
plasma of an injectable product. Solutions with a high osmolality or that contain 
excipients that alter freezing but do not contribute to tonicity (e.g., propylene gly-
col) may be iso-osmotic but not isotonic. In this instance, it may be more appropri-
ate to evaluate the tonicity of such a solution through observation of erythrocyte 
changes, such as red blood cell volume, in the presence of the formulation. 

 A more  predictive   and defi nitive test for evaluating the compatibility of a formula-
tion with blood is the in vitro hemolysis test, which provides visual observations on 
the changes red blood cells may undergo after mixing with the injectable solution. In 
vivo tests are also performed to determine potential adverse events during administra-
tion, including precipitation upon injection, phlebitis (infl ammation of the vascula-
ture), pain, or irritation at the injection site. Regulatory guidelines should be consulted 
for the specifi c route of administration to determine the appropriate dosing volume, 
injection rate, and levels of ingredients that limit injection-related adverse events.  

6.4.4      Sterility   and Endotoxin Requirements 

 For all injectable products, sterility must be demonstrated in accordance with micro-
bial limit assay requirements of USP <71>. As seen in Table  6.6 , sterilization meth-
ods may or may not be terminal (see WHO  2015 ). From a cost and regulatory 
standpoint, terminal methods are preferred; however, this option is not available to 
many drug products due to stability concerns. For these products, sterile fi ltration is 
often used.

  Table 6.5    A list of tonicity- 
modifying agents   Electrolytes 

 Mono- or 
disaccharides  Others 

 Sodium chloride  Dextrose  Glycerin 
 Potassium chloride  Lactose  Mannitol 

 Sucrose  Glycine 
 Trehalose 

  Table 6.6    A list of methods 
of sterilization  

 Terminal methods  Non-terminal methods 

 Steam (autoclaving)  Filtration 
 Dry heat  Aseptic processing 
 Radiation (gamma or 
electron-beam) 
 Gas (ethylene oxide) 
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   In addition to microbial stability, limits of endotoxins are also placed on injectable 
products. Endotoxins are a part of the outer cell wall in Gram negative bacteria that are 
released from the membrane upon cell death. Also known as lipopolysaccharide (LPS), 
these endotoxins cause a host of infl ammatory responses at certain levels of exposure 
(Tran and Whitfi eld  2009 ). 

 As more components are added to a formulation, including active ingredients, 
excipients, and solvents, the risk for endotoxin exposure is increased for a given 
drug product. Each component of a formulation should be scrutinized for endotoxin 
levels to reduce patient exposure. For non-intrathecal injectable products, the limit 
is 5 endotoxin units (EU) per kg, equivalent to 500 pg of LPS from  Escherichia coli , 
divided by the maximum human dose given per hour. Methods for determining 
endotoxin levels are detailed in USP<85>.  

6.4.5     Particulate Matter 

  Particulate matter  , according to USP<788>, consists of “mobile undissolved 
particles, other than gas bubbles, unintentionally present in solution”. Visible and 
sub-visible particulate matter must be determined in an injectable product, and the 
two methods for doing so are detailed in Table  6.7 . These methods are reviewed 
more extensively in USP<788>. For drug products where viscosity or sample clarity 
limits the ability to be tested by one or both of these methods, the solution may be 
diluted with particulate-free diluent in order to conduct the test (Birrer et al.  2001 ).

   Table 6.7    Methods for determining particulate matter   

 Light obscuration particle  Microscopic particle 

 Count test  Count test 

  Principle  
 Light blockage determines the size and 
number of particles 

 Particles are counted and size determined by use 
of an ocular micrometer-equipped microscope 

  Methods  
 Samples of 5 mL or more are drawn from 
the preparation 

 Samples are fi ltered, and the membrane fi lter is 
allowed to dry in a Petri dish 

 Particles equal to or greater than 10 or 
25 μm are counted 

 Filter is examined under the microscope 

 Mean number of particles calculated  Particles equal to or greater than 10 or 25 μm are 
counted 
 Mean number of particles is calculated 

  Evaluation  
 Solutions greater than 100 mL must not 
exceed 25 per mL of particles >10 μm and 3 
per mL of particles >25 μm 

 Solutions greater than 100 mL must not exceed 
12 per mL of particles >10 μm and 2 per mL of 
particles >25 μm 

  Solutions   less than 100 mL must not exceed 
6000 per container of particles >10 μm and 
600 per container of particles >25 μm 

 Solutions less than 100 mL must not exceed 3000 
per container of particles >10 μm and 300 per 
container of particles >25 μm 
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6.4.6        Preservatives 

 If an injectable product is intended for multi-dose applications, it must meet 
regulatory standards regarding  antimicrobial effectiveness testing (AET)  . As 
detailed in USP<51>, AET requirements involve inoculating the drug product with 
a known concentration of specifi c microorganisms (i.e., bacteria, yeasts, and molds) 
and evaluating for resistance to microbial proliferation. In order to pass these 
requirements, drug products must provide a specifi c log reduction in bacteria and no 
growth of yeast or molds at defi ned time points after inoculation. While some 
formulations may be able to accomplish this through self-preserving properties such 
as high co-solvent concentration or the inclusion of a bacteriostatic drug, many 
formulations will require the use of preservatives. Table  6.8  contains a list of preser-
vatives and their typical concentrations used in injectable formulations.

   When choosing a  preservative  , it is imperative that factors which can affect the 
performance of the preservative are evaluated (De Spiegeleer et al.  2006 ). Both the 
pH of the drug product and other excipients included in the formulation can decrease 
the effectiveness of preservatives. Furthermore, the patient population and route of 
administration should be evaluated in regards to the inclusion of preservatives in a 
formulation. For example, injections intended for newborns, as well as injections 
intended for epidural or intrathecal injection, should be preservative-free (Elder and 
Crowley  2015 ; Meyer et al.  2007 ).  

   Table 6.8    Common preservatives used in parenteral formulations   

 Preservative 

 Typical 
Concentration 
(w/v) 

 Maximum 
Concentration 
(w/v)  Example 

 Benzalkonium 
chloride 

 0.01 %  0.02 %  CELESTONE ®  SOLUSPAN 
injection (betamethasone acetate, 
betamethasone sodium phosphate) 

 Benzyl alcohol  1 %  18 %  SOLU-MEDROL ®  for injection 
(methylprednisolone sodium 
succinate) 

 Chlorobutanol  0.5 %  0.54 %  DDAVP ®  injection (desmopressin 
acetate) 

 Metacresol  0.3 %  0.315 %  INTRON ®  A for injection 
(interferon alfa-2b, recombinant) 

 Methylparaben  0.2 %  5 %  Hydralazine hydrochloride for 
injection, USP 

 Phenol  0.5 %  1.33 % (w/v)  ZANTAC ®  for injection (ranitidine 
hydrochloride) 

 Propylparaben  0.2 %  20 %  Heparin sodium injection, USP 
 Thimerosal  0.01 %  0.03 %  Fluvirin ®  (infl uenza virus vaccine) 
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6.4.7      Device and  Diluent Compatibility   

 As previously mentioned, diluents may be used with many injectable products prior 
to administration. Therefore, it is crucial that the compatibility between a given 
diluent and diluent volume is carefully assessed during product development. The 
selection of a diluent is product-specifi c and dependent on formulation factors 
including drug concentration, dosing regimen, pH, and tonicity. Table  6.9  lists com-
mon diluents used with parenteral preparations.

   To test diluent and drug product compatibility, the drug is diluted with diluent to 
the a fi nal dosing concentration and evaluated for physical and chemical stability 
with respect to time, temperature, and storage conditions to ensure a suffi cient 
stability of the drug product during the intended use period. In many cases, the 
stability of the drug product after dilution is limited; therefore, the drug must be 
delivered within the intended use period. Additionally, drugs delivered via the IV 
route are often given alongside other IV medications and fl uids. For this reason, 
safety and compatibility will need to be established for product labeling purposes. 

 During preparation and administration, injectable formulations will also come 
into contact with many different materials, including fi lters, needles, syringes, IV 
infusion bags, IV tubing  lines  , and other materials used as part of administration sets. 
These materials must be assessed, as well, for compatibility with the drug product. 
Examples of incompatibilities include adsorption of the drug, alteration in pH of the 
drug product, and leaching of materials into the medication (see Trissel  2002 ).  

6.4.8      Packaging and Manufacturing   Considerations 

 While careful consideration is taken into ensuring drug product stability during 
development and formulation, one important component that is often overlooked is 
the container closure of the drug product, which includes the primary and secondary 

  Table 6.9    Common diluents 
for parenteral preparations  

 Diluent  Tonicity 

 Sterile water for injection  Hypotonic 
 0.9 % sodium chloride for injection  Isotonic 
 0.45 % sodium chloride for 
injection 

 Hypotonic 

 5 % dextrose for injection  Isotonic 
 Lactated Ringer’s for injection  Isotonic 
 5 % dextrose in lactated Ringer’s for 
injection 

 Hypertonic 

 5 % dextrose in 0.9 % sodium 
chloride for injection 

 Hypertonic 

 5 % dextrose in 0.45 % sodium 
chloride for injection 

 Hypertonic 
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packaging that holds the product for the duration of its shelf-life. These studies 
should be conducted early in the development process to identify any potential sta-
bility issues that may arise between the drug product and packaging and to ensure 
that stability requirements are maintained throughout the shelf-life of the product. A 
thorough review by Akers et al. (Akers  2012 ) details some of the options available 
for product packaging and their benefi ts in specifi c formulations. 

 Product packaging must not only be compatible in regards to drug stability, it 
must also adhere to particulate and sterility requirements. Container closure integrity 
tests are performed to validate that no leakage occurs from the package and that 
sterility is not compromised. Seal integrity testing is also important for drug products 
prone to oxidation and that require inert headspace for stability. Light sensitivity 
must also be considered when evaluating product packaging. Amber vials or opaque 
outer cartons may be used to protect the product, depending on the level of light 
sensitivity. Ultimately, the appropriate container closure selection is mediated by 
the properties of the drug formulation, including product type (i.e., lyophilized 
powder, solution, or powder for reconstitution), compatibility with packaging 
components, method of sterilization, and route of administration. Regulatory 
restrictions on specifi c materials must also be taken into consideration. 

 During manufacture, the drug product may also come into contact with a number 
of materials. Compatibility studies must be conducted here, as well, to demonstrate 
that the manufacturing process does not alter the stability and release specifi cations 
of the drug product. Incompatibilities may exist, for example, between some liquid 
formulations and stainless steel compounding vessels, resulting in color change or 
degradant formation. Increased residence time in tubing during fi lling or fi ltration 
processes may result in a loss of potency due to sorption. Saturation of lines and 
fi lters and fl ushing with suffi cient volumes of drug product prior to fi lling can be 
utilized to ensure the proper potency of the fi nal product.   

6.5     Vehicle Selection and Solubilization 

 Characterization of the solubility and physical/chemical stability of a drug can be 
used to select the appropriate vehicle to deliver the injectable product. Simple 
formulations of an aqueous vehicle are often not suffi cient to provide acceptable 
solubility for poorly water-soluble compounds. Instead, these compounds may 
require additional excipients to promote solubility or special processing methods to 
maintain stability (Strickley  2004 ). A balance must be achieved between improving 
the solubility and stability of a compound and maintaining the simplicity of the 
formulation. In addition to meeting regulatory requirements, an injectable product 
must also be effi ciently manufactured, from both a time and cost perspective, as 
well as effi ciently utilized by the end consumer. 
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6.5.1     pH Adjustment 

 For compounds that ionize, adjusting the pH of the solvent is one of the fi rst tech-
niques that can be explored to improve solubility. Knowledge of the pKa of a drug 
can be used to formulate a product at a pH that provides the maximum solubility of 
the compound in solvent. The solubility of a weak acid, for example, may be 
increased tenfold by adjusting the pH to 1 pH unit above the acidic pKa. Likewise, 
the solubility of a weak base may be increased by adjusting the pH to 1 pH unit 
below the basic pKa. As mentioned previously, there are acceptable pH ranges for 
each route of administration, and as such, the adjustments made to improve solubility 
will be defi ned by these ranges. Hydrochloric acid and sodium hydroxide are the 
preferred acid and base used to titrate the pH of a solution. 

 Controlling the fi nal pH of a solution may prove diffi cult; therefore buffers may 
be necessary to ensure that an accurate pH-solubility profi le is produced. To assess 
solubility and stability of a compound, buffer solutions are prepared at a specifi c pH 
and constant ionic strength. These solutions are then mixed in appropriate 
concentrations to prepare solutions between pH 3 and 9. Buffers that are effective in 
this pH range are required, such as citrate (effective from pH 2 to 6) and phosphate 
(effective from pH 6 to 8). 

 An example of an injectable product that utilizes pH adjustment to improve 
solubility is Cardene ®  I.V. premixed injection. This formulation is a solution of 
nifedipine, a BCS Class III drug, in either dextrose or sodium chloride. Nifedipine 
is a weak acid (pKa 3.93) with poor water solubility (approximately 10 μg/mL). 
The pH of Cardene ®  I.V. premixed injection is adjusted to a range of 3.7–4.7 in 
order to provide suffi cient solubility of the drug for administration at 20 mg per 
200 mL (0.1 mg/mL).  

6.5.2      Salt Formation   

 The addition of a buffer to a solution may have an effect on the solubility or stability 
of a compound. In some instances, the solubility may be decreased in the presence 
of a buffer, indicating formation of a less-soluble salt, polymorph, or the common- 
ion effect. However, in some instances, the presence of a buffer may improve solu-
bility, specifi cally through the formation of a more soluble salt. Therefore, salt 
formation may also be utilized as a technique to improve solubility. 

  Table 6.10    Common counter 
ions for salt formation  

 Weak acids  Weak bases 

 Sodium (most 
common) 

 Hydrochloride (most common) 

 Calcium  Mesylate 
 Potassium  Citrate 
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 While many compounds are supplied as the more soluble salt, it is also possible 
to form these in situ in the presence of counter ions and at a given pH (Tong and 
Whitesell  1998 ). Though HCl and NaOH may be used as pH modifi ers, these salts 
formed with the active ingredient are typically not stable or the most soluble. 
Counter ions (as shown in Table  6.10 ) may be used to prepare various salt forms of 
the compound that may then be screened for the desired solubility and stability 
profi le. Characterization of the solid-state properties of these salt forms, including 
crystallinity, polymorphism, and stability, must be conducted prior to further devel-
opment (Serajuddin  2007 ).

    Salt formation   is a common technique employed to improve drug solubility in 
many commercialized, injectable products. Doxycycline hyclate salt, originally 
marketed under the brand name of Vibramycin ®  and currently supplied as a generic 
product, improves the solubility of the weak base doxycycline for intravenous use. 
Doxycycline has poor water-solubility, whereas doxycycline hyclate is soluble in 
water, allowing for the formation of a product for reconstitution.  

6.5.3     Cosolvents 

 In cases where the aforementioned techniques are not suffi cient to achieve an 
acceptable solubility, a cosolvent may be explored. A cosolvent is a water-miscible 
organic solvent used in an aqueous solution, or in combination with other cosolvents, 
to increase solubility. This is done by altering the polarity of the solution, typically 
decreasing it such that less polar compounds may be solubilized in the vehicle. 
Propylene glycol and ethanol are two of the most commonly used cosolvents; 
however, there are many others used in commercially available products. 

 As with pH adjustment and buffer systems, the addition of a cosolvent changes 
the properties of a solution, which might also alter the stability of the compound. 
The appropriate concentration of a cosolvent should be selected to optimize both 
solubility and stability, while not compromising the compatibility of the injection 
with blood and the intended route of administration. Table  6.11  lists some of the 
cosolvents used in injectable formulations and their acceptable levels and potential 

   Table 6.11    Injectable cosolvents and concentrations in approved injectable products   

 Cosolvent 
 Concentration range in approved 
products  LD 50  in vivo 

 Propylene glycol  0.467–82.043 %  26 g/kg (dog) 
 Polyethylene glycol 300  2–65 %  8 g/kg (rat) 
 Polyethylene glycol 400  11.25–39 %  7.4 g/kg (rat) 
 Ethanol  0.0273–92 %  4 mL/kg (mouse)—75 % 

 2.5 mL/kg (mouse)—95 % 
 Dimethyl sulfoxide  N/A  5.2–8.1 mg/kg (rat) 
 N-methyl-2-pyrrolidone  25.85 %  3.5 mL/kg (mouse) 
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toxicity limits (see FDA  2015a ). In order to reduce pain or injection site discomfort, 
the administration of cosolvents typically involves decreasing the injection rate or, 
more often, dilution prior to administration.  Cosolvents   may be used along with pH 
adjustment, buffers, salt formation, or a combination of these methods to achieve 
the desired solubility and stability of a product (Mottu  2015 ).

   As stated before, formulations may utilize one or more cosolvents to enhance solu-
bility. ATIVAN ®  injection contains polyethylene glycol 400 in propylene glycol to 
solubilize the water-insoluble active ingredient, lorazepam. This allows for intrave-
nous or intramuscular  injections   of 2 or 4 mg of the drug in a volume as small as 1 mL.  

6.5.4      Surfactants 

 The addition of  surfactants   is another technique by which solubility may be 
increased or stability improved in a formulation. Because of their amphiphilic 
structure, surfactants contain both hydrophilic and hydrophobic groups that allows 
for the reduction in the interfacial tension between solid particles and liquid, thus 
improving solubility. Lipophilic, non-polar, and non-ionizable compounds are 
typically the best candidates for improving the solubility with a surfactant-containing 
formulation. Nonionic surfactants are more widely used in the pharmaceutical 
industry as compared with anionic, cationic, or amphoteric surfactants because of 
their effectiveness and lower toxicity. 

 Due to the amphiphilic nature of surfactants, the concentration of a surfactant 
is important in predicting its behavior in solution. A value known as the “critical 
micelle concentration” (CMC) defi nes the concentration at which surfactants 
begin to form micellar structures. Listed in Table  6.12  are the CMC values of 
selected surfactants. Below the CMC, as the concentration of surfactants increases, 
as does the reduction in surface tension. At and above the CMC, surfactants orga-
nize into micelles, structures with a hydrophobic core and an outer hydrophilic 
layer. Because of this hydrophobic core, micelles are capable of sequestering 
lipophilic drugs and therefore increasing their solubility. They may also protect 
drugs from degradation, including hydrolysis and oxidation. While the formation 
of micelles may be benefi cial in some formulations, this mechanism of encapsula-
tion may be undesirable in others. For example, injectable formulations that are 
intended to be multi-dose and contain a preservative may become susceptible to 

  Table 6.12    CMC values of 
surfactants in aqueous 
solutions  

 Surfactant  CMC at 25 °C 

 Polysorbate 20  0.006 g/100 mL 
 Polysorbate 80  0.001 g/100 mL 
 Solutol HS-15  0.005–0.02 g/100 mL 
 Poloxamer 
188 

 0.0014 g/100 mL (37 °C) 

 Kolliphor EL  0.02 g/100 mL 
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contamination through the formation of micelles, which can entrap preservatives 
in the hydrophobic core making them less available in the aqueous phase to pre-
vent microbial growth.

   Changes in factors that affect the ionic and nonionic properties of a solution, 
such as temperature, pH, electrolytes, or solvents, may also alter the CMC. Therefore, 
it is important that the CMC for a particular formulation be well-characterized in 
order to understand the physical stability of the solution. Techniques, such as 
dynamic light scattering, may be used to determine the CMC, as well as plots of 
surfactant concentration versus surface tension. 

 An example of a marketed product that utilizes a surfactant is the TAXOTERE ®  
injection. Docetaxel, the active ingredient, is practically insoluble in water. Each 
milliliter of TAXOTERE ®  injection contains 0.54 g of polysorbate 80 to solubilize 
20 mg of docetaxel through micelle formation. The 40 mg/mL of docetaxel is further 
diluted with a water/dehydrated alcohol co-solvent  system   to achieve a fi nal con-
centration of 10 mg/mL before further dilution for infusion.  

6.5.5     Cyclodextrins 

 For some poorly water-soluble compounds, complexation may be a method to 
increase their solubility. Cyclodextrins can be used to form water-soluble, reversible, 
non-covalent inclusion-complexes.  Cyclodextrins   are cyclic oligosaccharides with a 
hydrophilic exterior and a lipophilic core, which can be used to complex poorly 
water-soluble compounds. The ability of a cyclodextrin to solubilize a drug is 
dependent on a number of factors, including the size and structure of the drug 
molecule, the stoichiometry of the complex, the complexation equilibrium constant, 
and the overall free energy of the system. Cyclodextrins are typically only slightly 
soluble in water, which limits their use, particularly in formulations that require a 
high level of solubility. Furthermore, this reduced solubility in water poses a toxicity 
concern for injectable formulations due to the potential for precipitation after 
administration (Challa et al.  2005 ). Table  6.13  summarizes the most common cyclo-
dextrins and their aqueous solubilities. Of these, hydroxypropyl-β-cyclodextrin and 
sulfobutylether-β- cyclodextrin are preferred for use in injectable formulations due 
to their high aqueous solubilities, effi cient complexation capacity, and reduced tox-
icity (Loftsson et al.  2005 ; Thompson 1997).

   Table 6.13     Selected c yclodextrins for parenteral use   

 Cyclodextrin 
 Aqueous 
solubility  Example 

 Hydroxypropyl-β-cyclodextrin  2300 g/L at 25 °C  VIBATIV ®  (televancin) for injection 
 Hydroxypropyl-α- 
cyclodextrin 

 143 g/L at 20 °C  edex ®  (aloprostadil) for injection 

 Sulfobutylether- 
β-cyclodextrin 

 >1000 g/L at 
25 °C 

 NEXTERONE ®  (amiodarone) premixed 
injection 
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   Although complexes between drug molecules and cyclodextrins are typically 1:1, 
it is possible for higher order inclusions to occur where complexed molecules are in a 
rapid dynamic equilibrium with the free drug molecules in solution. Therefore, it is 
important to evaluate how free drug concentration in solution changes as a function of 
cyclodextrin concentration. Additionally, complexed drug molecules may have altered 
physicochemical properties or biological activity as compared with free drug mole-
cules, which must be characterized prior to further development of the drug product. 

 For example, VFEND ®  (voriconazole) for injection, a currently marketed prod-
uct, includes sulfobutylether-β-cyclodextrin in the formulation to increase the solu-
bility of the slightly water-soluble active moiety. Each vial of VFEND ®  contains 
3200 mg of cyclodextrin to complex and solubilize 200 mg of voriconazole.  

6.5.6     Nonaqueous and Oily Vehicles 

 The use of nonaqueous or oily  vehicles   may also be employed for poorly water- 
soluble drugs for IM injection. These formulations are typically long-acting and 
require less frequent administration to patients. Many antipsychotic medications 
have been formulated using this method. Another example that makes use of a 
nonaqueous vehicle is DEPO-Testosterone ®  injection. This formulation contains 
cottonseed oil to solubilize water-insoluble testosterone cypionate, an ester of 
testosterone. This product is designed for intramuscular use only and is administered 
into the gluteal muscle once every 2–4 weeks. Nandrolone decanoate injection (e.g., 
Deca-Durabolin ® ) is another formulation that utilizes sesame oil to deliver a depot 
of the water insoluble testosterone derivative into deep muscle tissue by IM injection. 

 Atrigel ®  is a nonaqueous delivery  platform   for sustained-release injections. This 
technology utilizes a biodegradable, water insoluble polymer (e.g., poly lactide-co- 
glycolide (PLGA) or polylactide) dissolved in a water miscible, biocompatible solvent 
(e.g., N-methyl-2-pyrrolidone, NMP), in which the active substance is to be dissolved 
or dispersed. Once injected (usually by SC), the solvent diffuses out, and water in the 
tissue penetrates in, resulting in the precipitation of the drug-loaded polymeric mass in 
the form of a sustained-release implant. Eligard ®  is an example of a currently marketed 
product that utilizes the Atrigel ®  technology. Although the active ingredient of Eligard ®  
(leuprolide acetate) is soluble in water, the platform remains as a potential candidate for 
insoluble drugs to create an in situ forming depot (Eligard  2015 ; Cox et al.  2005 ).   

6.6     Dispersed Systems 

6.6.1     Emulsions 

  Emulsions   are abundantly used in pharmaceutical preparations for oral, topical, and 
parenteral formulations. An emulsion is a heterogeneous dispersed system of two 
immiscible liquids, and classically it is composed of two phases; namely the 
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dispersed phase and the external (continuous) phase. The dispersed phase is emulsifi ed 
into the continuous phase by the aid of energy to form small-sized droplets that can 
be stabilized by the use of an emulsifi er (i.e., emulsifying agent). Emulsions can be 
oil-in-water (o/w) or water-in-oil (w/o), although oil-in-oil (o/o) and multiple emul-
sions (e.g., w/o/w or w/o/o) can also be found in literature (Wu et al.  2009 ; Asano 
et al.  2015 ; Goncalez et al.  2015 ). 

 Many emulsion-based products are available in the market worldwide, mainly for 
the purpose of parenteral nutrition. Intralipid ®  is a sterile oil-in-water emulsion for 
IV administration as a source of calories and essential fatty acids. Similar to most 
emulsion-based injectable formulations, Intralipid ®  is mainly based on soy bean oil 
(20 or 30 %), in addition to egg yolk phospholipids, glycerin, and water for injection 
(Intralipid 2007). Sodium hydroxide is added to adjust the pH to 8.0. Intralipid ®  can 
also be used to dilute other emulsion formulations (e.g., Diazemuls ® ). 

 While the traditional emulsion-based parenteral formulations are composed of 
soy bean oil, some others have different ingredients (with or without soy bean oil) 
to suit several nutritional or treatment requirements, or to deliver less omega-6 fatty 
acids content (e.g., linoleic acid), which is usually high in soy bean oil (Kapoor 
et al.  2015 ). For example, SMOFlipid ®  contains 6 % soy bean oil, 6 % medium chain 
triglyceride (MCT), 5 % olive oil and 3 % fi sh oil (SMOFlipid  2012 ), while 
Omegaven ®  contains 10 g of fi sh oil per 100 mL, comprising eicosapentanoeic acid 
(EPA), docosahexaenoic acid (DHA), and α-tocopherol (Omegaven  2010 ). 
Clevidipine butyrate is a water-insoluble, fourth generation dihydropyridine cal-
cium channel blocker used by IV infusion to treat hypertension when oral medica-
tions are not feasible and to provide individualized dosage (Cleviprex ®  2013). It is 
available on the market in the form of 50 mL or 100 mL oil-in-water emulsion that 
contains soybean oil (200 mg/mL) and oleic acid (0.3 mg/mL) (as the oil phase), 
and glycerol (22.5 mg/mL) and egg yolk phospholipids (12 mg/mL) (as stabilizers). 
The formulation also contains disodium edetate, in addition to sodium hydroxide to 
adjust the pH to about 6–8. Both  formulations   have clevidipine butyrate dissolved 
in the oil phase and at a fi nal concentration of 0.5 mg/mL of emulsion. 

 Other injectable emulsion-based products, approved in the USA or other coun-
tries, include Diprivan ®  (propofol), Liple ®  (alprostadil), Diazemuls ®  (diazepam), 
and Etomidat-Lipuro ®  (etomidate). 

 Microemulsions, nanoemulsions, and self-emulsifying drug delivery systems 
(SEDDS) are other emulsion-based systems that can be found in literature. Further 
information on these delivery systems can be found elsewhere (Singh et al.  2009 ; 
Dubey  2014 ).  

6.6.2     Coarse Suspensions 

 An injectable suspension is a dispersed system that comprises an insoluble solid 
material suspended in a liquid vehicle (usually water for injection or oily vehicles). 
 Coarse suspensions   are not suitable for IV injection, but they can be injected IM or 
SC to provide a depot that releases the active ingredient in a controlled manner, or 
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to provide a large dose that is above the solubility limits of the active ingredient in 
biocompatible vehicles. Colloidal suspensions (e.g., nanoparticles) may be suitable 
for IV injection however, as will be discussed later. Several aspects have to be 
considered when a parenteral suspension formulation is developed. The choice of 
excipients, particle size distribution, physical stability (i.e., caking, Ostwald ripen-
ing, etc.), and sterilization are some of the considerations that can complicate the 
development of suspensions for injection, as compared to solutions. Particle size 
and viscosity can affect syringeability and injectability which must retain unchanged 
throughout the shelf-life. Resuspendability (i.e., the ability to resuspend after a few 
shakes) also has to be maintained during storage. Post production sterilization 
method should not affect the stability of the suspension; otherwise, processing of 
the suspension under aseptic conditions may be required. 

 Depo-Medrol ®  (methylprednisolone acetate) is a suspension for IM, intraarticular 
or intralesional injection. It is composed of methylprednisolone acetate (20 mg/
mL), polyethylene glycol 3350 (29.5 mg/mL), polysorbate 80 (1.97 mg/mL), in 
addition to mono- and di-basic sodium phosphate, sodium chloride (to adjust 
tonicity), and benzyl alcohol (as a preservative). The particle size in the suspension 
was measured to be around 23 μm at a D value of 0.9 (Alam et al.  2009 ). The pH is 
adjusted with sodium hydroxide or hydrochloric acid to about 3.5–7.0. Other 
strengths are also available (e.g., 40 and 80 mg/mL) (Depo-Medrol ®   2014 ). 

 Biodegradable polymeric microspheres represent another type of suspension that 
can provide controlled drug release over a longer period of time. Polymeric 
biodegradable microspheres are monolithic microparticles where the drug is 
dispersed homogeneously within the bulk of the particle, without having a distinct 
core-shell structure that characterizes microcapsules. Drug release is usually a result 
of combined diffusion and erosion of the polymeric matrix. This is a major difference 
between polymeric microspheres and micronized drug dispersions, where the drug 
particles form a depot at the injection site, and the slow drug release is mainly 
dependent on drug dissolution in the physiological fl uid. In addition to diffusion and 
polymer erosion, drug dissolution may also infl uence drug release from polymeric 
microspheres, such as when the drug is suspended, rather than dissolved, in the 
polymer solution during preparation (e.g., in solid-in-oil- in-water (S/O/W) emul-
sion-based method). Emulsion-based methods are the most commonly used meth-
ods to prepare polymeric microspheres. Other methods also include spray drying, 
coacervation, supercritical fl uid techniques, and microfabrication techniques 
(Arnold et al.  2007 ; Wischke and Schwendeman  2008 ). The duration of drug release 
can be tailored based on the biodegradable or bioerodable polymer used. Poly (lac-
tide-co-glycolide) (PLGA) is among the most commonly used polymers in mar-
keted microsphere products. These polymers are biocompatible poly- esters   that 
degrade inside the body into safe by-products (mainly CO 2  and water) over a certain 
period of time that depends on the polymer inherent viscosity and lactide:glycolide 
ratio. Besides polymer inherent viscosity and co-polymer composition, time of drug 
release may also depend on other characteristics, such as particle size and drug/
polymer ratio. Modifi cations or excipients can be introduced in order to render the 
microspheres hollow or porous (e.g., pore-formers), which in turn may infl uence the 
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drug release from the microparticles, or may result in reducing the aerodynamic 
diameter when inhalable formulation is sought (Arnold et al.  2007 ). Several prod-
ucts based on injectable microsphere formulations to deliver water insoluble drugs 
can be found in the market, including Vitvitrol ®  (naltrexone),  Risperidal consta ®  
(risperidone)  , and  Trelstar ®  (treptoreline pamoate)  . For example, Risperidal Consta ®  
is a lyophilized, free-fl owing microsphere formulation that is suspended in a vehicle 
prior to injection. The powder formulation is composed of risperidone (381 mg/g of 
microspheres) and PLGA (lactide:glycolide ratio of 75:25, w/w), while the vehicle 
contains sodium carboxymethyl cellulose (NaCMC), polysorbate 20, disodium 
hydrogen phosphate, citric acid, sodium chloride and sodium hydroxide, and water 
for injection (Risperidal consta ®   2010 ). The product can remain stable for up to 6 h 
after mixing and needs to be shaken vigorously immediately before use.  

6.6.3     Liposomes and Other Colloidal Systems 

6.6.3.1     Liposomes 

  Liposomes   are drug carriers appropriate for the delivery of lipophilic and hydrophilic 
drugs. These vesicles are assembled as an aqueous core enclosed by amphiphilic 
lipids, which are usually bilayer-forming phospholipids. Depending on the number 
of lamellae and size, liposomes are categorized as small unilamellar vesicles 
(SUVs), large unilamellar vesicles (LUVs), large multilamellar vesicles (MLVs), or 
multivesicular vesicles (MVVs). Liposomes, as well as other nano-carrier, may 
exhibit a completely different pharmacokinetic and biodistribution profi le compared 
to free drug following IV injection, especially when their surfaces are modifi ed with 
polyethylene glycol (PEGylated or stealth liposomes). PEGylation helps liposomes 
avoid being pre-maturely taken up by the cells of the mononuclear phagocyte 
system (MPS), and achieve prolonged circulation time (Klibanov 1990). In addition, 
liposomes and other nano-carriers may be able to extravasate through the leaky ill- 
formed tumor vasculature and thus accumulate at the tumor site in a phenomenon 
called enhanced permeation and retention (EPR) (Fang et al.  2011 ; Lammers et al. 
 2012 ). Due to their unique structure, liposomes can incorporate water-soluble drugs 
inside the aqueous core, or water insoluble drugs within the bilayer. Additional 
information on the composition, characterization, and production of liposomes can 
be found in “Liposomes—A Practical Approach” (Torchilin and Weissig 2003). 

 Several liposomal products can be found on the market, although the active 
ingredients in most of them are water-soluble molecules, such as doxorubicin HCl 
in Doxil ® , daunorubicin citrate in DaunoXome ® , cytarabine in Depocyt ® , and 
irinotecan HCl in Onivyde ® . However, some of the approved liposomal products 
contain water insoluble drugs and examples of these are listed in Table  6.14 .

   AmBisome ®  is a liposomal  formulation   in which the antifungal agent amphotericin B 
is incorporated within the lipid bilayer due to its lipophilic nature. The unilamellar 
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single-bilayer liposomal structure consists of hydrogenated soy phosphatidylcholine 
(HSPC, 213 mg) and distearoylphosphatidylglyceroyl (DSPG, 84 mg), in addition to cho-
lesterol (52 mg), α-tocopherol (0.64 mg), and amphotericin B (50 mg). The overall size of 
the liposomes is not more than 100 nm, and the shelf- life is estimated to be about 36 months 
(AmBisome  2012 ; Chang and Yeh  2012 ). Following reconstitution of the lyophilized pow-
der, the resultant liposomal suspension has a pH of 5–6. AmBisome ®  is administered by IV 
infusion over 2 h to treat many systemic fungal infection conditions (AmBisome  2012 ). 

 Many other liposomal products are currently in the pipeline. For example, LEP- 
ETU (liposome-entrapped paclitaxel Easy-to-Use) for the delivery of paclitaxel is 
currently in a phase I/II clinical trial. It is a lyophilized powder intended for IV 
injection, following reconstitution, to treat patients with ovarian and breast cancers 
(Zhang et al.  2005 ; Slingerland et al.  2013 ). 

 Loading of active ingredients into liposomes can follow either a passive or active 
procedure. The passive loading method is only used for water soluble drugs and the 
loading effi ciency is usually low. In contrast, active (remote) loading can result in 

   Table 6.14    Examples of liposomal formulations that are commercially available or in clinical 
trials, containing water insoluble drugs   

 Product  Preparation  Administration 

 I.  Examples of commercially available liposomal formulations containing water insoluble 
drugs  
 AmBisome ®  
(amphotericin B) 
liposome for 
injection 

 It is a lyophilized powder to be reconstituted 
with sterile WFI to yield a concentration of 4 mg/
mL, and then further diluted with D5W prior to 
IV infusion 

 IV infusion over 
about 120 min at a 
dose of 3–6 mg/kg/
day 

 Visudyne ®  
(Verteporfi n for 
injection) 

 It is a lyophilized dark green cake to be 
reconstituted. It is used to treat age-related 
macular degeneration. The drug must be 
photo-activated using a 689 nm laser applied to 
the patient’s eye, 15 min after the infusion ends 

 IV infusion over 
10 min 

 II.  Examples of liposomal formulations containing water insoluble drugs in clinical trials  
 LEP-ETU ®  
(liposomal 
paclitaxel for 
injection) 

 It is a lyophilized cake to be reconstituted using 
wfi  into liposomal suspension (2 mg paclitaxel/
ml) with a mean particle size of about 150 nm. It 
is composed of paclitaxel, 1,2-dioleoyl-sn- 
glycero-3-phosphocholine (DOPC), cholesterol, 
tetramyristoyl cardiolipin, and vitamin E. It is 
further diluted using normal saline to 0.2 mg/ml 
prior to infusion (Slingerland et al.  2013 ) 

 Given by IV infusion 
over 180 min 

 EndoTAG TM -1  It is a cationic liposomal suspension 
encapsulating paclitaxel to target tumor 
vasculature. It contains 1,2-dioleoyl-3- 
trimethylammonium-propane (DOTAP) and 
DOPC. Cationic lipids are intended to enhance 
the binding with the negatively- charged 
endothelial cells of the newly-formed vasculature 
in the tumor (Eichhorn et al.  2010 ; Schmitt-Sody 
et al.  2003 ; Strieth et al.  2014 ; Fasol et al.  2012 ) 

 Given by IV infusion 
at a dose of 22 mg 
paclitaxel/m 2  over 
4 h 
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signifi cantly higher loading effi ciencies. The method relies on creating a transmembrane 
pH gradient in which the drug of interest (or a part of it) is present outside the liposo-
mal membrane in non-ionized form. This encourages the transport of the drug across 
the membrane to the inside of the liposomal core, in which it becomes ionized (e.g., 
an amine group becomes protonated) due to the pH difference, and will consequently 
be trapped inside, as an ionized species can no longer pass across the lipid bilayer. 
This requires that the drug has an ionizable group (e.g., amine), which may not be the 
case with unionizable lipophilic drugs, and hence, achieving of high loading of the 
latter into liposomes can be problematic (Eloy et al.  2014 ). In this regard, several 
researchers developed novel methods to load hydrophobic drugs into liposomes using 
remote loading. For example, Vogelstein and co-workers developed chemically-mod-
ifi ed cyclodextrins with weakly acidic or basic (ionizable) terminal groups (Sur et al. 
 2014 ). These cyclodextrins could be actively loaded into the liposomes. While their 
end groups, e.g., amine groups, were unionized in the slightly basic external medium, 
these amine groups became protonated in the acidic pH inside the liposomes follow-
ing internalization, and were subsequently entrapped within. Interestingly, hydropho-
bic drugs encapsulated into these cyclodextrins were successfully loaded with high 
 effi ciency   into the liposomes as well.  

6.6.3.2     Nanosuspensions and Nanoparticles 

 To achieve high drug loading for compounds with poor solubility in water, lipids, 
and/or organic solvents, nanosuspensions can be considered. By formulating an 
injectable as a nanosuspension, drug loading per unit volume can be substantially 
increased, reducing the overall volume of injection.  Nanosuspensions   are stabilized 
dispersions of sub-micron drug particles, which can be produced by both top-down 
and bottom-up preparation methods. The use of mechanical energy to reduce 
particle size (top-down) can be accomplished through a variety of grinding, milling, 
and homogenization techniques and is described in detail in Chap.   4     in this book. 
For preparation of an injectable nanosuspension, high-pressure homogenization has 
proven effective (Mishra et al. 2010). Bottom-up approaches usually represent more 
controlled approachs to particle production, where nucleated particles are “built” 
upon in an environment where solubility is limited. These techniques may involve 
antisolvent-, temperature-, salt-, or supercritical fl uid-induced precipitation and are 
often stabilized by surface-active agents. Controlled precipitation approaches are 
also described in more detail in Chap.   12    . 

 For a  drug   with poor water solubility, there are several advantages to formulating 
it in a nanosuspension. Most obviously, since the drug is not required to be in 
solution, drug loading can be increased so that the volume of injection is greatly 
reduced. Additionally, potentially toxic agents used to increase drug solubility (e.g., 
Kolliphor) can be avoided and replaced with low levels of more tolerable agents 
(e.g., phospholipids or albumin). One other advantage often found in nanosuspensions 
is the ability to alter drug pharmacokinetics and biodistribution, which is often 
exploited to use nanoparticulates in cancer therapies to improve tumor targeting and 
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prolong drug residence time. Many researchers have added “stealth” properties to 
nanoparticulates by coating their surface with polyethylene-glycol (PEG) as in the 
case of liposomes (Klibanov 1990; Gabizon 2001), which may result in accumulation 
of these nano-carriers in areas that have leaky vasculature as previously mentioned 
(e.g., chronic infl ammation sites or tumors) (Klibanov 1990; Prasad et al.  2015 ; 
Mishra et al. 2010). Due to reduced particle size, the syringeability of nanosuspensions 
is often improved over coarse dispersion with the same drug load. In addition to IM 
and SC routes of administration, a nanosupension has recently been approved for IV 
administration (Wong et al.  2008 ). However, many of the issues experienced with 
suspensions, such as foreign matter contamination and sterilization, also apply to 
nanosuspension formulations. 

 The fi rst nanosuspension approved for intravenous injection is Abraxane ®  
(albumin-bound paclitaxel, nab-paclitaxel), a new and improved formulation of the 
chemotherapeutic agent paclitaxel. High-pressure homogenization of human serum 
albumin and paclitaxel followed by controlled removal of solvents results in the 
formation of albumin-associated drug nanoparticles with a mean diameter of 
130 nm. The lyophilized nanoparticles (containing 100 mg paclitaxel are to be 
reconstituted in 20 mL of 0.9 % saline solution to make a fi nal concentration of 
5 mg/mL). In contrast to Taxol ® , Abraxane ®  does not need to be administered in a 
di(2- ethylhexyl)phthalate- (DEHP) free containers or infusion sets as it does not 
result in DEHP leaching, which may still happen with Taxol ®  (Abraxane  2015 ; 
Mass et al.  1996 ). Taxol ® , commonly used in the treatment of lung, breast, and ovar-
ian cancer, is often associated with hypersensitivity and nonlinear pharmacokinetics 
due to the use of polyoxyethylated castor oil (Kolliphor EL, formerly known as 
Cremaphor EL), as a solubility-enhancing agent in the formulation. Abraxane ®  pro-
vides several advantages over Taxol ® , including the elimination of the need for anti-
infl ammatory premedication and the simplifi cation of the drug pharmacokinetic 
profi le from pseudo-nonlinear to linear (van Tellingen et al. 1999). Abraxane is now 
the fi rst line of treatment of metastatic non-small cell lung cancer (NSCLC) in com-
bination with carboplatin, and metastatic pancreatic adenocarcinoma, in combina-
tion with gemcitabine (Abraxane ®   2015 ). Abraxane ®  clearly demonstrates the 
advantages of formulating poorly water soluble drugs as a colloidal 
nanosuspension. 

 Invega ®  Sustenna ®  (paliperidone palmitate) prolonged-release injectable 
suspension is an example of an extended-release IM depot formulation utilizing 
nanoparticles to achieve high doses (i.e., 100 mg/mL equivalent to 156 mg/mL 
paliperidone palmitate). It is supplied as prefi lled syringes in four different dosing 
strengths ranging from 50 to 150 mg of paliperidone for use as a once-monthly 
treatment for schizophrenia. The formulation contains citric acid monohydrate, 
disodium hydrogen phosphate anhydrous, PEG 4000, polysorbate 20, sodium 
dihydrogen phosphate monohydrate, and sodium hydroxide and water for injection. 
Particle size  reduction   is achieved using Elan’s NanoCrystal ®  technology, which is 
an attrition-based milling technique (Invega ®  Sustenna ®  2015). The poorly water- 
soluble palmitate salt dissolves slowly following IM injection before hydrolysis to 
the active form paliperidone (Carter  2012 ).  
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6.6.3.3     Micelles 

  Micelles   are nano-aggregates composed of self-assembled amphiphilic molecules 
that exist in an aqueous solution above their CMC. As mentioned in Sect.  6.5.4 , they 
can effi ciently solubilize poorly soluble drugs by entrapping them within their 
hydrophobic core, while their hydrophilic tails are directed outwards. For example, 
Genexol ®  PM, a micellar formulation of the lipophilic cancer chemotherapeutic 
agent paclitaxel, is developed by Samyang Biopharmaceuticals and approved in 
South Korea for the treatment of breast, ovarian, and lung cancer (Genexol PM 
 2015 ). Genexol ®  PM is formed with a block copolymer of PEG and poly (lactic 
acid) (PEG-PLA), having an average micelle size of about 60 nm (Alexis et al. 
 2010 ). It is available in a 30 mg/vial or 100 mg/vial.    

6.7     Strategies for Improving Stability 

 Once the drug is solubilized to the required concentration by any of the aforemen-
tioned techniques, the physicochemical stability of the formulation must be assessed. 
If the stability is inadequate, a number of techniques may be used to improve it, 
including the addition of stabilizing excipients and adjustment in processing tech-
niques. The following sections will discuss how to use these techniques to improve 
the stability of compounds prone to hydrolysis and oxidation, two of the major chem-
ical degradation pathways for small-molecule drugs (Vemuri  2010 ). 

6.7.1     Addition of  Stabilizing Excipients   

 Although the inclusion of a buffer system in a formulation may be benefi cial in 
maintaining the appropriate pH of the formulation, the concentration and type of 
buffer must be carefully screened and selected such that the buffer does not 
negatively impact the solubility or stability of the active ingredient. The formulation 
should be assessed to ensure that precipitation of the poorly-soluble drug does not 
occur in the buffer. Stability must also be evaluated to confi rm that the buffer does 
not reduce the stability by acting as a catalyst for degradation reactions. 

 For drugs that are likely to undergo oxidative degradation that is catalyzed by 
metal ions, hydrogen, or hydroxyl ions, their stability can be enhanced by displacing 
oxygen from the vial with an inert gas (e.g., nitrogen) and/or by adding antioxidants 
or chelating agents to the formulation (Waterman et al.  2002 ; Chen et al.  2015 ). 
While oxygen displacement alone can provide some deterrence to oxidation, trace 
amounts of oxidation-catalyzing impurities may be introduced by other excipients, 
making the addition of antioxidant(s) or chelating agent(s) benefi cial. A list of 
antioxidants used in parenteral formulations and their typical concentrations are 
provided in Table  6.15 . Antioxidants and chelators prevent oxidative degradation 
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through different mechanisms. A true antioxidant, such as sodium bisulfi te, reacts 
with free radicals to terminate the oxidative chain reaction; a reducing agent (e.g., 
citric acid) is preferentially oxidized and reduces the level of oxygen or oxidants in 
the formulation; a chelating agent, such as  ethylenediaminetetraacetic acid (EDTA)  , 
complexes with trace metals in the drug product, thereby blocking the oxidative 
degradation pathway (Kasra et al. 1999). In some cases, the addition of metal 
chelator may not be effi cient to eliminate trace metals. For example, the foreign 
metal contaminant may be distributed between the chelator and the drug, depending 
on the respective binding constant of each (Hovorka and Schoneich  2001 ). In other 
cases, the metal-chelator complex intermediate may not be redox-inert. Similarly, 
selecting an antioxidant should consider the rate constant of the reaction of the 
suspected oxidizing species with the drug substance and with the antioxidant 
(Hovorka and Schoneich  2001 ). Sometimes, a combinational approach is utilized to 
increase the overall antioxidant effectiveness. As with any excipient, it is important 
to assess the regulatory acceptability of the antioxidant/chelating agent. Also, 
depending on the properties of the drug molecule, the antioxidant may either 
improve or worsen the solubility of the drug in the formulation.

6.7.2        Adjustment in  Processing   Techniques 

 An improvement in the stability of a formulation may also be achieved through the 
use of specifi c processes that reduce or eliminate potential causes of degradation or 
instability. As discussed previously, oxidation may be an issue in the stability of 
many injectables. In these cases, the removal of oxygen from the primary container 
closure can increase the stability of the drug product. Sparging, a process during 
which a chemically inert gas is bubbled through the solution prior to packaging, and 
blanketing the vials with nitrogen are two techniques that may be used to remove 
oxygen from the formulation and achieve the desired shelf-life of the product. 

  Table 6.15    Commonly used 
antioxidants in injectables  

 Antioxidant 

 Typical 
concentration 
(%, w/v) 

 Ascorbic acid  0.01 
 Butylated hyroxyanisole (BHA)  0.02 
 Butylated hydroxytoluene 
(BHT) 

 0.02 

 Cysteine  0.5 
 Monothioglycerol  0.5 
 Sodium bisulfi te  0.15 
 Sodium metabisulfi te  0.2 
 Glutathione  0.1 
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 Hydrolytic degradation, another common mechanism of drug-product instability, 
may also be addressed through processes that remove water from the formulation. 
This can be accomplished by removing water from the formulation until administra-
tion, or by forming a solid dispersion of insoluble drug to isolate water. Filling of 
dry powder into vials allows for water to be added to the product only at the time of 
reconstitution just prior to use; however, the powder must be sterile and aseptically 
packaged, which may prove diffi cult. Additionally, powder fl ow properties and par-
ticle size can contribute to diffi culties in fi lling and constituting the product. Sterile 
fi ltered solutions may be used to crystallize or spray-dry the product to reduce con-
tamination and maintain sterility. 

 Lyophilization (or freeze-drying) is a more robust method of removing water from 
drug product. In this process, water is removed from the frozen formulation through 
sublimation, resulting in a dry powder (or cake) that can be easily reconstituted for 
administration. During the process of lyophilization, the drug solution typically tran-
sitions into a porous, amorphous cake. Because the lyophilized powder/cake lacks a 
rigid crystalline structure, it has the highest thermodynamic solubility and is more 
easily dissolved, which can improve the  reconstitutability   of the product. 

 As with other processing methods, lyophilization must be carried out under asep-
tic conditions. In this process, a solution of the formulation and possibly a bulking 
agent (an excipient used to provide an elegant, non-collapsed cake) are fi lled into 
vials, which are loaded into a lyophilizer containing temperature- controlled shelves. 
The solution is frozen, and the pressure is decreased to facilitate the primary drying 
phase, where water is allowed to sublimate. The temperature may then be increased 
for secondary drying, which removes residual water from the cake. Lyophilization 
requires formulation-specifi c optimization and may be costly as compared with 
other methods of processing; however, it has been extensively characterized and 
utilized at the industrial level. 

 Depending on the route of parenteral administration, some drugs susceptible to 
hydrolysis in solution may be formulated into a suspension. By using the least solu-
ble form of the active compound, the drug may be isolated from the surrounding 
vehicle to improve stability. These suspensions may be formulated as ready-to-use 
products where water has already been added, or as powders-for-reconstitution with 
a sterile diluent. As discussed earlier in the chapter, suspensions may be prone to 
physical instabilities and these issues must be addressed as well; however, the chemi-
cal stability of the active ingredient may be signifi cantly improved using this method.   

6.8     Injectable Product Development  Workfl ow   

 As detailed by the information presented in this chapter, there are many considerations 
that must be made in the development of an injectable product containing a poorly 
water-soluble compound. Properties of the drug and end product objectives must be 
determined and will dictate the approaches taken in the formulation development 
process. Figure  6.1  is an example fl owchart that depicts the variables that must be 
considered and evaluated to develop a safe and successful parenteral product.
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  Fig. 6.1    Injectable Product  Development   Flowchart       
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    Method Capsule 1 
  Solubilization of a poorly soluble drug using cosolvents  

 Based on a method reported by Kawakami et al. ( 2006 )

  Objective 

•   To examine the solubility of a poorly water-soluble drug, phenytoin (PHT), in 
the presence of the cosolvents dimethylacetomide (DMA), ethanol, polyethylene 
glycol 400 (PEG400), and glycerol   

  Equipment and Reagents 

•   PHT  
•   DMA  
•   Ethanol  
•   PEG400  
•   Glycerol  
•   Glass vials  
•   Mechanical rotator  
•   0.45-μm syringe fi lter  
•   YMC-pack ODS-AM-302 (150 mm × 4.6 mm) HPLC column  
•   Mobile phase of 0.2 % acetic acid/acetonitrile in a ratio of 65:35 (fl ow rate 1 mL/

min, UV detection wavelength 240 nm, injection volume 15 μL)   

  Method 

•   Prepare surfactant solutions by dissolving an adequate amount of surfactant 
(Tween 80 or SDS) in water or cosolvent solution  

•   Add an excess amount of PHT to a glass vial and introduce 4 mL of surfactant- 
in- water or surfactant-in-cosolvent solution  

•   Rotate vials at 50 rpm at 25 °C for 24 h  
•   Filter samples using a 0.45-μm syringe fi lter  
•   Analyze PHT content of samples using HPLC to determine solubility   

  Results 

•   The addition of up to 20 % (w/v) cosolvent increases the solubility of PHT in a 
log-linear fashion, with the exception of glycerol.  

•   The solubilization capacity for DMA, ethanol, and PEG is 11.9 (w/w), 7.2, and 
7.2, respectively.  

•   The pH values for all cosolvent solutions are between 3.0 and 6.5, well below the 
pKa value of PHT (8.3); thus pH-dependent solubility is not a contributing factor.     
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  Method Capsule 2 
  Solubilization of a novel poorly soluble drug using hydropropyl-β-cyclodextrin  

 Based on a method reported by Kim et al. ( 2004 )

  Objective 

•   To improve the solubility of a poorly water-soluble novel compound, CKD-732, 
through the addition of hydroxylpropyl-β-cyclodextrin (HP-β-CD) at various 
concentrations   

  Equipment and Reagents 

•   CKD-732  
•   HP-β-CD  
•   Glass vials  
•   Orbital shaker  
•   Centrifuge  
•   0.2-μm syringe fi lter  
•   Kromasil ®  C18 (250 mm × 4.6 mm, 5 μm) HPLC column  
•   Mobile phase of acetonitrile/20 mM ammonium acetate buffer (pH 4.2) in a ratio 

of 45:55 (fl ow rate 1.2 mL/min, UV detection wavelength 306 nm)   

  Method 

•   Prepare solutions of HP-β-CD at various concentrations (from 0 to 0.2 M) in 
distilled water or pH-adjusted buffers  

•   Add an excess amount of CKD-732 to the HP-β-CD solutions in glass vials  
•   Shake vials at 200 rpm for at least 72 h to achieve equilibrium  
•   Centrifuge samples and fi lter using a 0.2-μm syringe fi lter  
•   Analyze CKD-732 content of samples using HPLC to determine solubility   

  Results 

•   The aqueous solubility of CKD-732 increases linearly as a function of HP-β-CD 
concentration, suggesting the formation of a 1:1 complex.  

•   Solubility of CKD-732 increased as a function of HP-β-CD concentration at pH 
values of 6.7 and 9.7. However, the solubility values at pH 6.7 at different 
HP-β-CD concentrations are approximately fourfold higher than their 
counterparts at pH 9.7     
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  Method Capsule 3 
  Preparation of a multivesicular liposome formulation for sustained IM delivery  

 Based on the method reported by Zhong et al. ( 2005 ).

  Objective 

•   To design a multivesicular liposome (MVL) sustained delivery formulation of 
breviscapine for IM injection.   

  Equipment and Reagents 

•   Breviscapine (bioactive ingredient)  
•   Phosphatidycholine  
•   Phosphatidylglycerol  
•   Triolein or tricaprylin  
•   Cholesterol  
•   Sucrose and glucose  
•   Solutions and buffers: 50 mM arginine-containing buffer (pH 7), and 40 mM L-Lysine.  
•   Chloroform–diethyl ether (1:1, v/v)  
•   T 18 basic Ultra-Turrax mixer   

  Method (Use the Double-Emulsion Process to Produce Breviscapine MVLs) 

•   Prepare a lipid mixture in 1 mL chloroform–diethyl ether with 40 mg phosphati-
dycholine, 8 mg phosphatidylglycerol, 40 mg cholesterol, and triolein or tricapry-
lin at a 5.75:1 molar ratio of phosphatidycholine to the total triglyceride content.  

•   Prepare an aqueous solution containing 40 mg/mL of breviscapine, 4 % (w/v) 
sucrose in 50 mM arginine buffer (pH 7).  

•   Emulsify the lipid and aqueous solutions to make a W/O emulsion at 10,000 rpm 
for 8 min with the mixer.  

•   Prepare the second aqueous solution with 40 mM L-Lysine and 3.4 % (w/v) 
glucose and emulsify with the W/O emulsion to form a W/O/W emulsion. 
Transfer the emulsion to an Erlenmeyer fl ask and remove the chloroform–diethyl 
ether by nitrogen fl ushing the liquid surface at 30 °C.  

•   Centrifuge at 600  g  for 5 min to remove free breviscapine from the MVLs and 
re-suspend in a buffered saline solution.   

  Results 

•   Brevicapine MVLs produced by this method signifi cantly prolongs the release of 
drug both in vitro (5–6 days) and in vivo (IM injection in rats lasted 4–5 days) 
compared to other the liposome preparation techniques investigated.     
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  Method Capsule 4 
  Preparation of an IV nanosuspension formulation for reduced irritation and 
phlebitis upon injection  

 Based on the method reported by Xiong et al. ( 2007 ).

  Objective 

•   To improve upon a current clinical IV formulation for nimodipine, which 
contains a high concentration of ethanol that causes injection site pain, irritation, 
and phlebitis.   

  Equipment and Reagents 

•   Nimodipine (compound for the treatment of subarachnoid hemorrhage-related 
vasospasm)  

•   Sodium deoxycholate  
•   Poloxamer 188  
•   Mannitol  
•   Polysorbate 80  
•   MC One (fl uid jet mill)  
•   Niro-Soavi NS1001L (high-pressure homogenizer)  
•   Laboratory freeze drier   

  Method 

•   Perform all the following steps under reduced lighting conditions to protect the 
light-sensitive drug.  

•   Jet mill the coarse powder of nimodipine to produce a microparticulate powder.  
•   Disperse with a magnetic stirrer 0.5 % (w/v) the milled powder in an aqueous 

solution composed of 0.6 % (w/v) poloxamer 188, 0.4 % (w/v) sodium cholate, 
and 4.0 % (w/v) mannitol.  

•   Perform pre-milling using the high-pressure homogenizer (maintain sample tem-
perature at 25–30 °C) by starting with the settings at 200 bar with two cycles then 
increasing to 500 bar with fi ve cycles.  

•   Follow the pre-milling step with 15–20 cycles at 1500 bar to produce the 
nanosuspension.  

•   Lyophilize the nanosuspension by drying for 15 h at −15 °C (below 200 mTorr), 
with a secondary step of 3 h at −5 °C, and a fi nal step of 2 h at 20 °C.  

•   Sterilize by gamma irradiation for 6 h with an absorbed dose of 12 kGy.   

  Results 

•   Injection toleration studies performed in rabbits demonstrate that this formulation 
reduces the occurrence of phlebitis and minimizes local irritation when compared 
with the clinical ethanol-based product.     
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  Method Capsule 5 
  Preparation of poly (lactide-co-glycolide) microspheres with micro- 
encapsulated prednisolone for sustained-release following IM or SC injection  

 Based on the method reported by  Khaled et al. (2010) .

  Objective 

•   To provide a sustained-release of the anti-infl ammatory steroid prednisolone over 
3–4 weeks following the IM or SC injection for chronic infl ammation conditions.   

  Equipment and Reagents 

•   Prednisolone  
•   Poly (lactide-co-glycolide) (PLG 50:50, Resomer RG 503H)  
•   Polyvinyl alcohol (PVA, partially hydrolyzed 88 %)  
•   Polysorbate 80  
•   Carboxymethylcellulose Sodium salt (NaCMC)  
•   Sterile normal saline  
•   Bath sonicator  
•   Benchtop homogenizer  
•   Magnetic stirrer  
•   Centrifuge  
•   Laboratory freeze drier   

  Method 

•   Prepare a suspension (solid-in-oil, s/o) of prednisolone in dichloromethane (DCM, 
1.5 mL) using a bath sonicator. PLG (12.5 % w/v) is completely dissolved in dichlo-
romethane prior to prednisolone addition. Drug-to-polymer ratio is 1:4 (w/w).  

•   Prepare a solid-in-oil-in-water emulsion (s/o/w) of the oil phase with an aqueous 
phase composed of 1 % (w/v) PVA solution in water (50 mL) by adding the oil 
phase dropwise into the aqueous phase during stirring at 2000 rpm using the 
benchtop homogenizer.  

•   The formed emulsion is left to stir at room temperature to evaporate the solvent 
for a few hours using a magnetic stirrer. Microspheres are collected by 
centrifugation, washed three times with water, and then lyophilized overnight.  

•   For animal injection, the lyophilized microspheres were re-suspended in a 
vehicle composed of sterile normal saline, NaCMC, and polysorbate 80, then 
injected SC in mice with an adjuvant-induced rheumatoid arthritis.   

  Results 

•   The microsphere formulation signifi cantly reduces the infl ammation in the feet 
of the mice where Freund’s complete adjuvant is injected, compared to both the 
control mice (no drug treatment) and the prednisolone single-dose-treated mice.         
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Chapter 7
Lipid-Based Formulations

Justin LaFountaine, Ping Gao, and Robert O. Williams III

Abstract The understanding in design, classification, and characterization of 
Lipid-Based Formulations (LBFs) has evolved greatly over the last two decades. 
LBFs include simple lipid solutions, self-emulsifying and self-microemulsifying 
drug delivery systems (SEDDS and SMEDDS), and surfactant-cosolvent solutions, 
designated as Type I to IV systems depending on their composition and properties. 
Notably, this chapter details several mechanistic studies that have helped to elucidate 
the pathways involved for increased absorption of poorly soluble drugs, which have 
aided in the design and standardization of LBF in vitro characterization methods. 
Much of this work has evolved through the recent Lipid Formulations Classification 
System Consortium, an academic-industrial group of experts and stakeholders that 
have worked to advance the state of the art. The role of sustained supersaturation, 
triggered by LBF dilution and digestion, in enhancing drug absorption is discussed 
along with formulation variables intended for this purpose. Finally, a short review is 
provided on solidification of LBFs and the benefits and challenges associated with 
the techniques involved.

Keywords Lipid-based formulations (LBFs) • Self-emulsifying drug delivery 
systems (SEDDS) • Self-microemulsifying drug delivery systems (SMEDDS) • 
Supersaturation • Digestion

7.1  Introduction

Oral delivery of Lipid-Based Formulations (LBFs) has been utilized for decades as a 
means to improve absorption of poorly water-soluble, lipophilic drugs. For dissolution 
rate limited drugs, LBFs present the drug in a pre-solubilized form to the 
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gastrointestinal tract for absorption. For solubility-limited drugs, several mechanisms 
have been proposed for enhanced absorption. These include increased drug permeabil-
ity via transporters (Constantinides and Wasan 2007; Goole et al. 2010), through pre-
sentation after collisional transfer of bile-salt mixed micelles (Gao and Morozowich 
2007), decreased first-pass metabolism (Patel and Brocks 2009; Trevaskis et al. 2006), 
and, for highly lipophilic drugs (e.g. log P > 6), an increase in lymphatic transport 
(O’Driscoll 2002; Trevaskis et al. 2008). Recently, however, understanding has evolved 
implicating dilution and/or digestion-induced supersaturation as a predominant mecha-
nism of enhanced absorption of poorly water-soluble drugs in many examples of LBFs 
(Gao and Morozowich 2006; Yeap et al. 2013), potentially including notable marketed 
LBFs such as Neoral® and Agenerase® (Strickley 2004; Williams et al. 2013b).

Upon ingestion of a LBF, solubilization of the drug is altered over time due to 
dilution/dispersion in aqueous gastrointestinal fluid and bile salt secretions (Devraj 
et al. 2013), as well as digestion of lipid formulation components by gastric and 
pancreatic lipases (Anby et al. 2012; Bakala-N’Goma et al. 2015), as shown in 
Fig. 7.1a. As the mass of drug in the GI tract exceeds the available solvent capacity, 
the drug will either be in a supersaturated state driving enhanced absorption, or will 
rapidly precipitate resulting in limited absorption, as shown in Fig. 7.1b (Williams 
et al. 2013b). The sustained supersaturation pathway provides agreement between 
the demonstrated success of several LBFs to enhance absorption and the recently 
described solubility-permeability interplay that clearly demonstrated a solubilization 
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Fig. 7.1 Schematic representation of the solubilization and supersaturation effects afforded by 
lipid-based formulations (LBFs). Lipids and surfactants (and to a lesser extent cosolvents) boost 
drug solubilization capacity in the GI tract following the dispersion and digestion of LBFs. This is 
described in (a) as the “solubilization effect”, and as shown, this solubilization effect affords 
higher stable drug concentrations than traditional solid dosage forms containing crystalline drug. 
In addition, the changing nature of colloidal species formed as LBFs disperse and become 
integrated into lipid digestion and absorption pathways, and the progressive decreases in drug 
solubility in these colloids that typically occur as these processes continue, is such that LBFs have 
the capacity to generate supersaturation, described above in (b) as the “supersaturation effect”. 
Reproduced with permission from (Williams et al. 2013b)
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effect alone by the formation of lipid mixed micelles would result in lower absorption 
due to reduced free drug concentration, as demonstrated in cosolvent, surfactant, 
and cyclodextrin systems (Dahan et al. 2010; Miller et al. 2011, 2012). Promoting 
sustained supersaturation versus drug precipitation in LBFs have been attributed to 
the properties of the lipid components used (e.g. solubility, digestibility, etc.), the 
maximum degree of supersaturation based on the administered dose, and the 
inclusion of polymeric precipitation inhibitors (PPIs) within the LBF.

Given the performance of a given LBF depends on the formulation composition 
and lipid digestion, developing discriminating and biorelevant in vitro methods to 
guide formulation selection is a complex but necessary endeavor. This chapter will 
highlight the progress that has been made in recent years to develop and standardize 
in vitro methods in order to adequately assess the diverse types of formulations that 
are classified as LBFs (see Sect. 7.2), and how these methods have helped to eluci-
date the mechanisms of enhanced absorption via sustained supersaturation. 
Comparisons to in vivo data will be made where available. Finally, a review of recent 
efforts to develop solid-LBFs by absorbing liquid components on solid substrates or 
through the used of lipids that are solid at room temperature will be provided.

7.2  Classification and Components of Lipid-Based 
Formulations

LBFs commonly contain pharmaceutical ingredients including natural oils, fatty 
acids, partial glycerides, surfactants, and cosolvents (Dahan and Hoffman 2008; 
Trevaskis et al. 2008). Pouton classified LBFs into four categories according to their 
composition as listed in Table 7.1 (Pouton 2000, 2006). In the simplest lipid-based 
formulations (Type I), drug is dissolved in glycerides. Type I formulations are non- 
dispersive and require digestion. Digestive products of glycerides mix with bile salts 
in GI tract create mixed micelles where drug remains solubilized. The micelles func-
tion as drug reservoirs from which drug molecules may diffuse into the aqueous phase 
and be absorbed. Drug loading in type I formulation is limited by the lipophilicity of 
the drug due to low solvent capacity of glycerides. In type II formulations, water-
insoluble surfactants are incorporated to improve the emulsification of glycerides. 
Type II formulations are considered self-emulsifying drug delivery systems (SEDDS), 
forming turbid, coarse oil-in-water emulsions upon dispersion in the GI tract in the 
size range of few microns. Type III formulations are also SEDDS or self-microemul-
sifying drug delivery systems (SMEDDS) and are further divided into Type IIIA or 
Type IIIB depending on the proportions of lipid components to hydrophilic surfac-
tants and/or cosolvents. Type III formulations can rapidly lose solvent capacity when 
dispersed due to dissolution of they hydrophilic components. Additionally, the smaller 
droplet sizes formed may provide a greater surface area for lipid digestion. Finally, 
Type IV formulations contain no oils and instead are comprised of a mixture of hydro-
philic surfactants and cosolvents. These formulations may be digestible depending on 
the type of surfactant used. Type IV formulations typically have a higher solvent 
capacity to solubilize the intended dose, but will rapidly lose solvent capacity upon 
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dispersion. Descriptions and examples of the excipients used in Type I, II, III, and IV 
formulations are provided in the following subsections.

7.2.1  Triglycerides and Mixed Glycerides

The simplest LBFs, Type I, consist of drug dissolved in lipids such as triglycerides 
or mixed mono and diglycerides. Triglycerides are lipids consisting of one glycerin 
and three fatty acid molecules. On the basis of the C─C backbone composition, 
triglycerides can be classified as saturated (no C═C bond in C─C backbone) and 
unsaturated (C═C bond in C─C backbone) triglycerides. Saturated triglycerides are 
also called “fat,” which are solids at room temperature. On the basis of fatty acids 
carbon backbone length, triglycerides can be classified as short-chain (<6 carbon), 
medium-chain (6–12 carbon), and long-chain (>12 carbon) triglycerides (Gibson 
2007). Refined natural oils are commonly used for the delivery of poorly soluble 
drugs. Refined natural oils are unsaturated, long-chain triglycerides consisting of 
triglyceride of fatty acids, small amount of free fatty acids, and plant sterols. Most 
commonly used refined natural oils are coconut oil, corn oil, soybean oil, and 
sesame oil. These oils differ in the chain length of fatty acids, and the number and 

Table 7.1 Lipid formulation classification system

Excipients in 
formulation Content of formulation (%, w/w)

Type I 
(lipid 
solution)

Type II 
(SEDDS)

Type IIIA 
(SEDDS/
SMEDDS)

Type IIIB (SEDDS/
SMEDDS)

Type IV 
(surfactant- 
cosolvent)

Oils: 
triglycerides or 
mixed mono 
and 
diglycerides

100 40–80 40–80 <20 –

Water- 
insoluble 
surfactants 
(HLB < 12)

– 20–60 – – 0–20

Water- soluble 
surfactants 
(HLB > 12)

– – 20–40 20–50 30–80

Hydrophilic 
cosolvents 
(e.g. PEG, 
propylene 
glycol, 
Transcutol)

– – 0–40 20–50 0–50

Adapted with permission from (Pouton 2006)
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position of unsaturated bonds. At the initial stage of production for refined natural 
oils, crude natural oils are obtained from the plant seeds by expression in a hydraulic 
press or by solvent extraction. The refining process includes several critical steps to 
ensure product quality, such as: the removal of impurities such as free fatty acids 
and phospholipids; decolorizing with activated carbon; and deodorization with 
steam. Medium-chain triglycerides are liquid at room temperature and are 
chemically synthesized via re-esterification of glycerol with medium-chain fatty 
acids (caprylic and capric fatty acids). Medium-chain fatty acids are produced via 
the hydrolysis of fixed oils and the distillation processes. Coconut oil is the primary 
source for medium-chain fatty acid. Given their more polar nature, medium-chain 
triglycerides have better solvent capacity as compared to long-chain triglycerides.

Mixed glycerides are manufactured through transesterification or direct 
esterification. In transesterification process, triglycerides react with glycerol under 
heating with alkaline catalysts. Direct esterification takes places between the 
selected fatty acids and glycerol. Mixed glycerides are mixtures of fatty acids, 
glycerol, mono-, di-, and triglycerides. Due to the nature of manufacturing processes, 
compendial specifications for mixed triglycerides allow for variations in the 
composition. Formulation scientists must pay close attention to the compositional 
difference between the materials from different manufacturers and between different 
batches from the same manufacturer.

7.2.2  Surfactants

In more complex LBFs (Type II–IV), hydrophilic and lipophilic surfactants are 
utilized to improve drug solubilization and to stabilize emulsion droplets in LBFs. 
Due to their amphiphilic nature, surfactants can increase the solvent capacity of a 
LBF in order to dissolve the required dose of a hydrophobic drug. After dispersion 
of LBFs, surfactants can also aid in the stabilization of oil and water emulsions by 
localizing at the oil–water interface (Gursoy and Benita 2004). The concentration 
and type of surfactant used can be adjusted to form droplets of varying sizes. In 
general, non-ionic surfactants are preferred in LBFs due to increased safety at high 
concentrations as compared to ionic surfactants. A list of non-ionic surfactants and 
their corresponding HLB values are listed in Table 7.2. Surfactants commonly used 
in LBF have a HLB value of ten or higher due to the formation of o/w emulsions or 
microemulsions.

7.2.3  Hydrophilic Cosolvents

In Type IIIB and IV formulations, hydrophilic cosolvents are often added to aid in 
solubilization of drugs that are hydrophobic, but not necessarily lipophilic (Pouton 
2006). Common cosolvents acceptable for oral dosage forms are limited to ethanol, 
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polyethylene glycol, glycerin, and propylene glycol, which were described in 
greater detail in a previous chapter.

7.3  Characterization of Lipid-Based Formulations

Even with the development of the Lipid Formulation Classification System (LFCS) 
to describe LBFs of varying composition, the ability to collectively compare differ-
ent types of formulations has been hampered by a lack of standardized in vitro 
methods to characterize representative formulations (Pouton 2006). Established 

Table 7.2 Pharmaceutical 
non-ionic surfactants

Non-proprietary name HLB value

Glyceryl monooleate 3.3

Poloxamer 181, 182, 331 1–7

Poloxamer 124 12–18

Poloxamer 407 18–23

Poloxamer 188, 237, 338 >24

Polyoxyethylene alkyl ether (Brij 
L4)

9.7

Polyoxyethylene castor oil derivative 
35

12–14

Polysorbate 20 16.7

Polysorbate 21 13.3

Polysorbate 40 15.6

Polysorbate 60 14.9

Polysorbate 61 9.6

Polysorbate 65 10.5

Polysorbate 80 15.0

Polysorbate 81 10.0

Polysorbate 85 11.0

Polysorbate 120 14.9

Propylene glycol monolaurate 4.5–5

Sorbitan monoisostearate 4.7

Sorbitan monolaurate 8.6

Sorbitan monooleate 4.3

Sorbitan monopalmitate 6.7

Sorbitan monostearate 4.7

Sorbitan sesquioleate 3.7

Sorbitan trioleate 1.8

Sorbitan tristearate 2.1

Tricaprylin 7.0

Vitamin E polyethylene glycol 
succinate

13.2
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compendial dissolution methods are inadequate for discriminating the performance 
of LBFs, and even with the adoption of in vitro dispersion-digestion tests, the exper-
imental parameters (e.g. test pH, fluid volume, concentrations of bile salt, calcium, 
and buffer agents) often varied greatly among laboratories. In an effort to better 
understand the effect of experimental variables and standardize in vitro test methods 
for LBFs, the Lipid Classification System Consortium (LFCS Consortium) was 
formed in 2009 to define and communicate standardized testing methods (Williams 
et al. 2012b).

To date, much of the work of the LFCS Consortium has focused on understanding 
and establishing discriminating methods for the conduct of in vitro dispersion and 
digestion tests. Eight exemplary LBFs were defined to conduct the studies as shown 
in Fig. 7.2, which spanned Type I through Type IV LBFs with Type I, II, and IIIA 
formulations divided into examples containing either long-chain (LC) or medium 
chain (MC) triglycerides. Formulations were developed based on their capacity to 
self-emulsify, digestibility, drug solvency, and particle size on dispersion. The 
appearance, particle size, and polydispersity of the selected formulations are shown 
in Table 7.3. While refinements to methods will continue over time, the work to date 
not only establishes baseline parameters for dispersions and digestion testing, but 
also provides standard methods to evaluate saturation solubility within the formula-
tion, upon dispersing in aqueous media, and within digested media to understand the 
dynamics of solvent capacity and its impact on drug solubilization or precipitation.

Type I

100%

LC & MC LC & MC LC & MC MC

Lipids:

Cosolvent: Transcutol HP

Lipophilic surfactant: Tween® 85

Hydrophilic surfactant: Cremophor® EL

Medium-chain = Captex® 300 and Capmul® MCM EP (in a 1:1 ratio)
Long-chain = Corn oil and MaisineTM 35-1 (in a 1:1 ratio)

65% 65%
35% 35% 25%

50% 50% 50%25%

Type II Type IIIA Type IIIB Type IV

Fig. 7.2 Exemplary lipid based formulations utilized by the lipid formulation classification 
system consortium. Type I, II, and IIIA formulations are represented by versions that contain either 
long-chain (LC) triglycerides or medium-chain (MC) triglycerides within their composition, 
whereas Type IIIB only consists of a composition that contains medium chain triglycerides. 
Adapted with permission from (Williams et al. 2013a)
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7.3.1  Solubility

One of the first steps in developing a LBF is to generate a formulation that contains 
enough solvent capacity to dissolve the required dose of the drug substance. In order 
to determine saturation solubility, standard shake-flask methods have been used with 
an excess of drug substance added to a model LBF and saturation determined after 
consecutive samples vary by less than 5 % in concentration (Williams et al. 2012b). 
Depending on the properties of the drug substance and the desired dose, the type of 
LBF employed may be limited based on the relative lipophilicity or hydrophilicity of 
the formulation. In Fig. 7.3, for example, danazol has relatively high solubility 
(>50 mg/g) only in the more polar Type IIIB and Type IV formulations as compared 
to fenofibrate, which has relatively high solubility across all types of LBFs and low 
variability in solubility between formulations in which MC lipids are used (Williams 
et al. 2012b, 2013a). The importance of determining saturation solubility within the 
LBF, rather than individual components is highlighted in Fig. 7.4. In this example, 
while some general trends in solubility are observed for danazol in individual com-
ponents (e.g. higher solubility in polar excipients), it was not possible to calculate or 
predict the solubility of danazol in the LBFs based on either solubility of individual 
components or the mass ratio of excipients within the formulation (Williams et al. 
2012b). Determining the saturation solubility for a given LBF serves as a guide to the 
drug loading, or percent saturation, that will be necessary to dissolve the intended 
dose. The drug loading or degree of saturation in the LBF can have a significant 

Table 7.3 Physical properties of the LFCS consortium exemplary LBFS after dispersion in 
digestion media

Formulation type Appearance on dispersiona Particle sizeb (nm) Polydispersityb

I-MC Opaque emulsion n/ac –

II-MC Opaque emulsion 1 in 36: n/ac 0.068 ± 0.05

1 in 250: 190.2 ± 2.7

IIIA-MC Ultrafine dispersion 1 in 36: 29.1 ± 0.6 0.062 ± 0.01

1 in 250: 36.2 ± 0.9 0.088 ± 0.02

IIIB-MC Ultrafine dispersion 1 in 36: 21.4 ± 0.5 0.111 ± 0.01

1 in 250: 14.0 ± 2.7 0.138 ± 0.10

I-LC Coarse emulsion n/ac –

II-LC Coarse–opaque emulsion n/ac –

IIIA-LC Ultrafine dispersion 1 in 36: 61.8 ± 0.4 0.197 ± 0.01

1 in 250: 58.4 ± 1.3 0.149 ± 0.01

IV Transparent solution 1 in 36: 13.1 ± 0.4 0.033 ± 0.01

1 in 250: 9.9 ± 0.5 0.111 ± 0.06

Adapted with permission from (Williams et al. 2012b)
aAppearance following dispersion of 1 g LBF in 36 mL digestion medium (37 °C)
bMean particle size of the dispersed LBF following a 1 in 36 and 1 in 250 dilution in the digestion 
medium (37 °C). Values are expressed as means (n = 3) ± 1 SD
cColloids formed on dispersion were too large to be measured accurately (i.e., polydispersity > 0.5)

LC long chain, MC medium chain

J. LaFountaine et al.
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molecular weight: 337.5
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Fig. 7.3 Equilibrium solubility values for danazol, fenofibrate, and tolfenamic acid in the eight 
LBFs investigated. Adapted with permission from (Williams et al. 2012b, 2013a)
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impact on the solvent capacity after dispersion/digestion and potentially the precipi-
tation behavior of the drug (Williams et al. 2012a).

When LBFs are dispersed into aqueous media, a drop in solvent capacity can 
occur as the concentration of water increases. In order to quantify the maximum 
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Fig. 7.4 Equilibrium solubility of danazol in lipid excipients used in construction of the eight 
LFCS Consortium LBFs. Adapted with permission from (Williams et al. 2012b)

Fig. 7.5 Equilibrium solubility of a lipophilic drug in medium chain monoglyceride (MCMG) 
and polysorbate 80 (P80) formulations with increasing water content. Adapted with permission 
from (Pouton 2006)
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effect of water concentration on solvent capacity, a phase diagram including water 
within the formulation can be constructed and solubility measurements can be taken 
with progressively increasing concentrations of water. This is illustrated in Fig. 7.5 
with four formulations of varying medium-chain monoglyceride and polysorbate 80 
ratios. As the concentration of water increases, a phase transition occurs between a 
continuous oil phase to a bicontinuous phase of oil and water and the thermodynamic 
impact at each of these water concentrations on the solubility of a lipophilic drug can 
be measured. In this case, the solubility of the drug dropped by half with only 10 % 
water addition (Pouton 2006). Such an exercise serves to quantify the thermody-
namic impact of water on drug equilibrium solubility, but this may only serve as a 
worse case depending on the kinetics of the dispersion process and drug precipita-
tion. Additionally, this exercise fails to take into account the effect of digestion prod-
ucts and the impact of increasing bile salt concentrations on drug solubility.

In order to quantify the impact of not only dilution, but the effects of colloid 
stability due to digestion and the presence of bile salts on solvent capacity, solubil-
ity studies can be conducted in a dispersed aqueous phase (APDISP) and a digested 
aqueous phase (APDIGEST) (Williams et al. 2013a). For these studies, drug-free LBFs 
should undergo standardized dispersion and digestion testing under the same condi-
tions as active LBFs (standardized digestion parameters defined by the LFCS 
Consortium will be discussed in the next sub-section). For solubility determination 
in APDISP, media samples can be taken after the drug-free LBF has been dispersed 
for a determined time period and added to a container containing an excess of crys-
talline drug that is incubated at 37 °C. For solubility determination in APDIGEST, 
samples of digestion medium can be taken after a predetermined time period and 
digestion can be halted with the addition of a digestion inhibitor (1.0 M 
4-bromophenylboronic acid in methanol). The APDIGEST media can then be added to 
a container containing excess crystalline drug and incubated at 37 °C. Samples at 
select time intervals can then be taken, separated by centrifugation, and analyzed for 
equilibration of drug content. For certain LBFs, a drop in solubility may occur over 
time if the colloidal phase is unstable and solubility values at earlier time points 
prior to the solubility loss should be utilized (Williams et al. 2012a). Knowledge of 
drug solubility in APDISP and APDIGEST is useful to understand the impact of loss of 
solvent capacity and propensity for drug precipitation given the amount of drug 
present in an active LBF and the volume of digestion medium, which will be 
discussed further in the following section.

7.3.2  Dispersion and Digestion Testing

The primary focus of the LCFS Consortium has been to develop standardized in 
vitro digestion tests that can discriminate between LBFs. Digestion test methods 
have been developed mimicking the fasted state behavior in the small intestines that 
includes a 10-min dispersion (dilution) step in buffered media containing bile salts 
and phospholipids, followed by the addition of pancreatic lipases where drug 
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solubilization and lipid digestion is monitored for a period of 30–60 min (Sek et al. 
2002). The effect of gastric lipases on lipid digestion (Carriere et al. 1993; Lengsfeld 
et al. 2006; Fernandez et al. 2007) is currently neglected assuming that the pH is too 
low in fasted state conditions to support lipase activity (Bakala-N’Goma et al. 
2015). Additionally, a commercial source for gastric lipase does not exist, practically 
limiting its use. In order to standardize digestion test parameters representing the 
fasted state in the small intestine, the impact of several experimental parameters 
including pH, bile salt concentration, separation methods, drug type, drug loading, 
and pancreatin concentration on LBF performance have been evaluated by the 
LFCS Consortium.

The developed digestion test method utilizes a pH-stat apparatus. This allows for 
maintenance of the media pH over the course of the experiment as well as the ability 
to quantify the extent of lipid digestion by pancreatic lipases. As lipids are digested 
during the experiment, free fatty acids are liberated and the pH of the media is 
constantly monitored and maintained by titration with a concentrated sodium 
hydroxide buffer to the reaction vessel. The amount of sodium hydroxide added 
during the experiment will reflect the amount of ionized free fatty acids liberated 
during digestion. Since not all of the fatty acids may be ionized at the test pH (e.g. 
pH = 6.5), additional amount of sodium hydroxide to adjust the media pH to 9 at the 
end of the experiment, with subtraction of the amount of titrant needed in the 
absence of lipids, allows for calculation of the unionized fatty acids liberated during 
digestion testing. The summation of the ionized and unionized fatty acids and 
knowledge of the theoretical maximum amount of fatty acids in the LBF provides 
an estimation of the extent of digestion during the experiment according to (7.1) 
(Williams et al. 2012b).

 

Extent of Digestion
ionized fatty acid unionized fatty acid

theor
=

+
eetical imum fatty acids in LBFmax

 
(7.1)

The titrated fatty acid concentration and the extent of digestion estimated by 
(7.1) for the eight exemplary formulations evaluated by the LFCS Consortium are 
shown in Fig. 7.6 (Williams et al. 2012b). It can be observed that formulations 
containing medium chain triglycerides are digested to a much greater extent 
compared to formulations containing long chain triglycerides. Additionally, LBFs 
containing low levels of lipids (e.g. Type IV), result in minimal digestion reflecting 
the small concentration of digestible surfactants in these formulations. Finally, it is 
evident that a great extent of digestion occurs in the first few minutes after the 
lipases are present, reflecting a rapid process that can have a significant impact on 
drug solvent capacity.

With the ability to estimate the extent of digestion in situ, experimental parameters 
can be varied and their impact on digestion and LBF performance can be assessed. 
Initial baseline parameters for an in vitro digestion test were determined based on pre-
vious experiments and biorelevance to conditions in the small intestine. Cross- site 
reproducibility was demonstrated for the eight model LBFs and the centrifugation 
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method was initially refined (Williams et al. 2012b). Baseline conditions were set at a 
pH of 6.5 using a 2 mM Tris-maleate buffer with 150 mM NaCl, 1.4 mM CaCl2–2H2O, 
3 mM sodium taurodeoxycholate (NaTDC), and 0.75 mM phosphatidylcholine (PC) 
based on reported in vivo conditions. Drug separation based on ultracentrifugation and 
standard centrifugation was compared and it was recommended that formulations that 
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Fig. 7.6 Apparent titration of fatty acids (FAs) released and estimated extent of digestion during 
in vitro digestion of (a) medium-chain lipid-based formulations (LBFs) and (b) long-chain LBFs. 
Digestion was initiated at t = 0 min on addition of pancreatin, and pH was maintained constant at 
pH 6.5. Titrated FA was detected by pH titration, and values are expressed as means (n = 3) ±1 SD 
and have been corrected for the level of FA released in background digestion tests (no lipid 
formulation). Adapted with permission from (Williams et al. 2012b)
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produce an oil-rich phase utilize ultracentrifugation. Further studies evaluated the 
impact of bile salt concentration (e.g. 0, 3, 5, and 10 mM NaTDC), pancreatin concen-
tration (e.g. 150, 300, 600, and 900 USP U/mL), and calcium concentration (0, 1.4, 5, 
and 10 mM) on digestion (Sassene et al. 2014; Williams et al. 2012a). Results indicated 
that the bile salt concentration had only moderate effects above a concentration of 
3 mM, thus this concentration was recommended. Increasing pancreatin concentration 
influenced the extent of digestion for both medium chain and long chain LBFs, but had 
little effect on drug distribution, thus physiological quantities were recommended. 
Calcium had a smaller effect on digestion, but generally influenced drug distribution 
for Type IIIA-LC, I-MC, II-MC, and IIIA-MC LBFs due to the formation of free fatty 
acid-calcium soaps that altered solvent capacity. Given an increase in calcium concen-
tration may overestimate drug precipitation, physiological levels of 1.4 mM is recom-
mended. Based on the studies to date, the proposed standardized parameters for 
fasted-state in vitro digestion testing of LBFs are listed in Table 7.4.

In addition to LBF formulation composition and digestion testing parameters, 
three model drugs have been evaluated using the proposed digestion method 
including danazol (neutral), fenofibrate (neutral), and tolfenamic acid (weak acid) 
(Williams et al. 2013a). The type of drug used and drug loading had little impact on 
digestibility, but drug loading did have a significant effect on drug precipitation. As 
drug loading is increased, the extent of drug precipitation increased across all 
formulation types. However, a general trend was realized across all model drugs and 
LBF types when the maximum drug concentration in the digested aqueous phase 
(APMAX) was normalized to the thermodynamic solubility within APDIGEST. This 
value was termed the maximum supersaturation ratio, SRM, as shown in (7.2).

Table 7.4 Proposed LFCS consortium fasted-state digestion testing parameters

Digestion condition

Fasted

Test preparation

LBF mass (g) 1.083

pH of digestion medium 6.5

Buffer concentration: (tris-maleate with NaCl) 
(mM)

2 mM/150 mM

CaCl2 concentration 1.4 mM

Bile salt: phospholipid concentration (mM) 3:0.75

Digestion medium volume (mL) 39

Dispersion phase

Duration 10 min

Samples 3 × 1 mL

Digestion phase

Pancreatin (~1000 TBU/mL) 4 mL added after 10 min dispersion

Duration 30–60 min

Samples ≥4 × 1 mL for bench-top centrifugation

2 × 4 mL for ultracentrifugation
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Fig. 7.7 Three- 
dimensional surface plots 
to illustrate the relationship 
between SRM, APMAX and 
drug solubility in the 
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tolfenamic acid. SRM is the 
maximum degree of 
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Applying the SRM equation, it was observed that drug precipitation occurred 
when this value exceeded ~2.5–3 as shown in Fig. 7.7 for danazol, fenofibrate, and 
to tolfenamic acid. This suggests that after dispersion/digestion of a LBF, a super-
saturated state of the drug may be sustained when the degree of supersaturation does 
not exceed three times. Once this level is exceeded, the driving force for drug 
precipitation becomes too great and drug crystallization was confirmed in such 
cases. Similar trends have been observed in LBFs containing other types of surfac-
tants in which an SRM limit of ~2.6–2.7 were observed in six of the seven LBFs 
evaluated (Devraj et al. 2014). This realization of sustained drug supersaturation at 
moderate supersaturation levels has contributed to the evolution that digestion trig-
gered supersaturation is a predominant mechanism of enhanced absorption by LBFs 
(Anby et al. 2012) and highlights the importance of developing discriminating in 
vitro methods to monitor drug supersaturation in biorelevant conditions.

To further develop discriminating in vitro digestion tests, “stressed” digestion 
testing conditions have been proposed by the LFCS Consortium along with a new 
performance classification system (Williams et al. 2014a). The stressed digestion test 
is intended to follow standard fasted-state digestion testing in order to further prog-
ress lead LBF candidates. The stressed digestion conditions can be utilized to alter 
SRM in APDIGEST by altering the digestion or solvent capacity properties. Some exam-
ple stressed digestion conditions are shown in Table 7.5 and compared to the stan-
dard fasted conditions. For example, decreasing the amount of LBF or increasing the 
concentration of bile salts can impact the solvent capacity in APDIGEST by greater 
aqueous dilution or formation of bile salt micelles. A lower LBF mass was shown to 
be a stressor particularly for medium chain-rich LBFs due to increased dilution. 
Adjustments of media pH can additionally be utilized for ionizable drugs that have 
pH-dependent solubility to further elucidate the performance of different types of 

Table 7.5 Proposed LFCS consortium fasted-state and stressed digestion testing parameters

Digestion condition (fasted + stressed)

Fasted ↓LBF ↑BS ↓pH

Test preparation

LBF mass (g) 1.083 0.173 1.083 1.083

pH of digestion medium 6.5 6.5 6.5 4.5

BS:PL concentration (mM) 3:0.75 3:0.75 10:2.5 3:0.75

Digestion medium volume (mL) 39

Dispersion phase

Duration 10 min

Samples 3 × 1 mL

Digestion phase

Pancreatin 4 mL added after 10 min dispersion

Duration 30–60 min

Samples ≥4 × 1 mL for bench-top centrifugation

2 × 4 mL for ultracentrifugation

Adapted with permission from (Williams et al. 2014a)
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LBFs. In addition to the proposed stressed digestion conditions, an A–D performance 
classification system was proposed based on a passing or failed performance in (1) 
dispersion testing, (2) fasted state digestion testing, and (3) stressed digestion testing 
as shown in Fig. 7.8. A LBF that passed all three in vitro tests would receive an A 
grade, whereas one that failed dispersion testing would receive a D grade.

In order to develop LBFs that can sustain supersaturation at SRM values greater 
than ~3, polymeric precipitation inhibitors (PPIs) have been investigated as an 
additional formulation component. A variety of polymers have been shown to be 
effective precipitation inhibitors in a wide range of studies, particularly in 
amorphous solid dispersions (Konno et al. 2008; Ueda et al. 2013; Warren et al. 
2010). Gao and his colleagues were the first to investigate PPIs’ effect to maintain 
supersaturation and enhance absorption of poorly soluble drugs from supersatura-
ble SEDDS (S-SEDDS) formulation approaches (Gao et al. 2003, 2004). The 
mechanism of such polymeric PPIs in maintaining highly supersaturated state was 
also investigated and hypothesized by Gao et al. (2009). As shown in Fig. 7.9, the 
inclusion of 5 % HPMC resulted in a significant increase in paclitaxel supersatura-
tion in a simple dispersion test as compared to lipid formulations without PPIs and 
this resulted in enhanced absorption in vivo in rats. The impact of PPIs has also 
been evaluated in digestion tests, which further confirmed an increase in SRM val-
ues up to ~8 in some cases, as shown in Fig. 7.10 (Anby et al. 2012). However, it 
was found that in certain cases, the precipitation inhibition properties were overes-
timated in vitro compared to in vivo analysis. Still, the inclusion of PPIs to LBFs is 
an additional important formulation variable in order to achieve supersaturation 
and enhance the oral absorption of poorly water-soluble drugs.

Drug Containing LBF

In vitro dispersion

In vitro digestion

In vitro digestion (+stress**)

First tier

Fail

: fail: pass

Fail

A

Dispersion

Digested
(fasted)
Digestion
(stressed**)

B C D

Formulation performance grade

Fail

**Examples of ‘stress’ include: increased drug loading, increased dilution,
increased test duration

“A-grade LBF”

“B-grade LBF”

“C-grade LBF”

“D-grade LBF”

Second tier

Third tier

Fig. 7.8 A proposed new LBF performance classification based on in vitro evaluations. Adapted 
with permission from (Williams et al. 2014a)
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7.3.3  In Vivo Characterization

The discriminating power of in vitro digestion test methods for LBFs with direct 
relevance to in vivo performance has been an active research subject. Dahan and 
Hoffman investigated the distribution and solubilization pattern of griseofulvin 
across different phases of an in vitro digestion model resulting from LCT, MCT, and 
SCT-based lipid systems compared to in vivo evaluations of these formulations 
(Dahan and Hoffman 2007). The in vitro lipolysis results showed significant differ-
ences between these formulations. MCT lipid led to high amounts of solubilized 
drug in the aqueous phase (>95 %), while the LCT lipid resulted in a smaller amount, 
and the SCT proved the lowest (Fig. 7.11a). All three lipid formulations proved to 
be advantageous over the control, an aqueous suspension. A similar trend was con-
firmed by the in vivo PK study. As shown in Fig. 7.11b, the exposure of griseofulvin 
was directly related to the nature of the lipid component, showing the rank order 
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MCT > LCT > SCT > water. An excellent correlation (Fig. 7.11c) between the per-
centage of griseofulvin dose that was solubilized in the aqueous phase of the in vitro 
lipolysis medium and the in vivo AUC values upon oral administration of these four 
formulations was observed.

For other researchers, establishing an in vitro—in vivo correlation between diges-
tion tests and PK studies has proved elusive (Griffin et al. 2014). When comparing 
in vitro tests of varying complexity (i.e. dilution, dispersion, and digestion), Griffin 
and colleagues found that solubility was similar among three LBFs (Type IIIA-LC, 
IIIA-MC, and type IIIB/IV) containing fenofibrate in the dilution and dispersion 
tests, whereas during digestion testing the Type IIIA formulations exhibited signifi-
cantly less precipitation compared to the Type IIIB/IV formulation. When dosed 
orally in pigs, each of the formulations performed similarly, demonstrating that the 
digestion test was over discriminating the LBFs, as shown in Fig. 7.12. A similar 
over-discriminating power was observed using the digestion testing protocol pro-
posed by the LFCS Consortium in LBFs containing PPIs (Anby et al. 2012). Here, it 
was found that the digestion test failed to predict the in vivo absorption in dogs, with 
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no observable difference between LBFs with and without PPIs at high drug loadings, 
despite a difference observed in digestion testing.

There are a number of reasons that the in vitro digestion tests may over- discriminate 
the in vivo performance of LBFs. One primary reason that has been discussed is the lack 
of an absorptive sink in the digestion test, which may drive supersaturation ratios to 
higher levels than what would be observed in vivo. Some researchers have had success 
correlating dispersion methods that contain a sink compartment to in vivo data for super-
saturating lipid systems. For example, Shi and coworkers evaluated a novel in vitro 
biphasic dissolution test that involved both aqueous and organic phases. The drug is 
released from LBFs in the biorelevant aqueous media under non-sink condition and 
partitions into the organic phase (e.g., octanol) under sink condition. They correlated the 
drug concentration in the octanol phase to in vivo human data with promising results, as 
shown in Fig. 7.13 (Shi et al. 2010). Adding an organic phase as an “absorptive compart-
ment” to the current in vitro digestion test may be a future option, though this adds sig-
nificant complexity to the in vitro test and this complexity needs to be weighed against 
the probability of false positives in lipid formulation development.

Other notable in vivo/ex vivo studies with LBFs have helped to elucidate the 
precise mechanisms of enhanced absorption. Given that enhanced solubilization in 
lipid micelles by LBFs may have a negative impact on absorption by decreasing the 
free drug concentration, two alternative absorption mechanisms were evaluated by 
Yeap and colleagues (Yeap et al. 2013): (1) direct transfer of drug from the colloidal 
lipid phase to the absorptive membrane by collisional transfer, and (2) enhanced 
flux through the absorptive membrane due to a transient, supersaturated state of the 

Fig. 7.12 Comparison of in vitro dispersion tests to in vitro digestion tests and their predictability 
to in vivo data. In this case with fenofibrate, the simpler dispersion tests were more predictive to in 
vivo bioavailability data in pigs compared to the more complex digestion tests. Adapted with 
permission from (Griffin et al. 2014)
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drug. A single pass rat jejunum perfusion model was used to investigate the two 
mechanisms utilizing the poorly soluble drug cinnarizine. In this study, collisional 
transport was shown to not play a significant role in absorption, however bile 
dilution-induced drug supersaturation was shown to have a significant positive 
effect on absorption. For colloidal systems, supersaturation was maintained for a 
long enough period to promote enhanced absorption, but vesicular systems promoted 
rapid precipitation and failed to enhance oral absorption. The bile-mediated solubi-
lization and supersaturation pathways are illustrated in Fig. 7.14.

Fig. 7.13 A biphasic dissolution test comparing a supersaturable SEDDS formulation to a solution 
and marketed formulation. In the left panel, poor correlation is observed in the aqueous phase AUC 
relative the human PK AUC, as compared to the right panel where a good correlation is observed 
for the organic phase AUC and human PK AUC. Adapted with permission from (Shi et al. 2010)
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Fig. 7.15 Overview of solidification techniques commonly used for transforming liquid and 
semisolid lipid-based formulations into solid dosage forms. Adapted with permission from (Tan 
et al. 2013)
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7.4  Solid Lipid-Based Formulations: A Current Trend 
in Lipid-Based Formulation Design

The solidification of LBFs continues to be an active area of pharmaceutical research. 
Solidification can offer several advantages over liquid-based formulations including 
enhanced stability, elimination of liquid-based manufacturing processes (e.g. soft/
hard shell capsule filling and banding), potential for volume reduction, more precise 
dosing, and improved patient compliance. A number of processing techniques are 
available for solidification of LBFs as shown in Fig. 7.15, which has been the topic 
of several recent reviews (Dening et al. 2015; Jannin et al. 2008; Tan et al. 2013). 
Among the available techniques, physical adsorption on to materials such as fumed 
silica and magnesium aluminum silicate has been the most extensively studied. 

Fig. 7.16 Percentage of the danazol dose recovered in the aqueous phase during in vitro evaluation, 
consisting of a 30 min dispersion followed by a 30 min digestion phase. (a) Medium-chain (MC) 
lipid SEDDS formulations. (b) Long-chain (LC) lipid SEDDS formulations. Values are expressed 
as means (n = 3) ± SD. The vertical dotted line indicates the point at which pancreatin was added to 
initiate digestion. (c) Plasma concentration vs. time profiles for danazol after oral administration to 
overnight fasted rats. Treatments consisted of MC-SEDDSliquid, MC-SEDDSNeusilin, LC-SEDDSliquid 
or LC-SEDDSNeusilin. All animals received a nominal dose of 3 mg. Average values (n = 4) ± SD are 
depicted. Adapted with permission from (Van Speybroeck et al. 2012)
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Many researchers have reported favorable material properties (e.g. flow, compac-
tion) at high lipid loadings in adsorptions systems (Agarwal et al. 2009; Hansen 
et al. 2004). Alternatively, other researchers have evaluated the used of synthetic 
poloxamers as emulsifying and solidifying agents with lipid-based components via 
melt mixing methods (Shah and Serajuddin 2012; Tran et al. 2013). These types of 
formulations have performed favorably in vivo, with poloxamer potentially having 
a dual role as a precipitation inhibitor. While solidification of LBFs have shown 
some success and offer some notable advantages in terms of stability and 
manufacturability, these advantages need to be weighed against their performance 
in vivo compared to their liquid counterparts.

Recently, direct comparisons between liquid and adsorption-based solid LBFs on 
in vitro and in vivo performance have been performed. In one study, two self- 
emulsifying LBFs (one containing MC lipids and one containing LC lipids) were 
adsorbed onto Neusilin US2 and the liquid and solid formulations were compared 
both in vitro and in vivo (Van Speybroeck et al. 2012). As shown in Fig. 7.16, when 
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the formulations were compared in dispersion and digestion tests, an ~35 % decrease 
in the dose was solubilized in the solid formulations as compared to the liquid coun-
terparts. Furthermore, when these formulations were administered to rats, the bio-
availability of the solid formulations was approximately half of the liquid 
formulations. Investigations of the poor performance from the solid formulations 
was attributed to incomplete desorption of the lipid ingredients from the solid sub-
strate. Further studies investigating a broader range of model drugs and LBF compo-
sitions revealed that incomplete desorption was ubiquitous among all of the 
formulations (Williams et al. 2014b). An example is shown in Fig. 7.17 for LBFs 
containing the model drug danazol. Some degree in incomplete desorption is 
observed across all LBFs which varied in triglyceride chain length (SC, MC, LC), 
surfactant loading (15, 30, and 60 %), and surfactant type (Tween 85, Tween 80, 
Tween 20, Cremophor EL, and Cremophor RH40), though it was found that formula-
tions containing high (>30 %) amounts of hydrophilic surfactants performed the best 
in terms of degree of desorption. High hydrophilic surfactant containing LBFs were 
also the least affected by short-term storage, whereas other LBFs were found to show 
a significant decrease in degree of desorption after one-month of storage. Such a 
change in formulation/drug release stability represents a significant challenge for 
solidified LBFs.

 Conclusion

As evident in this chapter, the formulation and characterization of LBFs continue to 
be an active area of research in pharmaceutical sciences. While significant progress 
has been made to classify and standardize LBF characterization methods, continued 
efforts are warranted to develop methods that are predictive of in vivo bioperfor-
mance. Formulation techniques to solidify LBFs are notable in that they make LBFs 
a competitive alternative to other solid enabling techniques for poorly water soluble 
drugs (e.g. amorphous dispersions), but certain limitations including incomplete 
desorption and physical stability need to be addressed. Continued efforts to under-
stand the mechanisms involved in sustained supersaturation and increased absorp-
tion in LBFs will enable greater adoption and success of these systems in academic 
and industrial settings to address the unique needs of poorly soluble compounds.
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Method Capsule 1
Drug solubility determination in model LBFs and in digested aqueous media.

Based on the method reported by (Williams et al. 2012a, b).

Objective

• To determine the equilibrium drug solubility of danazol in Type I, II, IIIA, IIIB, 
and IV LBFs and the impact of dilution and digestion of lipid formulation com-
ponents on equilibrium solubility.

Equipment and Reagents

• Danazol
• Corn oil, Maisine 35–1, Captex 300, Capmul MCM, Tween 85, Cremaphor EL, 

and Transcutol HP
• Digestion buffer (pH 6.5) containing 2 mM Tris-maleate, 1.4 mM CaCl2 · 2H2O, 

150 mM NaCl, 3.0 mM sodium taurodeoxycholate (NaTDC), and 0.75 mM 
phosphatidylcholine (PC)

• Pancreatin
• pH-stat apparatus, centrifuge, HPLC

Method

• For solubility determination in LBFs, standard shake-flask methods have been 
used with an excess of drug substance added to a model LBF at 37 °C and satura-
tion determined after consecutive samples vary by less than 5 % in concentration.

• For solubility determination in digested media APDIGEST, drug-free LBFs should 
undergo standardized dispersion and digestion testing under the same conditions 
as active LBFs. Samples of digestion medium can be taken after a predetermined 
time period and digestion can be halted with the addition of a digestion inhibitor 
(1.0 M 4-bromophenylboronic acid in methanol). The APDIGEST media can then 
be added to a container containing excess crystalline drug and incubated at 
37 °C. Samples at select time intervals can then be taken, separated by centrifu-
gation, and analyzed for equilibration of drug content.

Results

• The equilibrium solubility of danazol in the eight LBFs is showed a trend toward 
increasing solubility with increasing polarity of the formulation, ranging from a 
solubility of 8.4 mg/g in the Type I-LC formulation to the highest solubility of 
65.5 mg/g in the type IV formulation.

• Danazol solubility in excipients alone was explored and found to be non predic-
tive of the results in the multi-component LBF mixtures. Calculated solubilities 
in the model LBF formulations on the basis of individual values or weight-nor-
malized ratios were all lower than values measured in each formulation.

• For solubility determinations in APDIGEST, danazol solubility decreased to less 
than 200 μg/mL for all of the LBFs, illustrating the potential drop in solvent 
capacity upon dilution and digestion of LBF components.
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Method Capsule 2
Lipid formulation classification system consortium fasted state digestion test.

Based on the method reported by (Williams et al. 2012a, 2013a).

Objective

• To standardize experimental parameters for in vitro dispersions and digestion 
testing of Type I, II, IIIA, IIIB, and IV LBFs.

Equipment and Reagents

• Danazol, fenofibrate, and tolfenamic acid
• Corn oil, Maisine 35–1, Captex 300, Capmul MCM, Tween 85, Cremaphor EL, 

and Transcutol HP
• Digestion buffer (pH 6.5) containing 2 mM Tris-maleate, 1.4 mM CaCl2 · 2H2O, 

150 mM NaCl, 3.0 mM sodium taurodeoxycholate (NaTDC), and 0.75 mM 
phosphatidylcholine (PC)

• Pancreatin
• pH-stat apparatus, centrifuge, HPLC

Method

• 1.083 g of eight model LBFs were evaluated with three model drugs (danazol, 
fenofibrate, and tolfenamic acid) by dispersing for 10 min in 39-mL of digestion 
buffer, followed by the addition of 4 mL of pancreatin solution and a 30–60 min 
digestion period. Samples were taken at 5 and 10-min time points during the 
dispersion phase and at 5, 15, 30, and 60 min after digestion was initiated for 
drug content analysis. Extent of digestion was monitored through back titration 
calculations to maintain pH.

Results

• Type I-MC formulations were approximately 90 % digested under the current 
experimental conditions. Formulation digestion was 82–100 %, 90–105 %, and 
71–117 % for type II-MC, IIIA-MC, and IIIB-MC formulations, respectively. 
Type IV formulation, which contains Cremophor EL as the only source of FA, 
revealed approximately 15 % digestion.

• Estimations of the extent of LC formulation digestion were 25 % for the type 
I-LC systems, and between 27–37 % and 67–95 % for the type II-LC and IIIA-LC 
formulations, respectively.

• The type of drug incorporated or the drug load had little effect on the digestion 
properties, but drug load did impact precipitation based on a maximum calcu-
lated supersaturation ratio, SRM.

• Drug crystallization was only evident in instances when the calculated maximum 
supersaturation ratio (SRM) was >3, which was consistent across all LBF.

7 Lipid-Based Formulations
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Method Capsule 3

Stressed digestion test and LBF performance classification.

Based on the method reported by (Williams et al. 2014a).

Objective

• To develop “stressed” digestion method parameters to further discriminate 
between LBFs and guide lead candidate optimization through a performance 
classification system.

Equipment and Reagents

• Fenofibrate and tolfenamic acid
• Corn oil, Maisine 35–1, Captex 300, Capmul MCM, Tween 85, Cremaphor EL, 

and Transcutol HP
• Fasted digestion buffer (pH 6.5) containing 2 mM Tris-maleate, 1.4 mM 

CaCl2 · 2H2O, 150 mM NaCl, 0.3 mM sodium taurodeoxycholate (NaTDC), and 
0.75 mM phosphatidylcholine (PC)

• Decreased pH digestion buffer (pH 4.5) containing Tris-maleate, CaCl2 · 2H2O, 
150 mM NaCl, 0.3 mM sodium taurodeoxycholate (NaTDC), and 0.75 mM 
phosphatidylcholine (PC)

• Increased Bile-Salt Digestion Buffer (pH 6.5) containing 2 mM Tris-maleate, 
1.4 mM CaCl2 · 2H2O, 150 mM NaCl, 10.0 mM sodium taurodeoxycholate 
(NaTDC), and 2.5 mM phosphatidylcholine (PC)

• Pancreatin
• pH-stat apparatus, centrifuge, HPLC

Method

• Model LBFs containing fenofibrate or tolfenamic acid were evaluated in a stan-
dard dispersion test, a standard fasted-state digestion test, and a “stressed” diges-
tion test. Stressed digestion tests included a decreased pH version for ionizable, 
pH-dependent compounds such as tolfenamic acid; an increased bile salt concen-
tration version that contained 10 mM of NaTDC; and a diluted version which 
consisted of dispensing 0.173 g of LBF in 39-mL of fasted digestion buffer.

Results

• Decreased LBF mass was a stressor to medium-chain glyceride-rich LBFs, but 
not more hydrophilic surfactant-rich LBFs, whereas decreasing pH stressed tolf-
enamic acid LBFs, but not fenofibrate LBFs.

• An A–D performance classification system was proposed based on a passing or 
failed performance in (1) dispersion testing, (2) fasted state digestion testing, and (3) 
stressed digestion testing. A LBF that passed all three in vitro tests would receive an 
A grade, whereas one that failed dispersion testing would receive a D grade.
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Method Capsule 4

Characterization of S-SEDDS formulation of celecoxib by in vitro biphasic test 
and its relevance to in vivo absorption in humans.

Based on the method reported by Shi et al. (2010).

Objective

• To characterize drug release profiles of three formulations of celecoxib (CEB) 
including a S-SEDDS formulation by an in vitro biphasic test and establish the 
relevance of the in vitro profiles to in vivo absorption in human subjects.

Equipment and Reagents

• Celecoxib, marketed product (Celebrex®)
• Ethanol, PEG400, PVP-12 PF, HPMC (E5), oleic acid, Tween 80, octanol
• Gelatin capsule (size 1)
• USP II dissolution apparatus with a vessel containing two phases: aqueous phase 

and octanol phase. The aqueous phase was 250 mL 80 mM phosphate buffer and 
the octanol was 200 mL. A dual paddle was used at 75 rpm

• USP IV dissolution apparatus (a flowcell) was connected to the USP II vessel 
through a closed loop with the aqueous dissolution medium circulated at 30 mL/min

Method

• CEB S-SEDDS formulation was prepared by mixing the drug in the vehicle con-
taining PEG 400, oleic acid and Tween 80 under gentle heating (~50 °C) and 
vortexing to yield a clear solution.

• Pharmacokinetic study conducted in human volunteers at a dose of 200 mg as 
reported previously in the ref therein.

Results

• The biphasic test results reveal that the S-SEDDS formulation of CEB rapidly 
yields and sustains a supersaturated state as compared to the marketed capsule 
and suspension formulation. The high mean Cmax and AUC observed in human 
subjects from the S-SEDDS formulation are attributed to the supersaturated state 
of CEB.

• In vitro CEB conc-time profiles observed in the aq. phase (with and without the octa-
nol phase) are found to bear no relationship to the in vivo AUC in human subjects.

• Good in vitro-in vivo relationship (IVIVR) is obtained between the CEB conc. in 
the octanol phase at t = 2 h of the three formulations and their mean in vivo AUC 
and Cmax values observed in human subjects.

• The biphasic test method appears an effective tool for screening and optimizing 
formulations of BCS II drugs.
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Chapter 8
Structured Development Approach 
for Amorphous Systems

Susanne Page, Reto Maurer, and Nicole Wyttenbach

Abstract A structured development approach is presented to guide the develop-
ment of stable and commercially viable polymer based amorphous formulations. 
The proposed approach should not only enable the delivery of poorly soluble drugs 
but also help to reduce the API needs, reduce in vivo screening, minimize risks for 
late- stage development, and should ensure consistent quality. During initial assess-
ment, a guided evaluation of the physicochemical properties of the API helps to 
assess the degree of difficulty for the development. A range of tests including in 
silico evaluation, high-throughput screening assays, and miniaturized screening 
tools provide a road map for selecting the appropriate polymer, drug loading, and 
suitable manufacturing process. A dedicated section provides a review of the char-
acterization tools to assess and quantify the crystallinity, understanding the phase 
behavior of amorphous solid dispersions, and designing the in vitro dissolution 
methods. Finally, a reference chart is provided that summarizes the key concepts 
proposed as part of the structured development approach that can serve as a blue-
print for the development of amorphous formulations. The current authors would 
like to thank and acknowledge the significant contribution of the previous authors 
of this chapter from the first edition. This current second edition chapter is a revi-
sion and update of the original authors’ work.

Keywords In silico evaluation • High-throughput screening assays • In vitro dis-
solution methods • Amorphous solid dispersions (ASD) • Miscibility • Solubility 
parameter calculations • Molecular modeling • Molecular dynamic simulation • 
Flory-Huggins theory • Miniaturized systems • Supersaturation screening • X-ray 
powder diffraction (XRPD) • Microscopy
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8.1  Introduction

Over the last decade amorphous solid dispersions (ASD), in particular those 
stabilized with polymers have emerged as a method of choice for improving the 
dissolution behavior and bioavailability of poorly water-soluble active 
pharmaceutical ingredients (Chiou and Riegelmann 1970; Hancock and Parks 2000; 
Six et al. 2004; Mishra et al. 2015). However, amorphous compounds are 
thermodynamically unstable and may crystallize over pharmaceutically relevant 
timescales, negating any solubility advantage. Amorphous compounds can often be 
stabilized by combining the active ingredient with a carrier polymer to form an 
amorphous, molecular-level solid dispersion, as described in several comprehensive 
reviews (Leuner and Dressman 2000; Serajuddin 1999; Van den Mooter et al. 2001; 
Janssens et al. 2010; Mishra et al. 2015; He and Ho 2015). The properties of the 
resultant solid dispersions are influenced by the physicochemical properties of both 
the active pharmaceutical ingredient and the carrier polymer. Based on the physical 
state and the composition of the carrier, ASDs have been classified into different 
categories: first generation ASDs contain crystalline carriers (e.g. urea, mannitol) 
while second generation ASDs consist of amorphous carriers (mostly polymers). 
For some time, surface active agents or self-emulsifiers are used as carriers or 
additives to improve the dissolution rate and to further reduce the risk of API 
precipitation and recrystallization (third generation ASDs). In fourth generation 
ASDs, water insoluble or swellable polymers were introduced to enhance the 
solubility as well as to ensure the drug release in a controlled manner (controlled 
release solid dispersions) (Mishra et al. 2015). Recently, new carrier systems such 
as mesoporous silica (see Chap. 13 “Emerging technologies”) or amino acids 
(Löbmann et al. 2013; Jensen et al. 2015; Lenz et al. 2015) were used, or functional 
additives such as plasticizers, solubilizers, wetting agents, superdisintegrants, anti-
oxidants, and pH modifiers were added. Over the past years, the characterization 
methods as well as the manufacturing technologies further advanced. Despite the 
expanded theoretical and practical knowledge of amorphous systems with respect to 
thermodynamic and kinetic stability and the availability of various modern instru-
mental techniques to qualitatively and quantitatively characterize the amorphous 
system, only a few amorphous drug products have been introduced into the market 
place (Table 8.1).

Interestingly, the number of marketed products using an amorphous solid 
dispersion is recently increasing, which might be a result of a more structured 
development approach in comparison to the empirical approach used in the past. 
The formulation scientist is aware of the fact that each drug candidate has its own 
unique physical and chemical properties, and that therefore no universal formulation 
can exist (Liu et al. 2015). Therefore, his primary focus in the early stage of 
development is the selection of a suitable carrier system and drug load, followed by 
the manufacturing of some prototype formulations for pharmacokinetic testing in 
animals. Based on the results of the in vivo behavior of the formulation, an intensive 
analytical characterization and stability testing of the final formulation composition 
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can be defined. For the next step of the development (e.g. process development and 
up-scaling), the quality by design (QbD) approach was successfully used by a 
number of researchers so far (Sanghvi et al. 2015). As amorphous solid dispersions 
are often used for formulating BCS II or IV compounds (BCS = Biopharmaceutical 
Classification System), the critical quality attributes (CQAs) for the product in 
development are dissolution, bioavailability and solid-state stability (Siew 2014). 
Once an acceptable target is identified for each CQA design of experiments can be 
performed in order to identify the relationship between the critical process 
parameters and the CQAs, and allows thus setting a design space acceptable for 
consisted product quality. The focus of this chapter is to describe a structured 
approach for the development of amorphous formulations that should help bolster 
confidence and provide a formulation with the best chance for success.

8.2  Ideal Amorphous Formulation: Structured Development

An ideal amorphous formulation should provide the maximum physical stability 
during processing and storage and maintain supersaturation while the drug is being 
dissolved and absorbed in the gastrointestinal tract. Among various factors, the 
selection of polymer and drug loading are two key aspects in the development of an 
ideal amorphous formulation. The inhibitory effects of polymers against 
crystallization in the solid state have been attributed to various mechanisms 
including anti-plasticization by the polymers (Van den Mooter et al. 2001; Oksanen 
and Zografi 1990), interactions between the API and polymers in solid dispersions 
(Aso et al. 2002; Taylor and Zografi 1997; Miyazaki et al. 2004), a reduction in local 
molecular mobility due to coupling between the polymer and API motions (Aso and 
Yoshioka 2006), and an increase in the activation energy for nucleation (Marsac 
et al. 2008). On the other hand, maintaining supersaturation during the dissolution 
process has been attributed to the inhibition of API crystallization from the 
supersaturated solution by the polymer (Gupta et al. 2004; Tanno et al. 2004) and 
increased equilibrium solubility of the API due to complexation with the polymer 
(Usui et al. 1997; Acartürk et al. 1992; Loftsson et al. 1996). Therefore, the ideal 
formulation should provide solid-state stability during downstream processing and 
storage as well as maintenance of supersaturation during dissolution (generally 
about 2–4 h) not only initially but also throughout the product’s shelf life.

The following steps are described in the chapter as part of the structured 
development approach to support and strengthen amorphous formulations:

• Initial assessment of physicochemical drug properties to evaluate the suitability 
of the drug substance for amorphous solid dispersion development,

• Definition of the formulation composition, e.g. by polymer-excipient-screening,
• Manufacturing of prototype formulations,
• Characterization of the amorphous solid dispersion, and
• Downstream processing of the amorphous formulation.
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We believe that using a structured approach to amorphous formulation development 
consisting of an evaluation of drug substance properties, the selection of a suitable poly-
mer and concentration, and the use of a proper process will enable the development of 
amorphous formulations with optimum solid-state stability and dissolution performance. 
An overview of the different stages of the structured approach is shown in Table 8.2.

8.3  Initial Assessment

The aim of the initial assessment is to assess the suitability of the drug substance for 
amorphous solid dispersion development in terms of the potential solubility 
advantage of the amorphous over the crystalline form, and the stability of the 
amorphous form. Furthermore, it should provide the formulator with some criteria 
to pre-select a manufacturing technology.

Table 8.2 Overview of the structured development approach

Stage Bioavailability Stability Manufacturability

Initial assessment Prediction of the 
solubility 
advantage of the 
amorphous form

Glass forming 
ability

Pre-selection of 
manufacturing 
technologiesGlass stability/

fragility

Polymer screening–part I 
(theoretical)

– API-polymer- 
miscibility

Further restriction 
of polymers 
based on the 
pre-selected 
manufacturing 
technology

Specific 
interactions

Hygroscopicity and 
water activity

Polymer screening—part II 
(miniaturized assays)

Supersaturation 
screening

Solid state 
screening

–

Prototype 
manufacturing

Analytical 
characterization

In vitro 
dissolution and 
in vivo PK 
studies

In-depth 
analytical 
characterization 
and solid state 
stability (stress) 
testing

Selection of the 
manufacturing 
technology and 
selection of 
suitable process 
parameters

Downstream 
processing 
considerations

Investigate the 
release and 
supersaturation 
from the drug 
product 
(intermediate)

Investigate the 
physical and 
chemical stability 
of the drug 
product 
(intermediate)

Selection of the 
downstream 
process based on 
the properties of 
the DP 
intermediate

Selection of 
excipients
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8.3.1  Initial Assessment in Terms of Bioavailability

Over the years many researchers tried to predict the solubility advantage of the 
amorphous form of a drug substance in comparison to the solubility of the crystalline 
form in order to estimate the potential effect on the bioavailability. In a recent 
publication Paus et al. compared the temperature-dependent solubility advantage of 
an amorphous drug substance versus its crystalline form predicted using the 
perturbed-chain statistical associating fluid theory (PC-SAFT) with the results 
obtained from the Gibbs-energy-difference (GED) method and experimental data. 
Overall, the results obtained from this research group indicated that the predictions 
from PC-SAFT were more accurate than the results obtained from the GED method 
for the five investigated compounds (Paus et al. 2015). Nevertheless, still quite some 
deviations were observed between the calculated and measured values, which make 
the use of such predictions questionable.

8.3.2  Initial Assessment in Terms of Stability

Other key factors for successful ASD development are the glass forming ability 
(GFA) as well as glass stability (GS) of the compound. These properties can either 
be predicted based on measured and calculated parameters or they can be 
experimentally evaluated. The ease of vitrification of a liquid on cooling is described 
as glass forming ability, whereas the resistance of a material to crystallization is 
known as glass stability in the literature (Baird et al. 2010). Baird et al. developed a 
classification system based on a fast DSC screening method to assess the glass 
forming ability of organic molecules. The sample is first heated at 10 °C/min to 
approx. 10 °C above the melting temperature of the compound, held at this tempera-
ture for 3 min, cooled to −75 °C with a cooling rate of 20 °C/min, and finally 
reheated at 10 °C/min to temperatures above the melting point. Although it is known 
that the ability of a compound to form a glass is strongly dependent on the cooling 
rate applied, and that a minimum cooling rate is required, they fixed the cooling rate 
to 20 °C/min for the screening method. Compounds, which recrystallized upon 
cooling are classified as class I compounds (weak glass formers), whereas mole-
cules which showed a crystallization upon reheating are put into class II. Class III 
is comprised of compounds which didn’t show recrystallization at all (strong glass 
formers). Although not explicitly discussed, class I compounds may represent a 
higher risk for the development of stable amorphous formulations, while class III 
compounds are the ideal candidates for successful ASD formation. This DSC-based 
classification system provides an early readout from a simple experiment to assess 
ASD feasibility (with exception of thermally labile compounds). Overall, Baird 
et al. investigated 51 structurally diverse organic molecules and tried to relate the 
GFA and GS with physicochemical properties of the compounds. Compounds, 
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which are weak glass formers are usually low molecular weight compounds with 
rigid structure, whereas strong glass formers tend to have a higher molecular weight 
and a more complex structure (Baird et al. 2010). A follow-up investigation by the 
same research group investigated the crystallization tendency of the same set of 
compounds following rapid solvent evaporation. Overall, the comparison showed 
identical classifications in 68 % of all cases. Furthermore, they could confirm that 
high molecular weight compounds with a large number of rotatable bonds are strong 
glass formers (Van Eerdenburgh et al. 2010).

The relationship between molecular weight and glass forming ability was 
confirmed by other research groups as well. Mahlin and Bergström (2013) showed 
that the glass forming ability can be easily predicted from the molecular weight of 
the compound. Molecules with >300 g/mol are expected to be strong glass formers 
that can be easily transformed into the amorphous state. The glass stability was 
originally related to the glass transition temperature, but newer investigations by 
Alhalaweh et al. (2015) showed that the physical stability of the amorphous drug is 
related to π–π interactions and aromaticity.

8.3.3  Initial Assessment in Terms of Manufacturability

The physicochemical properties of the compound, usually evaluated during pre- 
formulation, can be used to pre-select the manufacturing technology. The assessment 
is usually based on:

• Melting point and heat of fusion of the crystalline form and the glass transition 
temperature of the amorphous form (if it can be determined),

• Thermal stability of the crystalline and amorphous form, and
• Solubility in organic solvents (low and high boiling point).

For solvent based processes, e.g. spray drying or microprecipitation, the 
compounds need a reasonable solubility in organic solvents. For spray drying 
organic solvents with low boiling point are used (volatile solvents, e.g. ethanol, 
acetone), whereas for the microprecipitation process solvents with high boiling 
point are used (non-volatile solvents, e.g. dimethylacetamide, dimethylformamide). 
Hot-melt extrusion is usually difficult for compounds with high melting point 
(>200 °C) or compounds which are thermally unstable.

In summary, the knowledge of the basic drug substance properties is of utmost 
importance for assessing the suitability of the compound for an successful ASD 
development. As all the necessary data for this evaluation are usually determined 
in the early phases of drug development (preformulation), there is no additional 
effort expected. In addition, the clinical dose of the drug substance is of course 
also of critical importance for the feasibility of developing a stable amorphous 
system.
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8.4  Polymer Screening: Part I (Theoretical)

Due to the thermodynamically unstable nature of the amorphous form, many drug sub-
stances are stabilized by forming a polymeric amorphous solid dispersion (Baghel et al. 
2016). Preformulation data of the drug substance such as type and number of hydrogen-
bond donor/acceptor groups, ionic groups, partition coefficient, hygroscopicity, and ratio 
of Tm/Tg provide some key characteristics for developing a polymeric amorphous solid 
dispersion. Friesen et al. (2008) systematically showed the ability to form amorphous 
systems for a large variety of drug substances based on the Tm/Tg ratio and the octanol-
water partition coefficient (log P). Figure 8.1 provides an overview on a couple of drug 
substances relating the drug load of the amorphous solid dispersion to the physical stabil-
ity of the amorphous solid dispersions as well as their dissolution performance.

In order to pre-select the most promising polymer(s) for amorphous drug stabiliza-
tion the miscibility of the drug substance and polymer as well as the potential interac-
tions between the drug and polymer can theoretically be assessed by the chemical 
structure of the compound and the polymers. The phase behavior of polymer-stabilized 
amorphous formulations depends on the specific interactions between the polymer and 
the drug. A key to the selection of polymer and optimal drug loading is to maximize the 
interactions between the drug and the polymer. As shown in subsequent sections, spe-
cific interactions between the drug and polymer are the strongest, and if favorable, have 
the best probability of achieving the desired stability.

Fig. 8.1 Tm/Tg vs. log P diagram adapted from Friesen et al. (2008). Group 1 compounds (cir-
cles): high Tg allows high drug loadings in ASD (≥50 % w/w). Group 2 (diamonds): typically 
35–50 % w/w drug loading in ASD. Group 3 (squares): drug propensity to crystallize may limit 
drug loading in ASD (10–35 % w/w). Group 4 (triangles): drug loading can be limited by dissolu-
tion rate (10–35 % w/w)
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The list of polymers can sometimes be further narrowed by excluding 
manufacturing technologies which cannot be pursued due to specific properties of 
the drug substance. The data used during this assessment either are based on the 
structure or are usually measured during early phases of drug development (prefor-
mulation). The key steps considered during initial assessment include:

• Assessing the miscibility of drug and polymer (e.g. solubility parameters, glass 
transition temperature, phase diagrams).

• Assessing the potential of specific interactions between the compound and 
polymer.

• Further restriction of polymers based on the pre-selected manufacturing 
technology.

A list of commonly used pharmaceutical polymers is compiled in Table 8.3, 
along with some relevant properties. As one can imagine, the list of pharmaceutically 
acceptable polymers for amorphous formulations is somewhat limited. Although 
new polymers are being added continuously to the list, a mechanistic understanding 
of polymer properties needed to stabilize the amorphous system remains somewhat 
elusive. Other properties, such as: composition of polymer, polydispersity, and 
monomer levels, are also essential and should be evaluated during development 
mainly as part of critical material attributes during the Quality by Design phase 
(QbD) to ensure consistent processing and performance. Some of the key factors 
related to polymer selection in the design of stable amorphous formulations are 
discussed in the following sections.

8.4.1  Assessing the Miscibility of Drug and Polymer

The drug solubility determines the upper limit of the drug concentration in the drug- 
polymer mixture, in which the drug exists in a molecularly dispersed state and no 
phase separation or crystallization will occur during storage. Any drug amount 
higher than that solubility will exist in the metastable state and is prone to revert to 
a low-energy crystalline state under normal stresses of temperature, pressure, and 
humidity. Furthermore, these systems may not provide consistent dissolution (or 
in vivo performance) due to the chaotic nature of the reversion process. Increasing 
the drug loading further, e.g. above the miscibility, will lead to spontaneous phase 
separation and further down the line to crystallization of the compound.

Although significant efforts have been made to understand and determine drug 
solubility (crystalline drug) and miscibility (amorphous) in polymers, it still remains 
a challenge to estimate these values due to low diffusivity and high-molecular 
weight even at high temperatures, or the relaxation of the amorphous system at 
lower temperature (Qian et al. 2007; Marsac et al. 2008; Huang et al. 2008). 
Commonly used methods for estimating the solubility of drugs in polymers include 
solubility parameter calculations, molecular modeling, molecular dynamic 
simulation (Gupta et al. 2011), and Flory-Huggins interaction parameter (using 
thermal analysis and solubility).

8 Structured Development Approach for Amorphous Systems



338

Ta
bl

e 
8.

3 
R

el
ev

an
t 

pr
op

er
ti

es
 o

f 
co

m
m

on
 p

ha
rm

ac
eu

ti
ca

l 
po

ly
m

er
s

P
ol

ym
er

T
g 

(o
r 

T
m
) 

(°
C

)
M

W
 (

g/
m

ol
)

δ 
(M

P
a0.

5
)

pH
 s

ol
ub

il
it

y

H
yg

ro
sc

op
ic

it
y 

(m
oi

st
ur

e 
@

 7
5%

R
H

/
R

T
)

C
om

m
en

ts

C
el

lu
lo

se
 b

as
ed

H
yp

ro
m

el
lo

se
 2

91
0

17
0–

18
0

10
,0

00
–5

0,
00

0
23

.8
1–

10
~

10
 %

U
se

d 
in

 S
po

ra
no

x™

H
yd

ro
xy

pr
op

yl
ce

ll
ul

os
e 

E
F

a
10

0–
15

0
80

,0
00

31
.5

1–
10

12
 %

 (
@

 8
4 

%
 R

H
)

T
he

rm
o-

re
ve

rs
ib

le
 g

el

H
yd

ro
xy

et
hy

lc
el

lu
lo

se
 L

F
a

95
,0

00
31

.0

H
yd

ro
xy

et
hy

lc
el

lu
lo

se
 H

F
a

1,
15

0,
00

0

H
yp

ro
m

el
lo

se
 a

ce
ta

te
 s

uc
ci

na
te

 
(H

P
M

C
-A

S
) 

L
F

b,
c

11
1–

11
5

55
,0

00
–9

3,
00

0
40

.5
>

5.
5

7–
8 

%
C

an
 s

ta
bi

li
ze

 d
ue

 t
o 

hy
dr

op
ho

bi
ci

ty
 a

nd
 

po
ss

ib
il

it
y 

of
 f

or
m

in
g 

co
ll

oi
da

l 
st

ru
ct

ur
es

 i
n 

aq
ue

ou
s 

so
lu

ti
on

s

H
P

M
C

-A
S

, M
F

b,
c

11
1–

11
5

55
,0

00
–9

3,
00

0
31

.2
>

6.
0

6–
7 

%

H
P

M
C

-A
S

, H
F

b,
c

11
1–

11
5

55
,0

00
–9

3,
00

0
–

>
6.

5
5–

6 
%

C
el

lu
lo

se
 a

ce
ta

te
 p

ht
ha

la
te

b
16

0–
17

0 
(1

92
)

N
/A

27
>

6.
0

7–
8 

%

C
el

lu
lo

se
 a

ce
ta

te
 b

ut
yr

at
ed

,e
13

0 
(1

55
–1

65
)

30
,0

00
28

.7
N

eg
li

gi
bl

e
N

/A

C
el

lu
lo

se
 a

ce
ta

te
b

17
0–

19
0 

(2
30

–3
00

)
30

,0
00

–6
0,

00
0

25
.8

–2
6.

2
N

/A
N

/A

H
yp

ro
m

el
lo

se
 p

ht
ha

la
te

b
,f

13
3–

13
7 

(1
50

)
20

,0
00

–2
00

,0
00

28
>

5.
0

7–
8 

%

E
th

yl
 c

el
lu

lo
se

b
12

9–
13

3
–

–
In

so
lu

bl
e

3 
%

C
on

tr
ol

le
d 

re
le

as
e

P
E

G
 o

r 
P

E
G

 c
op

ol
ym

er
 (

se
m

ic
ry

st
al

li
ne

)

P
E

G
 6

00
0

(5
5–

63
)

60
00

24
.0

1–
10

.0
0.

90
 %

P
ri

m
ar

il
y 

pr
ov

id
es

 
cr

ys
ta

ll
in

e 
so

li
d 

di
sp

er
si

on
s

P
E

G
 3

50
00

 S
(6

4–
66

)
35

,0
00

24
.0

N
/A

V
ir

tu
al

ly
 

no
nh

yg
ro

sc
op

ic

P
ol

ox
am

er
 1

88
(5

2–
57

)
76

80
–9

51
0

23
.7

1–
10

<
0.

5 
%

P
ol

ox
am

er
 4

07
(5

2–
57

)
98

40
–1

4,
60

0
–

1–
10

<
0.

5 
%

S
ol

ut
ol

 H
S

 1
5

(S
ol

id
ifi

ca
ti

on
 @

 
25

–3
0)

34
4.

53
–

1–
10

N
/A

Vi
ny

l-
py

rr
ol

id
on

e 
ba

se
d

S. Page et al.



339
P

ol
ym

er
T

g 
(o

r 
T

m
) 

(°
C

)
M

W
 (

g/
m

ol
)

δ 
(M

P
a0.

5
)

pH
 s

ol
ub

il
it

y

H
yg

ro
sc

op
ic

it
y 

(m
oi

st
ur

e 
@

 7
5%

R
H

/
R

T
)

C
om

m
en

ts

P
V

P
 K

30
b

17
5

30
,0

00
–5

0,
00

0
27

.7
1–

10
40

 %
U

se
d 

in
 s

ev
er

al
 

co
m

m
er

ci
al

 m
el

t 
ex

tr
ud

ed
 f

or
m

ul
at

io
ns

 
(R

ez
ul

in
™

, K
al

et
ra

™
 

et
c)

P
V

P
 K

90
b

18
0

10
0,

00
0

27
.7

1–
10

40
 %

C
op

ov
id

on
e 

P
V

P
 V

A
 6

4
b

10
6

45
,0

00
–7

0,
00

0
25

.6
1–

10
10

 %
 @

 5
0 

%
 R

H

P
ol

yv
in

yl
 a

lc
oh

ol
b

(2
28

, 1
80

–1
90

)
20

,0
00

–2
00

,0
00

–
1–

10
–

C
ro

sp
ov

id
on

eb
>

1,
00

0,
00

0
–

in
so

lu
bl

e
M

ax
. 6

0 
%

S
ol

up
lu

s
60

64
,0

00
22

.1
1–

10
–

E
sp

ec
ia

ll
y 

su
it

ed
 f

or
 

m
el

t 
ex

tr
us

io
n

M
et

ha
cr

yl
at

e 
ba

se
dg

E
ud

ra
gi

t 
E

10
0

48
14

7,
00

0
19

.3
<

5.
0

N
/A

E
nt

er
ic

, p
ol

ym
er

. 
S

ui
ta

bl
e 

fo
r 

va
ri

et
y 

of
 

pr
oc

es
si

ng
E

ud
ra

gi
t 

L
10

0-
55

11
0

27
8,

00
0

23
.4

>
5.

5

E
ud

ra
gi

t 
L

10
0

>
15

0
12

3,
00

0
23

.5
>

6.
0

E
ud

ra
gi

t 
S

10
0

>
15

0
12

3,
00

0
7.

0

E
ud

ra
gi

t 
R

L
70

31
,0

00
In

so
lu

bl
e

C
on

tr
ol

le
d 

re
le

as
e

E
ud

ra
gi

t 
R

S
65

30
,0

00
18

.9
In

so
lu

bl
e

a A
sh

la
nd

 I
nc

. P
ro

du
ct

 l
it

er
at

ur
e

b
R

ow
e 

et
 a

l.
 (

20
10

)
c H

ar
ke

 g
ro

up
 p

ha
rm

ac
eu

ti
ca

l 
po

ly
m

er
s

d
E

as
tm

an
 c

he
m

ic
al

 c
om

pa
ny

e A
cr

os
 o

rg
an

ic
s

f S
hi

n-
E

ts
u 

ch
em

ic
al

 C
o.

 L
td

.
g
E

vo
ni

k 
ph

ar
m

a 
po

ly
m

er
s 

li
te

ra
tu

re

8 Structured Development Approach for Amorphous Systems



340

8.4.1.1  Solubility Parameters

The evolution of solubility parameters to predict the solubility of organic com-
pounds originated from the Hildebrand solution theory in 1936, and the symbol 
delta (δ) was adopted in 1950 to represent the term solubility parameter. The solu-
bility parameter, or cohesive energy density (CED) of a material, is the energy 
which holds that substance together. It is the amount of energy required to separate 
the constituent atoms or molecules of the material to an infinite distance, and hence 
it is a direct measure of the attraction that its atoms or molecules have for one 
another. Cohesive energy is the net effect of all the interatomic/intermolecular inter-
actions including Van der Waals interactions, covalent bonds, ionic bonds, hydro-
gen bonds, and electrostatic interactions, induced by dipole and permanent dipole 
interactions (Hancock et al. 1997). Three main components of the solubility param-
eters include dispersion, polar, and hydrogen-bonding forces and are frequently cal-
culated using group contribution methods. In a more recent publication an improved 
group contribution parameter set for hot-melt extrusion application was published 
(Just et al. 2013). These calculated solubility parameters are used to predict the 
miscibility of drugs with polymers. Greenhalgh et al. observed miscibility between 
ibuprofen and several excipients when the drug substance and the polymer had a 
difference in the total solubility parameter of less than 7 MPa1/2, and immiscibility 
when the difference in the solubility parameter was above 10 MPa1/2 (Greenhalgh 
et al. 1999). In order to reflect that hydrogen bonding has a stronger effect on solu-
bility compared to dispersion and polar components Albers used the Bagley plot 
(δh vs. δv (=square root(δp

2 + dd
2))) to predict miscibility. She showed that, from the 

data set investigated, it could be deduced with few exceptions that two substances 
are miscible if their distance in the Bagley plot is ≤5.6 MPa1/2, or if the difference in 
their total solubility parameters is ≤5.4 MPa1/2 (Albers 2008). Overall, it should be 
mentioned that there is no clear cut-off value for the difference in solubility param-
eters below which systems are completely miscible in all proportions. However, 
there exists a significant body of evidence suggesting that the ranges suggested by 
Greenhalgh et al. (1999) could provide good guidance. Furthermore, the absolute 
difference between solubility parameters of a drug and polymer should not be con-
sidered as an exclusion criterion because other aspects, such as formation of ionic 
interactions, may help overcome the solubility limitations.

With increasing computational power, molecular dynamic (MD) simulations can 
be used to calculate the solubility parameter as shown by Gupta et al. (2011). The 
authors see a clear advantage of these MD simulations as the solubility parameter 
can be calculated as a function of temperature, and additional functional groups as 
well as secondary interactions that are not covered in the group contribution methods 
can also be calculated.

8.4.1.2  Glass Transition Temperature

Amorphous solids are frequently characterized by the glass transition temperature 
(Tg) that corresponds to the temperature at which an amorphous material undergoes 
a transition from a “glassy state” to a “rubbery state”. Unlike a melting endotherm, 
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this transition is a second order transition and is associated with continuous changes 
(as opposed to abrupt changes) in thermodynamic properties, such as heat capacity, 
viscosity, entropy, and volume (see Fig. 8.2). Due to the nature of the transition, its 
measurement is sensitive to many factors including sample history, rate of cooling, 
and the presence of impurities.

A molecular dispersion of an amorphous drug with low Tg in a polymer with high 
Tg will lead to a ASD with a Tg intermediate of the Tg of the two components. As a 
general guiding principle, amorphous systems with high Tgs are preferred to improve 
stability as they can exist in a glassy state at room temperature, which has substan-
tially high viscosity (>1013 P) limiting the configurational changes and rendering the 
system immobile. A low-Tg system can be considered only if there are significant 
interactions between the materials (Chokshi et al. 2008).

Based on free volume theory, the Tg of a mixture as a function of polymer con-
centration is generally expressed as a weighted average of the Tgs of the pure com-
ponents and can be calculated using the Gordon–Taylor equation (Gordon and 
Taylor 1952).

 

T
w T kw T

w kwg
g g=
+

+
1 1 2 2

1 2

.

 

In this equation, Tg is the Tg of the blend, Tg1 and Tg2 are the Tgs of the pure compo-
nents, w1 and w2 are the weight fractions of each component in the blend, and k is a 
constant calculated using true density (ρ) and the difference between expansion 
coefficients of the melt and the glass (Δα) (k = ρ1Δα1/ρ2Δα2). For early assessments, 
k is generally considered a constant. A simplified version of this equation for an 
ideal system, when k = 1, is known as the Fox equation.

As an initial assessment and rough rule of thumb, polymers with high Tgs are 
preferred especially those that can provide amorphous solid dispersions with a sin-
gle composite Tg of 75 °C or higher (i.e., 50 °C above the storage temperature).

Temperature

Melt

Supercooled liquid

Glass ∆V

Tg Tm

V
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e

Fig. 8.2 Pictorial representation of thermodynamic changes depicting the thermal transitions
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8.4.1.3  Prediction of Phase Diagrams

In recent years several attempts are made in order to construct temperature–compo-
sition phase diagrams to support the rational selection of drug load and polymer 
type during the formulation design phase. The temperature-composition phase dia-
gram contains usually the solubility curve, the miscibility curve and the glass transi-
tion curve. Tian et al. have predicted the phase diagram for a solid dispersion 
containing cinnarizine (CIN) and Soluplus® using the method described below and 
compared their predictions with results obtained from hot-melt extruded disper-
sions of the same components. The solubility curve was calculated in their work 
using the solid-liquid equilibrium (SLE) equation considering the polymer behaves 
like a solvent. In order to solve the equation the activity coefficient of the drug is 
necessary, which can be estimated on the basis of the extended Hansen model by 
calculating the Hansen solubility parameter. The miscibility curve, which corre-
sponds to the spinodal curve, was predicted based on the Flory-Huggins theory 
(Tian et al. 2015). The Flory–Huggins solution theory is used to describe the free 
energy change of mixing. The Gibbs free energy change accompanying mixing at 
constant temperature and pressure is written as:

 D D DG H T Sm m m= - ,  

where ΔGm is the free energy of mixing, ΔHm is the enthalpy of mixing, and ΔSm is 
the entropy of mixing at absolute temperature T. For most solid dispersions, entropy 
is usually positive; however, it is the enthalpic term that is critical to achieve the 
negative free energy required for a stable system.

Flory–Huggins applied the solution theory to represent the enthalpic and entropic 
terms for mixing process as shown below:

 

DG n RT n R

polymer drug

nm = +[ ]+1 2 1 1 22

1 2

f c f fln ln

,- -  

where n is the number of moles, φ is the volume fraction, R is the gas constant, and 
χ is the interaction parameter. The index 1 represents the polymer, whereas 2 
represents the drug substance.

The value of χ can be estimated by Hildebrand solubility parameter as follows:

 
c

d d
=

¢ -( )v

RT
1 2

2

,
 

where v′ is the volume of the polymer chain segment and δs are the solubility 
parameters of the drug and polymer, respectively. The estimation of “χ” can 
alternatively be done by using the experimentally determined values of solubility 
parameters or using thermal analysis such as the melting point depression method. 
The estimated or determined value of “χ” is used to construct the temperature 
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composition phase diagram that provides the miscibility regions. A schematic of 
free energy of mixing versus composition diagram is shown in Fig. 8.3. Note that 
the negative “χ” value favors mixing. The minimum in the free energy diagram cor-
responds to maximum stability for the system. This temperature–composition phase 
diagram can be further transformed using the first derivative and second derivative 
to generate the binodal and spinodal decomposition curves that are used to indicate 
regions of stability, instability, and metastability.

Tian et al. (2015) used the solubility parameter in order to calculate the Flory- 
Huggins- Interaction-Parameter χ. The solubility parameter can easily be determined 
by using the group contribution method, but it is limited to systems were no specific 
interactions between the drug substance and the polymer are present. Finally, the 
glass transition curve was estimated using the Fox equation. They showed a good 
agreement between the theoretically calculated and experimentally determined solu-
bility of CIN in Soluplus® as well as the miscibility level (Tian et al. 2015).

Alternatively, thermal analysis methods can be used for the determination of the 
Flory-Huggins-Interaction-Parameter χ, including the recrystallization method, 
the dissolution end point method and the melting point depression method, or the 
estimation of the solubility of a drug in a polymer from the solubility of the drug 
in a liquid low molecular weight analogue of the polymer (Knopp et al. 2015). All 
these methods were compared by Knopp et al. recently, and they came to the con-
clusion that the magnitude of the predicted solubilities from the solubility in the 
liquid analogue correlated well with the results from the recrystallization and melt-
ing point depression method (Knopp et al. 2015). In a follow up investigation 
Knopp et al. (2016) critically reviewed the use of the melting point depression 
method for calculating the interaction parameter χ. The authors performed a statis-
tical analysis of the method proposed by Lin and Huang and showed that the pre-
dicted miscibility curve could not be trusted with statistical confidence. They 
rather propose that the DSC measurements, which are used to make miscibility 
predictions, should be examined by deriving an objective function. This would 

0 0.2 0.4 0.6

χ = 1.5

χ = 0

χ = –0.5

χ = 0.5

Polymer Volume Fraction

∆G
/n

R
T

0.8 1

Fig. 8.3 Free energy of mixing as function of composition at different interaction parameters
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Table 8.4 Typical bond energy and relative strength of different intermolecular forces

Type of Interactions Bond energy (kJ/mol) Approximate relative strength

Ionic interactions 850–1700 1000

Hydrogen bonding 50–170 100

Dipole–dipole interactions 2–8 10

Van der Waals interactions ∼1 1

Adapted from Yang and Han (2008)

result in an unbiased, minimum variance property of the least square estimator. 
Nevertheless, they also state that additional arguments are needed to prove the 
underlying physical assumptions, such as the temperature dependence of χ in order 
to fully believe in the predictions (Knopp et al. 2016). Another alternative in order 
to determine the Flory-Huggins-Interaction-Parameter χ is the use of molecular 
dynamic simulations or alternative approaches such as the extended Flory-Huggins 
theory as implemented in the Material Studio Blends module from Accelrys Inc. 
(Pajula et al. 2010). The latter was used by Pajula et al. to predict the phase stabil-
ity of small molecule binary mixtures.

8.4.2  Specific Interactions

It is well recognized that interactions between a drug and polymer have signifi-
cant effect on the stability of a high-energy amorphous system. The interactions 
between a drug and a polymer can result from several types of intermolecular 
interactions, e.g., hydrophobic interactions (due to dispersions forces), hydrogen 
bonding, or electrostatic (polar or induced-dipole) interactions. As shown in 
Table 8.4, electrostatic interactions, being strong forces, can provide stability to 
amorphous solid dispersions.

An understanding of the interactions and their effect on the solubility of a 
drug in a polymer and the resultant phase diagram determine the space within 
which high-energy systems can provide maximal benefit. A theoretical basis for 
the calculation of thermodynamic solubility and kinetic miscibility has been 
discussed by several researchers (Zhao et al. 2011; Janssens et al. 2010; Paudel 
et al. 2010).

As shown in Table 8.3, polymers with ionizable groups present opportunities 
for the formation of hydrogen bonding and/or ionic interactions. It has been gen-
erally recognized that proton transfer and exact stoichiometry may not be a 
requirement for drug–polymer blends due to large differences in the molecular 
weight. Nevertheless, the presence of ionizable groups can provide secondary 
structures that are sterically stabilized in addition to reducing mobility. Yoo et al. 
(2009) investigated the miscibility of polymers and highly crystalline additives. 
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They showed that the likelihood of obtaining a miscible system was the highest in 
the case where an acid–base ionic interaction is involved in the formation of the 
amorphous state. In the absence of ionic interactions, systems with similar solu-
bility parameters and partition coefficients showed miscibility. Similar interac-
tions are expected between drugs and polymers. Additionally, (Forster et al. 
2001a, b) also showed that ionic interactions and solubility parameters play a role 
in the formation of the amorphous state.

8.4.3  Hygroscopicity and Water Activity

Hygroscopicity of a polymer plays an important role in determining the physical 
stability of an amorphous product, especially during storage. Adsorption of water 
can act in many ways to destabilize amorphous systems, such as by weakening 
the interactions between the drug and polymer, lowering the solubility or misci-
bility of the drug in the polymer, and lowering the glass transition temperature of 
the polymer (plasticization). Although the effect of water on the interactions 
between the drug and polymer is not easy to assess, several authors have evalu-
ated the effect of water on drug solubility and glass transition temperature. 
Rumondor et al. (2009b) showed that a small amount of water can significantly 
lower the solubility of felodipine in PVP. Similarly, in another study, it was 
shown by differential scanning calorimetry (DSC), atomic force microscopy 
(AFM), and transmission electron microscopy (TEM) measurements that water 
can irreversibly disrupt the favorable interactions between a drug and a polymer, 
thus resulting in phase separation that eventually leads to crystallization (Marsac 
et al. 2008). A modified Flory–Huggins equation considering a water–drug–poly-
mer ternary system was developed by Rumondor et al. (2009b) to estimate the 
effect of water on the interaction parameters. It was shown that ingress of water 
can weaken the interactions between hydrophobic drug and hydrophilic polymer, 
thus resulting in drug-rich phases that induce crystallization. In a study where 
different polymers were compared, the authors concluded that use of a hydro-
phobic polymer, such as hypromellose acetate succinate (HPMC-AS), can be 
beneficial over more hydrophilic polymers, such as povidone or copovidone, to 
achieve better stability. A similar finding has been shown by Friesen et al. (2008) 
where the use of HPMC-AS was shown to provide better supersaturation during 
dissolution that was related to the formation of aggregated structures by 
HPMC-AS (Friesen et al. 2008). The aforementioned discussion clearly shows 
that water can interfere with amorphous systems in many different ways. 
Therefore, polymers with low water activity are expected to provide the best 
stability for amorphous systems. On several occasions, we have shown that poly-
mers with ionic groups, such as HPMC-AS or methacrylates (Eudragit L100, 
Eudragit L100-55, Eudragit E100), can help stabilize amorphous systems by not 
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only providing an opportunity for ionic interactions but also by providing low 
water activity as they are insoluble in water (Chokshi et al. 2008).

8.4.4  Further Restriction of Polymers Based 
on the Manufacturing Technology

Once the formulator has pre-selected those polymers that provide miscibility and/or 
specific interactions with the drug substance he/she can narrow down the list further 
by considering the pre-selected manufacturing technology (see Sect. 8.3.3). For sol-
vent based processes the polymer needs to have a reasonable solubility in organic 
solvents (e.g. for spray drying in organic solvents with low boiling point and for the 
microprecipitation process solvents with high boiling point). For hot-melt extrusion 
the polymer should have a reasonable low melt viscosity in the temperature range 
needed for processing the drug substance and it needs to be thermally stable. In 
summary, the knowledge of the basic polymer properties is very helpful for assess-
ing the suitability of the polymer for a certain manufacturing technology.

8.4.5  Summary of Initial Assessment

As described in this section, it is very important to know the physicochemical 
properties of the drug substance with respect to its thermal behavior, hydrogen-bond 
acceptor and donor groups, molecular weight, hydrophobicity, melting point, glass 
transition temperature, solubility parameter, hygroscopicity, logP, and Tm/Tg ratio. 
The basic preformulation data can help assess the degree of difficulty a molecule 
may present in being converted to and maintained in an amorphous form (Friesen 
et al. 2008). To best match the properties of a drug substance, it is also important to 
know the physicochemical properties of polymers such as their thermal behavior, 
hydrogen-bond acceptor and donor groups, molecular weight, hydrophobicity, 
melting point/glass transition temperature, solubility parameter, and hygroscopicity. 
A comprehensive summary of polymer properties is provided in Table 8.3. The 
initial selection of polymers should be based on solubility parameters, functional 
groups, and thermal behavior including melting point and Tg. Thermal stability and 
solubility in organic solvents are critical for the selection of the processing method 
(further discussed in Sect. 8.6). The initial screening will help to narrow down the 
list of polymers, e.g., considering similar solubility parameters or the possibility of 
ionic interactions between a weakly basic drug and enteric polymers. The next step 
in the process of structured development is the conduction of small-scale experiments 
to further narrow down the choice of polymer and drug loading that has the poten-
tial to provide the best stability and supersaturation.
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8.5  Miniaturized Methods for ASD Screening

After a careful evaluation of drug and polymer properties and in silico assessment, the 
next phase in the development of amorphous dispersions is the evaluation of different 
compositions by miniaturized or small-scale experiments to narrow down the choice 
of polymer and to get an assessment of drug loading. In the past, these systems were 
prepared by different small-scale low-throughput methods, including: rotary evapora-
tor (Moneghini et al. 1998), spray-drying (Corrigan et al. 1985), freeze drying (Engers 
et al. 2010), amorphous film preparation by the ultra-rapid freezing technique 
(Overhoff et al. 2007; DiNunzio et al. 2008), or small-scale ball milling experiments 
(Patterson et al. 2007), hot-plate mixing (Chokshi et al. 2005), hot-melt extrusion 
(Miller et al. 2008), or beaker melt method (Forster et al. 2001a, b). However, a new 
trend has recently emerged where miniaturized experimental screening systems are 
being utilized for the evaluation of suitable polymers and additives (or mixtures 
thereof) for amorphous formulations. These systems use typically less than 10 mg of 
compound per test sample and work in the 96-well format. The use of these miniatur-
ized systems has the potential to facilitate amorphous formulation development by 
saving valuable time and resources (manpower and compound). Ideally, the miniatur-
ized assays are partly or fully automated by an assembly of different modules, for 
instance: robotic systems, high- throughput analytical systems, and specific software 
and database tools, allowing dozens or hundreds of screening experiments in a short 
period of time. As discussed before, the development of suitable amorphous systems 
requires miniaturization of the preparation methods and characterization tools includ-
ing the analytical methods to evaluate the API supersaturation upon dissolution, as 
well as to assess the solid state and physical stability of the systems.

The ASD processing technologies can generally be divided into two main classes, 
solvent based and fusion based methods. Solvent-based technologies include spray 
drying, fluid bed layering, coprecipitation (e.g. MBP = Microprecipitated Bulk Powder) 
etc. Fusion-based technologies include melt extrusion, melt granulation, or Kinetisol® 
technology, etc. The selection of an appropriate processing technology strongly 
depends on the API properties. Understanding the physicochemical properties of API, 
therefore, will streamline the amorphous formulation screening design. Most of ASD 
screening approaches described in the literature are focused either on the assessment of 
the supersaturation potential of the API-polymer combination in solution or on the 
evaluation of amorphous drug stabilization in the solid state. So far, only a few papers 
have considered the use of a combination of different miniaturized assays to identify 
polymers with appropriate dual function, that is, (1) generation and maintenance of 
supersaturation and (2) stabilization of the amorphous drug in the formulation matrix. 
Examples for such combined approaches include the 96-well plate vacuum dry system 
for ASD screening described by Chiang et al. (2012), the SPADS approach (Wyttenbach 
et al. 2013) or the MiCoS method (Hu et al. 2013). A comprehensive overview of vari-
ous miniaturized ASD screening methods is shown in Table 8.5.

At an early development stage, when API supply is limited, a step-by-step ASD 
screening strategy is recommended: (1) Drug candidates suitable for spray-drying 
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(SDP candidates) with good solubility in volatile solvents (API solubility in volatile 
solvents >20 mg/mL) are first screened with solvent casting methods for selecting 
appropriate polymers and drug loads. (2) HME candidates with low melting point 
(MP < 200 °C) can be evaluated by small scale fusion based methods, e.g. drug- 
polymer mixtures treated by heat-cool-heat cycling in DSC experiments. If HME 
candidates have good solubility in volatile solvents, solvent casting methods can 
also be used. (3) Coprecipitation (MBP) candidates (with poor solubility in volatile 
organic solvents and high melting point) with good solubility in non-volatile water- 
miscible solvents (API solubility in non-volatile solvents ideally >50 mg/mL) are 

Table 8.5 ASD miniaturized screening methods

ASD processing 
technology 
assessment

Method References

Supersa- 
turation 
screening

Solid 
state 
screening

96-well 
(parallel) 
test 
reported SDP HME MBP

Solvent-shift Guzmán et al. 
(2007)

Y N Y Y Y Y

Warren et al. 
(2010)

Solvent 
casting

Singh et al. 
(2007)

Y Y Y Y Y/N N

Chiang et al. 
(2012)

Wyttenbach et al. 
(2013)

Coprecipi- 
tation

Hu et al. (2013) Y Y Y N N Y

Melt fusion Forster et al. 
(2001a, b)

N Y N Y/N Y N

– DSC Zhao et al. 
(2011)

– Hot stage 
microscopy

Sarode et al. 
(2013)

Agrawal et al. 
(2016)

Freeze drying Moes et al. 
(2011)

Y Y N Y/N Y/N N

Spin coating Lee and Lee 
(2003)

N Y N Y Y/N N

Konno and 
Taylor (2006)

Konno et al. 
(2008)

Y: Yes
N: No
Y/N: Possibly; under certain conditions
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screened by miniaturized coprecipitation screening (e.g. MiCoS) for ASD feasibility. 
In addition, the generally very simple and fast solvent-shift method can be used as 
a supportive method for all ASD processing technologies (e.g. SDP, HME, MBP) 
for a first assessment of the supersaturation potential of different compositions. If 
drug candidates are amendable for different ASD processing technologies and if 
API supply is not the limiting factor, a parallel screening approach with different 
screening methods (solvent-casting, melt-fusion, coprecipitation, etc.) can also be 
adopted. The most important miniaturized ASD screening methods are described in 
more detail in the following subsections.

8.5.1  Supersaturation Screening

The concept of generating and maintaining supersaturation has been described as 
the “spring and parachute approach” by Guzmán et al. (2007). In the case of a 
molecular dispersion (solid solution), release of drug molecules is dictated by 
dissolution of the hydrophilic carrier (spring function) and leads to a supersaturated 
state of the drug in solution. Two different miniaturized methods have been applied 
to assess the supersaturation potential of excipients with poorly water-soluble drugs: 
co-solvent quenching (solvent-shift method) and amorphous film dissolution 
(solvent casting method). Examples for both methods described in the literature are 
shown in Table 8.6.

The co-solvent quench (solvent-shift) method is currently the most common 
method used for initial polymer screening. In this method, drug is dissolved in a 
water-miscible solvent with high drug solubility. A small aliquot of the solution is 
then dispersed in the aqueous phase to create a supersaturated system. In order to 
determine the extent of drug precipitation, the concentration of the dissolved drug 
within the aqueous phase or the mass of drug precipitated can be assayed or 
measured indirectly by turbidity measurement. Alternatively, the film dissolution 
method involves parallel dissolution screening of solid dispersions with different 
compositions and drug loads prepared by solvent casting. Amorphous drug films are 
prepared from mixtures of drug and excipient(s) dissolved in a volatile organic 
solvent. The organic solvent is then evaporated resulting in a thin film of the 
formulation. The dissolution medium is added and the drug concentration is deter-
mined as a function of time.

8.5.2  Solid State Screening

Miniaturized methods used to experimentally evaluate the homogeneity and stability 
of an amorphous system include amorphous sample preparation by solvent casting, 
coprecipitation, melt fusion, freeze drying, or spin coating (Table 8.5) and analysis 
for recrystallization or phase separation by different analytical techniques, e.g., by 
polarized light microscopy, DSC, XRPD, FT-IR spectroscopy, Raman spectroscopy, 
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Table 8.6 Miniaturized methods for the assessment of the supersaturation potential

References Screening method
Method of 
analysis Compound(s) tested

Co-solvent quench (solvent-shift) method

Guzmán et al. 
(2007)

96-well microplate format; 
drug dissolved in sodium 
hydroxide solution

Nephelometry Celecoxib

Vandecruys 
et al. (2007)

10 mL format; 
dimethylformamide and 
dimethylacetamide used as 
solvent

UV spectro-scopy 25 different (not 
specified) drug 
candidates

Janssens et al. 
(2008)

10 mL format; 
dimethylformamide used as 
solvent

UV spectro-scopy Itraconazole

Curatolo et al. 
(2009)

10 mL syringe/filter 
method; dimethylacetamide 
used as solvent

HPLC Different drugs and drug 
candidates

De Maesschalk 
et al. (2010)

96-well microplate format; 
dimethylacetamide used as 
solvent

Nephelometry J&J1

Warren et al. 
(2010)

96-well microplate format; 
propylene glycol used as 
solvent

Nephelometry Danazol

Yamashita et al. 
(2010)

96-well microplate format; 
drug dissolved in simulated 
gastric fluid (SGF)

HPLC Model compound X

Amorphous film dissolution (solvent casting) method

Singh et al. 
(2007)

96-well microplate format HPLC Indomethacin, 
haloperidol, 
progesterone

Barillaro et al. 
(2008)

4 mL format HPLC Phenytoin

Shanbhag et al. 
(2008)

96-well microplate format UV spectro-scopy JNJ-25894934

Swinney et al. 
(2009)

96-well microplate format UV spectro-scopy Different (not specified) 
drug candidates

De Maesschalk 
et al. (2010)

96-well microplate format UV spectro-scopy J&J1

Chiang et al. 
(2012)

Amorphous films in 96-well 
microplate format

HPLC acetaminophen, 
indomethacin, celebrex, 
griseofulvin, compound 
A

Wyttenbach 
et al. (2013)a

Amorphous films in 96-well 
microplate format

UPLC CETP(2) inhibitor

aSPADS approach

or atomic force microscopy (AFM). Most commonly, amorphous films are prepared 
by evaporation of organic drug–excipient solutions on different carrier systems, 
such as glass slides, cover slips, 96-well microplates, or aluminum pans. The 

S. Page et al.



351

Table 8.7 Miniaturized methods for the evaluation of amorphous drug stabilization

References Screening method Method of analysis Compound(s) tested

Methods to determine drug-polymer miscibility/solubility/stability

Forster et al. 
(2001a, b)

Quench cooled melts 
in aluminum pans and 
drug-excipient blends 
on glass slides

DSC and hot stage 
microscopy

Indomethacin, lacidipine

Lee and Lee 
(2003)

Spin coated films on 
silicon wafer chips

Light microscopy Sulfisoxazole, griseofulvin, 
ketoprofen, flurbiprofen

Konno and Taylor 
(2006), Konno 
et al. (2008)

Spin coated films on 
glass cover slips and 
ZnS discs

Polarized light 
microscopy, FT-IR 
spectroscopy

Felodipine

Singh et al. 
(2007)

Films in 96-well 
microplates

XRPD Indomethacin, haloperidol, 
progesterone

Swinney et al. 
(2009)

Films in 96-well 
microplates and in 
aluminum pans

Birefringent 
imaging, XRPD, 
DSC

Different (not specified) 
drug candidates

Van Eerdenbrugh 
and Taylor (2010)

Spin coated films on 
glass cover slips

Polarized light 
microscopy

Benzamide, phenacetin, 
flurbiprofen, flufenamic 
acid, chlorpropamide, 
chlorzoxazone, bifonazole, 
lidocaine

Lauer et al. 
(2011)

Film fracture surfaces 
on glass slides

Raman 
microscopy, AFM

NK1 receptor antagonist, 
CETP inhibitor

Chiang et al. 
(2012)

Amorphous films in 
96-well microplate 
format

XRPD acetaminophen, 
indomethacin, celebrex, 
griseofulvin, compound A

Hu et al. (2013) Coprecipitate in 1-mL 
glass vials in 96-well 
microplate format and 
96-well filter plates

XRPD, Raman Felodipine, glybenclamide, 
nifedipine

Wyttenbach et al. 
(2013)a

Films in aluminum 
pans (96-well 
microplate format) 
and film fracture 
surfaces on glass 
slides

FT-IR microscopy, 
AFM

CETP(2) inhibitor

aSPADS approach

stability of the amorphous systems is assessed by reanalysis of the samples after 
storage at accelerated conditions (temperature and humidity). Different miniatur-
ized methods to evaluate amorphous drug stability are presented in Table 8.7.

With respect to the amorphous drug stability, drug–polymer miscibility (homo-
geneity) is essential because immiscibility can result in the formation of drug-rich 
domains that may be prone to recrystallization. Other important factors strongly 
affecting the stability of amorphous systems include solid-state solubility and drug–
polymer molecular interactions (Konno and Taylor 2006; Konno et al. 2008; 
Wyttenbach et al. 2013).
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Qualitatively, the miscibility of drug and polymer can be assessed by simple DSC 
measurements, in which mixtures of drug and polymer are mixed and treated by 
heat–cool–heat cycling in a DSC pan to observe the change of glass transition tem-
peratures (Sarode et al. 2013). Generally, miscibility of drug and polymer are 
assessed on the second heating scan after the system has initially been heated beyond 
the melting point of the drug. If the drug is thermally labile, amorphous drug and 
polymer can be casted in a DSC pan followed by evaporation of the solvent. A gen-
eral rule of thumb is that a single Tg suggests miscibility, observation of the two Tgs 
corresponding to individual components suggests complete immiscibility, and two 
Tgs in between the two individual Tgs suggests partial miscibility.

This DSC technique is simple and rapid in obtaining essential information on 
miscibility but is very crude in that quantitative miscibility information is lacking 
and the miscibility is given only near the glass transition temperature. In addition, if 
the drug and polymer have similar Tgs, or the change in heat capacity around the Tg 
is small, then this method does not provide much insight into the miscibility of the 
drug and the polymer.

8.5.3  The SPADS Approach (Screening of Polymers 
for Amorphous Drug Stabilization): Example 
for a combined ASD Screening Approach

The SPADS approach has been developed at Roche for solid dispersion screening 
by Wyttenbach et al. (2013). It combines the assessment of supersaturation poten-
tial, the evaluation of drug–polymer miscibility, and the stability of amorphous sys-
tems. The aim is to rapidly identify prototype amorphous compositions suitable for 
preclinical studies and early-stage clinical trials.

The SPADS approach consists of three different miniaturized assays (1) SPADS 
dissolution, (2) SPADS imaging, and (3) SPADS interaction assay. It is a two-step 
approach; only the combinations showing promising dissolution behavior are 
further characterized with respect to their solid-state properties (SPADS imaging 
and interaction assays). The three SPADS assays will be described in more detail in 
the following subsections.

8.5.3.1  SPADS Dissolution Assay

The SPADS dissolution assay is performed on amorphous drug–polymer films pre-
pared in 96-well plates by solvent-based film casting. Specific drug–polymer pre-
mixtures are prepared from excipient and drug stock solutions in volatile solvents 
(e.g., acetone, ethanol, and methanol). The premixtures are distributed into a 96-well 
plate according to a predetermined filling scheme and the amorphous films are 
generated by solvent evaporation. To illustrate the method, an example of a possible 
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filling scheme is given in Fig. 8.4. In this example, binary drug–polymer systems 
with seven polymers at different drug–excipient ratios are tested.

The dissolution screening is performed by adding a stirring bar and a 200 μL 
dissolution medium (e.g., FaSSIF, pH 6.5 and/or SGF, pH 1.2 for polymers with 
pH-independent solubility) to each well of the 96-well plate. The microtiter plate is 
closed and mixed by head-over-head rotation at 37 °C. One 96-well plate is prepared 
per time point. Generally, two time points, 60 min and 180 min, are considered 
adequate to describe the dissolution profile. After mixing the plate for the desired 
time, 100 μL of the solution are collected and transferred to a 96-well filter plate. 
Filtration is performed by centrifugation. The filtrates are collected in a new 96-well 
plate. Drug content in the filtrates is determined by UPLC after appropriate dilution. 
Figure 8.5 shows the results of an SPADS dissolution screening experiment with a 
poorly soluble Roche development compound using the filling scheme presented in 
Fig. 8.4. In this example, the most promising polymer from the supersaturation 
perspective appeared to be Eudragit E PO, since highly supersaturated solutions of 
the drug were observed at all drug loads for at least 3 h.

8.5.3.2  SPADS Imaging Assay

Optical microscopy and AFM are applied to analyze the molecular homogeneity 
and stability of promising amorphous API–polymer combinations on micrometer 
and nanometer scales using the method developed by Lauer et al. (2011). For AFM 
investigations, glassy film fracture surfaces on glass slides are generated to 
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discriminate between homogeneously and heterogeneously mixed drug–polymer 
combinations. The homogeneous combinations are further analyzed for physical 
stability after exposure of the samples to stress conditions (accelerated temperature 
and humidity, e.g., at 40 °C/75 % RH) for some hours.

8.5.3.3  SPADS Interaction Assay

The SPADS interaction assay is used to study molecular interactions between drug 
and polymer. Amorphous films are prepared in commercially available 100 μL alu-
minum pans (used for DSC measurements) by solvent casting. The procedure of 
film preparation is identical to the procedure used in the SPADS dissolution assay 
with the only difference that the films are prepared in aluminum pans distributed 
into a 96-well plate. FTIR spectra are measured in reflection mode using a standard 
FTIR microscope. FTIR spectroscopy is sensitive to changes in the hydrogen- 
bonding network and protonation status of the drug, polymer, and water present in 
the system. FTIR spectra of the solid dispersions are compared with the spectra of 
both the pure amorphous drug (rather than the crystalline forms) and the pure poly-
mers. Hydrogen-bonding significantly influences peak shapes and intensities, gen-
erally resulting in peak broadening and peak shifts.

8.5.4  Summary of the Small-Scale Experiments: Selection 
of Polymer and Drug Load

All analytical results obtained from initial assessment, miniaturized or small-scale 
experiments, are collected, assessed, and compared. The collected data are used to 
preselect the most promising prototype amorphous compositions and drug loads 
that will be subjected to small-scale solid dispersion preparation for further in vitro 
and in vivo assessment (dissolution and solid state characterization, animal PK 
studies). These scaled-down processes include mini-extrusion for hot-melt extru-
sion, mini-fluid bed systems for coated bead systems, or mini-spray dryers if spray 
drying will be an option. Based on our experience, this step is very important since 
various amorphous solid dispersions often have different stability and biopharma-
ceutical properties based on how they were generated, even when containing the 
same composition and drug load.
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8.6  Selection of Most Suitable Technology

After having identified suitable polymers and drug loads, selecting the right process-
ing technology is essential. The selection of the most appropriate process for the man-
ufacture of a solid dispersion depends on the physicochemical properties of the API 
and the polymer (solubility, thermal stability, melting point and Tg). The manufactur-
ing process directly impacts the complexity of further downstream processing (e.g., 
particle size, and bulk density), and properties of the finished drug product (e.g., sta-
bility and dissolution). Additional criteria that should be taken into consideration are 
the availability of the equipment, the robustness of the manufacturing process, the 
impact on the cost of goods (energy consumption and equipment foot print) and the 
intellectual property considerations. These properties should be assessed to allow the 
formulator to rank order different technologies. In a second step, the ranking should 
be confirmed by manufacturing trials on small-scale equipment.

A physically stable solid dispersion of an amorphous API in a polymer can be 
achieved if the drug and the polymer are intimately mixed at the molecular-level, 
i.e., a solid solution. Molecular-level mixing is achieved either by dissolution of 
both components in a solvent (solvent based technologies) followed by solvent 
removal or by directly mixing both components as liquids as is accomplished by 
melting (fusion) methods (Chiou and Riegelman 1971). Currently the most relevant 
technologies for the manufacture of solid dispersions in the pharmaceutical industry 
are (1) spray-drying, (2) melt extrusion, (3) and co-precipitation. The following 
section discusses these technologies including a brief overview, schematic of the 

Table 8.8 Pros and cons of different processing technologies

Process Pros Cons

Spray drying –  Rapid removal of solvent and 
fast solidification

–  Use of organic solvents 
(environmental safety)

–  Equipment available from lab 
to full-scale commercial 
production

–  Difficulty to identify a common 
volatile solvent for API and 
polymer

–  Relatively low temperature 
processing feasible for highly 
volatile solvents (reducing 
thermal stress and degradation 
of the API)

–  Residual solvent content 
potentially requires secondary 
drying process (usually batch 
process)

– Continuous processing – High manufacturing cost

–  Generally results in very fine 
particles with low bulk density 
and poor flow properties 
(increased complexity of down 
streaming process)

–  Powder properties depend on 
manufacturing scale

(continued)
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physical processes, and a summary table with the associated advantages and 
disadvantages (Table 8.8). Several other technologies are described to produce 
amorphous solid dispersions such as: spray granulation, fluid bed layering, spray 
congealing, co-grinding, spin coating, electrostatic spinning, microwave technol-
ogy, KinetiSol® dispersing, ultra-rapid freezing and supercritical fluid processing 
(He and Ho 2015), but with the exception of fluid bed layering they have not yet 
been applied for marketed products.

Table 8.8 (continued)

Process Pros Cons

Melt extrusion –  Non-solvent processing 
(eliminate the need for solution 
preparation and removal steps)

–  High energy mainly related to 
shear forces and temperature 
(high thermal stress in case of 
high melting APIs)

–  Customizable process (screw/
die design, temperature profile, 
and solvent addition)

–  High melt viscosity causing 
torque limitations. Use of 
processing aids (plasticizers) 
required

–  Effect of humidity and oxygen 
can be almost completely 
eliminated

–  Limited selection of pharma 
grade polymers

–  Robust process control, 
application of PAT tool and 
easy scale-up

–  High density and low porosity 
of the thermoplastic extrudates 
reduces the compactibility of 
the material– Continuous process

– Small equipment foot print

Coprecipitation –  Suitable for compounds that 
cannot be processed by spray 
drying (due to low-solubility in 
volatile organic solvents) or melt 
extrusion (due to high melting 
point with thermal degradation)

–  Requires polymers with 
differentiated solubility in 
solvent and antisolvent

–  Amenable for continuous 
processing

–  Limited selection of pharma 
grade polymers

–  Amorphous intermediate is 
exposed to aqueous media for 
substantial amount of time

–  Weak bases (and acid drugs) 
exhibit significant solubility in 
acidic (and basic) solvents

–  May require multiple washings 
to remove solvents

–  Downstream processing to be 
considered carefully
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8.6.1  Overview of Key Manufacturing Technologies

8.6.1.1  Spray-Drying

Spray-drying is well established as an industrial process for transforming solutions, 
emulsions, or suspensions into a dry powdered form. This is accomplished by 
pumping a feed solution (e.g., drug and polymer dissolved in a volatile solvent) into 
an atomizer inside the drying chamber. The atomizer breaks the solution into a 
plume of small droplets (normally less than 100 μm in diameter). In the drying 
chamber, the droplets are mixed with a hot drying-gas stream (air or nitrogen). The 
heat is transferred from the hot drying gas to the droplets to provide the latent heat 
of vaporization required for rapid evaporation of the solvent from the droplets. By 
controlling the inlet and outlet temperatures of the spray dryer, together with the 
spray rate and air volume that are introduced to the spray dryer, the morphology, 
particle size, and density of the resulting solid dispersion powder can be controlled. 
The solid powder is typically collected from the gas stream using a cyclone or a 
filter. The spray-drying process can be performed over a wide range of scales (from 
milligrams/grams to tons of drugs) (Friesen et al. 2008).

The underlying principle for the manufacture of a solid dispersion by spray 
drying is to dissolve a physical mixture of the drug and the polymer in a volatile 
solvent followed by the evaporation of the solvent. In order to produce a molecular 
dispersion of the drug and the polymer after evaporation of the solvent, both com-
ponents have to fully dissolve in the solvent or the solvent mixture. Therefore the 
key parameter is the selection of a suitable organic solvent or solvent mixture. 
Suitable solvent or solvent mixture must meet the following criteria (Table 8.9):

As described in Table 8.9, the solvent or solvent mixture may have an impact 
on the characteristics of the obtained spray dried solid dispersion (physical 
stability and dissolution). Therefore small scale experiments with different sol-
vents and solvent combination are recommended in order to select an appropri-
ate solvent. Besides the solvent selection, also process related criteria have to 
be considered. For instance the thermal stability of the API at spray drier outlet 
temperature should be given or in case the outlet temperature is higher than the 
Tg of the spray-dried product, material may stick to the walls of the spray drier, 
resulting in a low yield that is not acceptable for commercial production 
(Patterson et al. 2007, 2008). Various approaches have been used in the past in 
order to scale-up spray drying processes. Further, more in depth information 
are provided for instance in Gil et al. (2010); Thybo et al. (2008); Dobry et al. 
(2009); and Kalb et al. (2013).

Spray-dried material is often very fine and contains a high amount of residual 
solvents. This may have a negative effect on the downstream process (flow and den-
sity of particles) and the stability of the spray-dried solid dispersions (recrystalliza-
tion of the amorphous drug). In addition the residual solvent content can easily 
exceed ICH limits. Solvent reduction would require a secondary drying step which 
very often transforms the continuous spray drying process into a batch process. 
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In order to improve the properties of the spray-dried material, more advanced 
spray-dryer layouts with an additional external fluid bed or an internal fluid bed are 
available to improve the drying efficiency (avoiding secondary drying) and to 
agglomerate the fines (Masters 1991). A thorough discussion of spray-drying tech-
nology and its application to the formulation of poorly water-soluble drugs is 
provided in Chap. 10.

8.6.1.2  Hot-Melt Extrusion

Hot-melt extrusion (HME) is frequently used in the pharmaceutical industry for 
developing solid dispersion formulations. HME is the process of pumping raw 
materials with a rotating screw(s) under elevated temperatures through a die to form 
a product of uniform shape. The intense mixing and agitation imposed by the rotat-
ing screws results in a uniform dispersion. Generally, the extruder consists of one 
(single-screw) or two (twin-screw) rotating screws in a stationary barrel. Twin- 
screw extruders can be operated in co-rotating or counter-rotating modes. Co-rotating 
twin-screw extruders are widely used since they can be operated at high screw 

Table 8.9 Selection criteria for solvents or solvent mixtures for spray drying

Selection criteria Description

High drug and 
polymer solubility

A high drug loading of the spray solution (feed solution) is a 
prerequisite in order to reduce the amount of solvent needed, and 
thereby reducing the overall processing time and the environmental 
burden. For a commercially viable process, solubility of approx. 
100 mg/mL and above is preferred; however, the solubility of 50 mg/
mL is considered essential

Low viscosity of the 
feed

To improve atomization and facilitate solvent evaporation. A highly 
viscous feed may not allow for sufficient atomization, leading to 
insufficient evaporation of the solvent after drying that may impact the 
stability of the solid solution (plasticizing effect of residual solvents)

Low toxicity of the 
solvent(s)

Preferable ICH Q3C Class 2 and 3 solvents for personal and 
environmental safety and to meet specifications in case of high residual 
solvent content

Low boiling point of 
the solvent(s)

To ease evaporation of the solvent: drying can be performed at lower 
temperature, lower thermal stress, and less thermal degradation of the 
drug

Solvent mixtures—
preferable azeotropes

Solvents that can form azeotropes are preferred because non-azeotropic 
solvent mixtures will have different evaporation rates during drying that 
may lead to either phase separation or crystallization of the API during 
evaporation

Chemical stability of 
the API in solvent(s)

Sufficient chemical stability of the API in the feed solution is required

Physical stability and 
dissolution kinetics 
of the solid 
dispersion

Al-Obaidi et al. (2009); Hugo et al. (2013); and Paudel and Van den 
Mooter (2012) described that the solvent or solvent mixture used for 
spray drying can have an impact on the physical stability as well as the 
in vitro dissolution kinetics of the resulting spray dried solid dispersions
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speeds, yielding high output, good mixing, and good conveying characteristics. A 
fully intermeshing type of screw design is self-wiping, where it minimizes the sta-
tionary zone and prevents localized overheating of material in the extruder. The 
screw is typically modular and is divided into three sections along the lengths of the 
barrel: feeding, melting or compression, and metering. In the feeding section, the 
material is transferred from the hopper to the barrel. In the compression zone, the 
polymer usually starts to melt due to the thermal energy that is generated by shear 
forces imposed by the rotating screw and from conduction from the barrel via elec-
trical heating bands. The temperature of the melting zone is normally set 10–60 °C 
above the melting point of semi-crystalline polymers or the glass transition tem-
perature of amorphous polymers to ensure consistent flow. The metering zone is 
designed to reduce pulsating flow of the molten polymer and provide uniform deliv-
ery of the material through the die. The screw configuration can be modified by 
changing the screw elements to optimize the shear, residence time distribution, and/
or product characteristics (Crowley et al. 2007). HME requires pharmaceutical 
grade polymers that can be processed at relatively low temperatures due to the ther-
mal sensitivity of drugs and polymers. For most polymers, temperatures between 
120 and 180 °C have been used. For a complete discussion of HME technology, the 
reader is referred to Chap. 9.

The viability of melt extrusion depends on the ability to form a one-phase solid 
solution. API and polymers are subject to elevated temperatures, high pressure, and 
intensive mixing during the HME process (Patterson et al. 2008). Depending on the 
process conditions, the crystalline drug either melts or becomes solubilized in the 
molten polymer. The latter allows the manufacture of a solid dispersion at 
temperatures below a drug’s melting point. The recrystallization of the drug during 
the cooling of the extrudate is retarded due to reduced solute migration and the 
reduction of nucleation kinetics by the viscous polymer medium. Nevertheless the 
cooling rate has to be carefully evaluated as it may impacts the quality (physical 
stability) of the obtained extrudates.

The selection of optimal melt extrusion conditions depends on the chemical 
stability of the drug and the polymer and the physical properties of the polymer. 
The key considerations to establish the most appropriate process parameters for 
HME are shown in Table 8.10.

Tg analysis by DSC as a function of the polymer concentration provides a 
baseline for setting the extrusion temperature and helps to assess the miscibility of 
the system. In addition, rheological properties (zero rate viscosity and activation 
energy) of the material as a function of shear rate and temperature are key consider-
ations in establishing the HME process. In case of a new product (API/polymer 
combination) with unknown properties, one approach to identify feasible HME 
process conditions and investigate the plasticizing effect of the API is to use a 
torque rheometer for preliminary experiments. It allows running temperature and 
screw speed ramps in order to investigate the thermic and mechanical impact on the 
given system. This allows the formulator to identify process temperatures and the 
required mechanical energy input (screw design).
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In 2004 the Food and Drug Administration (FDA) encouraged the pharmaceutical 
industry to introduce quality by design (QbD) approach and usage of process 
analytical tools (PAT) in order to improve process understanding and ensure the 
quality of final drug product. HME as a continuous process is an obvious choice to 
introduce PAT tools (Patil et al. 2016; Martin 2016). Over the years, in-line NIR and 
in-line Raman spectroscopy were implemented in order to understand drug-poly-
mer interactions, to continuously quantify the API amount and to monitor the solid 
state property of the API in solid dispersions (Saerens et al. 2011; Repka et al. 2013). 

Table 8.10 Key considerations for HME

Key considerations Description

Melting point/Tg/
processing temperature

Minimum temperatures are required for extrusion. In order to 
reduce melt viscosity and facilitating material transfer the 
processing temperature should be set approximately 10–20 °C 
above the melting point of a semi-crystalline polymer, or the Tg 
of an amorphous polymer (Chokshi et al. 2005). If the temperature 
is too high, thermal stresses during melt extrusion may cause 
degradation of API and polymer

Melt viscosity of the 
polymer

Polymers with low melt viscosities and high thermal conductivity 
yield a more efficient melting process (Crowley et al. 2007). If the 
melt viscosity of the polymer is too high, it may limit miscibility 
of the API and the polymer (Forster et al. 2001a, b)

High melt viscosity results in high torque and pressure which may 
exceed the capabilities of the equipment. In that case the 
plasticizing effect of the API has to be evaluated or use of 
processing aids (plasticizers) to be considered

Miscibility In order to form a one-phase mixture, the two molten components 
have to be miscible. The changes in melting point or Tg as a 
function of polymer concentration provides the phase diagram to 
establish the boundary of solid state miscibility and helps to select 
the processing temperature (Chokshi et al. 2005)

Solubility The solubility of the crystalline drug in the polymer is critical for 
the stability of the extrudate. Crystallization of a miscible API/
polymer system can occur if the solubility limit has been exceeded 
(Marsac et al. 2006; Breitenbach 2002). Therefore, the drug load 
of the formulation needs to be adapted accordingly.

Downstream process Depending on subsequent purpose of the HME strands, the down 
streaming process can have increased complexity. Direct shaping 
(calendaring) would require a very steady/non-pulsatile melt flow.

Powder blends for capsule filling and tablet compression require 
pelletization/milling step of the extrudate strands. Downsizing can 
be the limiting process step as extrudates very often show 
unfavorable milling properties. It can be overcome by increasing 
brittleness of HME strands, for example by injecting supercritical 
CO2 or introducing brittle excipients like mannitol or usage of 
cooled milling equipment (Read et al. 2010). It also has to be 
considered, that the properties of the final drug product can depend 
on the particle size of the milled intermediate (Jijun et al. 2010; 
Feng et al. 2012; and Deng et al. 2013).
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Due to the non-invasive nature of PAT tools, they can be used to investigate 
the impact of potential critical process parameters on critical quality attributes of 
the final product. In addition the real-time monitoring of an HME process allows 
to immediately adjust the process parameters if process deviations are observed 
(Islam et al. 2015).

8.6.1.3  Co-precipitation

The term co-precipitation has been used in the literature to describe amorphous solid 
dispersions produced when the drug and the polymer are precipitated together by 
changing the solubility conditions, either by addition of an anti-solvent or by evapo-
rating the solvent (Simonelli et al. 1969). Further attempts have been made to co-
precipitate a solution of drug and polymer in ethanol by addition into aqueous 
solution; however, the characteristic crystalline and thermal peaks were still present, 
indicating incomplete conversion to the amorphous form (Kislalioglu et al. 1991).

Based on the principle of solvent-controlled precipitation, a novel technology 
referred to as microprecipitated bulk powder (MBP) has been developed that pro-
vides complete conversion of a drug to the amorphous form, for a large variety of 
compounds (Albano et al. 2002; Shah et al. 2008). The MBP technology is particu-
larly suitable for highly insoluble compounds for which the utilization of spray 
drying or hot-melt-extrusion technologies is not feasible. With this technology, a 
solution of drug and stabilizing polymer is introduced into an anti-solvent that pre-
cipitates the drug and the polymer(s) simultaneously to form the MBP. Under 
appropriate processing conditions, the drug is uniformly embedded in an amor-
phous form in the polymer. The MBP process is particularly suitable for compounds 
that may have low-solubility in commonly used solvents, such as acetone or etha-
nol, but have sufficient solubility in solvents, such as dimethylacetamide (DMA), 
dimethylsulfoxide (DMSO), dimethylformamide, or N-methylpyrrolidone (NMP). 
Based on the fact that usually ionic polymers are used in this process, the solvent- 
controlled precipitation is carried out under either acidic or basic conditions. The 
residual solvent is removed by a series of washing steps followed by filtration and 
drying. Due to the nature of the process, it is used only when other means of making 
amorphous dispersion are not feasible. The key considerations for the MBP process 
are listed in Table 8.11. A more detailed discussion of MBP technology and its 
application to the formulation of poorly water-soluble drugs is provided in Chap. 5.

8.6.2  Summary of Processing Technology

A schematic of key processing technologies is presented in Fig. 8.6. Overall, the 
selection of the optimal manufacturing process should be based on physicochemi-
cal properties of the API and the corresponding polymer partner. HME processing 
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for example is only applicable if thermal stability of API and polymer are given 
and if the melting temperature of the API is not exceeding the process temperature 
window too much. If HME is considered, another aspect is the melt viscosity of 
the selected polymer. Spray drying can only be performed if the API and polymer 
is soluble in common organic solvents with low boiling point. If this is not the 
case and solubility is only given in organic solvents with high boiling point like 
DMSO or DMA MBP technology should be evaluated.

Other material characteristics are not as obvious. Many commercial polymers 
are only available in one particular particle size which makes them more or less 
favorable for a technology. The throughput in a HME process for example can be 
very limited if fine and voluminous polymers have to be fed into the extruder. If 
more than one technology is possible, also the properties of the amorphous interme-
diate have to be taken into consideration. For example spray dried powder has a 
much larger surface compared to milled extruded intermediate or MBP powder 
which could result in decreased physical stability.

Table 8.11 Key considerations for MBP process

Key considerations Description

Selection of a 
suitable solvent and 
antisolvent

In addition to the requirements for amorphous form stability, the MBP 
process requires careful evaluation of API and polymer solubility in 
solvents and antisolvents. Since ionic polymers are primarily used for 
this process, the pH of the precipitating medium is also critical. 
Furthermore, the residual solvent in the product can also be critical

Solvent–Antisolvent 
ratio

To enable rapid quenching of the amorphous form, the solvent/
antisolvent ratio needs to be optimized. Generally, a ratio of 1:5–1:10 is 
required to achieve rapid precipitation rate

Processing 
conditions

The mode of solution addition to antisolvent, feed rate, hydrodynamic 
conditions, and precipitation temperature merit careful evaluation

Isolation of the 
precipitated 
material

The material can be converted to powder form by several means ranging 
from spray drying and lyophilization, to filtration and conventional 
drying (fluid bed/forced air oven). The drying of aqueous material needs 
careful evaluation of the temperature/time profile as the wet amorphous 
material in the aqueous phase could be more susceptible to reversion

Crystalline API   +   Stabilizing Polymer

Dissolve in common solvent

Solvent evaporation Antisolvent process Dissolve by temp. and shear

If low boiling
point solvent

If high
boiling point
solvent

If API and polymer are
thermally stable at processing
temperature

Spray Drying (SDD) Microprecipitation (MBP) Hot Melt Extrusion (HME)

Fig. 8.6 Schematic of key processing technologies for producing amorphous dispersion
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8.7  Downstream Processing and Final Product Properties

Once the solid dispersion is manufactured it needs to be further downstream 
processed to derive the final drug product. The selection of the downstream manu-
facturing process is based on the properties of the solid dispersion (e.g., particle size 
and bulk density) as well as the properties of the finished drug product derived from 
the quality target product profile (QTPP). As an example, further densification of 
spray dried powders prior to capsule filling or tablet compression is usually neces-
sary due to their low bulk density.

Generally speaking drug product intermediates with small particles and/or low den-
sity are normally downstream processed using dry granulation processes such as roller 
compaction. In addition to the formulation composition which should be optimized 
with respect to bioavailability and stability, it is of utmost importance that the formula-
tor investigates the impact of potential critical process parameters on the performance 
of the final drug product, and finally defines the critical process parameters (CPPs) 
which have an impact on the critical quality attributes (CQAs) of the final drug product. 
Typical CQAs of solid dispersion based drug products are the amount of residual sol-
vents, impurities, crystallinity (initial and over storage time; physical stability) and the 
release profile of the drug. For the characterization of the solid dispersion and the fin-
ished product, several analytical technologies are available, as described in Sect. 8.8.

8.8  Characterization of the Amorphous Systems

An amorphous material is generally defined as a solid material that lacks long-range 
symmetry operators (translational, orientational, and conformational operators), 
which are characteristics of crystalline material. An amorphous system is consid-
ered to be a disordered system with random molecular configuration and packing of 
individual components, in which individual molecules are randomly oriented to one 
another and exist in a variety of conformational states. Furthermore, amorphous 
formulations may possess local and short-range order crystallites, residual 
crystallinity, and different molecular density regions, as exemplified by alpha and 
beta relaxations. Various levels of micro- and macroheterogeneity may be present in 
amorphous formulations to add complexity. Consequently, gaining insight into 
amorphous systems to address the formulation challenge is also an analytical chal-
lenge and frequently limits development of a stable amorphous formulation.

For successful amorphous formulation development, it is imperative to have 
suitable analytical techniques to characterize the materials produced and to 
assess success at each step. The complexity of analytical testing may vary 
depending on the developmental stage, from simple qualitative testing at an initial 
stage to comprehensive and quantitative testing at the clinical manufacturing stage. 
Regardless, for successful amorphous formulation development, it is critical to 
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understand how the amorphous system is being formed, to determine whether or 
not the crystalline drug is completely converted to an amorphous state, to under-
stand how the drug and the polymer molecules are arranged in an amorphous 
solid dispersion, and to determine the uniformity of the formulation produced. 
Knowledge of these attributes will help scientists to not only assess the risks 
associated with amorphous formulations but also to mitigate those risks by 
designing optimal formulations (polymer, drug loading, and process). Moreover, 
this helps the formulation scientists to predict the in vitro and in vivo perfor-
mance as well as long- term stability.

In this section, commonly used analytical techniques will be briefly discussed for 
their merits and limitations in two groups distinguished by the information acquired. 
First is the set of techniques used to exclude crystallinity in an amorphous system. 
Obviously, this is the most critical test as the principal impetus of making amorphous 
systems is to convert a crystalline drug into an amorphous state, and the assurance 
of complete conversion to amorphous state is of utmost importance. The second set 
of techniques includes the tests that are used to study the properties of amorphous 
formulations, i.e., their molecular arrangement and their behaviors. Understanding the 
molecular arrangement of drug and polymer molecules in amorphous formulations 
is critical to predict the stability and to understand the in vitro/in vivo performance. 
Lastly, trends in amorphous formulation stability predictions are briefly discussed, 
together with experimental techniques that can be employed. Table 8.12 highlights 

Table 8.12 Comparison of physicochemical properties between crystalline and amorphous drug

Attributes Crystalline drug Amorphous drug

Thermal 
behaviors

Exhibits well defined thermal 
behavior such as melting point and 
heat of fusion

Exhibits no clear melting 
phenomenon, but usually exhibits 
glass transition temperature

Birefringence Except cubic, crystalline material is 
anisotropic and exhibits 
birefringence

Amorphous material is isotropic and 
exhibits no birefringence under 
cross polarization

X-ray diffraction Crystalline material including 
liquid crystal and plastic crystal 
reflects X-ray radiation exhibiting 
characteristic diffraction pattern

Lacking periodicity, does not reflect 
X-ray beam and exhibits 
characteristic amorphous diffused 
halo

Energy level Comparatively low in energy state, 
exhibits lower solubility, slower 
dissolution, and more stable

Comparatively higher in energy 
state, and exhibits higher solubility, 
faster dissolution and less stable

Mechanical 
properties

Lower specific molecular volume, 
leading to denser and harder 
material

Randomness and irregular packing 
causes higher molecular volume and 
less dense material

Spectroscopy Intermolecular interaction to 
adjacent molecules is well defined, 
resulting in well characteristic 
spectrum

Varying configurational states and 
intermolecular interaction to 
adjacent molecules results in broad 
and diffused spectrum
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the differences in physiochemical properties between crystalline and amorphous 
materials that can be further explored.

8.8.1  Detection of Crystallinity in Amorphous System

Many attempts have been made to determine the degree of crystallinity or amorph-
icity of amorphous formulations. Without doubt, this is the most critical testing in 
the evaluation of amorphous formulations. Inappropriate selection of polymer, 
inadequate drug loading (beyond miscibility), and poor process control during phar-
maceutical manufacturing will result in incomplete conversion of a crystalline drug 
to an amorphous state. Any trace level of crystalline drug in amorphous formula-
tions may serve as seeds for recrystallization during in vitro and in vivo dissolution 
or during storage, which may jeopardize the entire development program. The fol-
lowing techniques are frequently employed to detect the degree of crystallinity.

8.8.1.1  X-Ray Powder Diffraction

X-ray powder diffraction (XRPD) is the most widely used and perhaps the most 
definitive technique used in detection and quantification of crystallinity. Absence of 
sharp Bragg’s peaks corresponding to the crystalline drug suggests a formulation is 
in an amorphous state. It is important, however, to note that XRPD detects the pres-
ence of molecular order; therefore, the disorder (amorphous state) is only implied 
by the absence of the order (long-range symmetry order). The limit of detection of 
the method ranges from 0.2 to 5 % in an amorphous or excipient mixture and disper-
sion, and is dependent on the instrument used, the sampling protocol, and its char-
acteristic (Palermo et al. 2012). XRPD is one of the most widely attempted 
quantification techniques, in which the degree of crystallinity is determined from 
the intensity of crystalline peaks in the sample. Limit of quantitation is typically in 
the range of 5 % w/w, depending on intensity of the crystalline peaks.

8.8.1.2  IR and Raman Spectroscopy

Vibrational spectroscopy, such as IR and Raman spectroscopy, can be used to detect 
the variations in vibrational energy between amorphous and crystalline states. In 
general, sharp vibrational peaks indicate crystallinity, whereas a broad hump sug-
gests amorphicity, as a result of disorder in molecular arrangements. Having a sin-
gle crystal structure will aid the interpretation of vibrational spectrum pointing to 
the region where intermolecular interaction occurs. IR and Raman spectroscopy can 
be used to determine the amount of crystallinity of an amorphous formulation when 
a calibration model is used. A major disadvantage of FT-IR spectroscopy is the fact, 
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that the sample preparation is non-trivial for most instrument configurations and 
most samples are likely non-representative for the entire dosage form (Palermo 
et al. 2012). IR as well as Raman are more often employed to assess the molecular 
arrangement of the ASD (see also Sect. 8.8.2.2).

8.8.1.3  Differential Scanning Calorimetry

DSC is probably the most versatile and widely used technique in the characterization 
of amorphous formulations including quantification of crystallinity. In DSC, 
samples are heated at constant rate, while heat flow is continuously being monitored, 
and the temperatures at which thermal events occur are recorded. Thermal events 
can be glass transition, (re)crystallization, melting, and decomposition. From 
thermal events, melting and (re)crystallization energy and changes in heat capacity 
at glass transition can be measured, which can be used to quantitate the crystallinity 
or the amorphicity. Nevertheless, DSC has several limitations as traditional DSC is 
not able to detect two Tg’s if they are not at least 10 °C apart from each other and 
small domains of crystalline material (<30 nm) cannot be detected (Meng et al. 
2015). DSC can also be used to assess the molecular arrangement of the ASD (see 
also Sect. 8.8.2.1).

8.8.1.4  Microscopic Technique

Cross-polarized microscopy is one of the most powerful but largely ignored 
techniques in amorphous formulation characterization in comparison to more 
sophisticated instrumental techniques, presumably due to the requirement of 
experience in the interpretation of data and limited information in this regard. 
Furthermore, the sample size/volume is rather low and quantification of the amount 
of crystallinity is nothing which can easily be done. Nevertheless, many researchers 
have used the cross-polarized microscope to study the kinetics of crystallization and 
to predict the stability of amorphous systems (Taylor and Zografi 1997; Yu 2001). 
As stated earlier, the cross-polarized microscope utilizes differences in birefringence 
between crystalline and amorphous systems, as amorphous material does not exhibit 
birefringence.

8.8.1.5  Other Techniques

Water vapor sorption can be used to discriminate between amorphous and crys-
talline materials if hygroscopicity is different, and in the absence of interfer-
ences. Isothermal microcalorimetry was one of the earliest techniques used to 
study amorphous systems with remarkable sensitivity. This is based on the prin-
ciple that enthalpy changes at constant temperature and relative humidity are 
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associated with (re)crystallization of amorphous material. However, this technique 
is extremely sensitive to many operational conditions, which makes it difficult 
for routine use.

8.8.2  Determination of Molecular Arrangement in Amorphous 
Systems

As discussed earlier in this chapter, an ideal formulation is one that provides 
the maximum physical stability over the intended period and maintains super-
saturation while the drug is being absorbed. Physically, the maximum stability 
and optimal performance are achieved when drug molecules are molecularly 
dispersed in a polymer matrix with appropriate intermolecular interactions 
between the drug and the polymer(s). In recent years, various techniques have 
been used in order to provide get more insight into the phase behavior of amor-
phous solid dispersions.

8.8.2.1  Differential Scanning Calorimetry

A first insight into the molecular arrangement of the ASD can be obtained by 
determining the glass transition temperature of the system using DSC. Despite 
the difficulty in accurately measuring Tg, it is one of the most commonly used 
tools to characterize amorphous solids and assess the interactions of different 
materials, particularly miscibility. Binary drug-polymer systems showing a sin-
gle Tg are generally expected to be miscible, whereas systems with two Tgs or the 
appearance of a melting endotherm of the drug would generally indicate immis-
cibility. As described in Sect. 8.4.1.2 the Gordon-Taylor ideal mixing equation 
can be used to predict the Tg of an amorphous one-phase dispersion, and devia-
tions of the measured Tg from the predicted Tg are indications for molecular 
interaction between the API and polymer. The popularity of the DSC technique 
is associated with the fact that it represents changes in the kinetic and thermody-
namic properties of amorphous materials and is relatively easy to measure using 
a small amount of sample.

8.8.2.2  (N)IR and Raman Spectroscopy

Vibrational spectroscopy methods such as IR or Raman spectroscopy can be used to 
detect crystalline in amorphous material, but more often they are utilized to 
investigate the molecular arrangement in the ASD. Raman spectroscopy/imaging is 
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one of the most commonly used techniques to investigate the phase behavior on a 
micrometer scale. In comparison to the traditional Raman techniques, micro-Raman 
has a much higher detection limit and provides localized compositional information 
that are distinct from the bulk of the material, however the method has only low 
spatial resolution (Meng et al. 2015).

IR spectroscopy has been extensively used to study the molecular arrangement 
of drug and polymer and their interaction. Kaushal et al. studied the differences 
between intermolecular interactions in amorphous and crystalline phases of cele-
coxib, valdecoxib, rofecoxib, and etoricoxib using FTIR (Kaushal et al. 2008). 
Konno et al. studied interactions between amorphous felodipine and PVP, 
HPMC-AS, and HPMC using FTIR (Konno and Taylor 2006). It was concluded 
that hydrogen-bonding between drug and polymer were an integral part of amor-
phous formulation stabilization. In another case study solution cast and quench 
cooled films of Naproxen-PVP were investigated using FT-IR and subsequent 
spectral deconvolution, and the results clearly showed that the strength of the 
drug-polymer H-bonding varied with the composition and process employed 
(Paudel et al. 2012).

NIR chemical imaging combines NIR spectroscopy with digital imaging. Due to 
the synergistic capabilities this method can be used to assess the physical distribution 
of components in solids. Ma et al. (2013) used the method in order to determine the 
drug distribution in an ASD by comparing it to that in a homogeneous physical 
mixture with the same composition, and to facilitate the selection of the formulation 
composition and manufacturing technology for an ASD.

8.8.2.3  Atomic Force Microscopy

Atomic force microscopy (AFM) allows to get a more in depth view by assessing 
the phase behavior on a nanometer scale. It is a scanning probe technique which has 
a high spatial resolution. Phase separation of the ASD leads to differences in the 
local material properties that can be assessed by using AFM in tapping mode. Lauer 
et al. (2013) used AFM in order to compare the homogeneity of hot-melt extrudates 
obtained from a small scale extruder with data obtained from screening experiments. 
Lamm et al. (2016) investigated the phase behavior of ASD containing copovidone 
and vitamin TPGS in dependence of various process parameters used to prepare the 
extrudates. Furthermore, they analyzed the nature of the domains present in some of 
the samples by generating force-displacement curves. This technology is also 
known as force spectroscopy (Lamm et al. 2016). Other researchers coupled AFM 
with local or nanothermal analysis (Qi et al. 2011; Purohit and Taylor 2015), 
photothermal Fourier-transform infrared microspectroscopy (PT-FTIR: Qi et al. 
2011), or nanoscale infrared spectroscopy (Purohit and Taylor 2015) to get further 
insight into the different phases formed.
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8.8.2.4  Solid-State NMR

Solid-state NMR (ssNMR) has been increasingly used to study miscibility and 
molecular interaction between amorphous drug and polymer. A single relaxation 
time for the drug and polymer indicates complete miscibility (Meng et al. 2015). 
Mistry et al. (2015) used FT-IR in combination with ssNMR to probe the interactions 
between ketoconazole (KTZ) and three different polymers. In case of poly (acrylic 
acid) (PAA) a proton was transferred from the carboxylic acid group of PAA to the 
imidazole nitrogen N3 of KTZ indicating that both interact via ionic interaction. For 
the system with poly(2-hydroxyethyl methacrylate) (PHEMA) they could prove 
H-bonding between each N3 and C═O of KTZ and the ─OH of PHEMA, whereas 
the KTZ-PVP system only exhibit weaker interactions (Mistry et al. 2015). In 
another study by Song et al. (2016) ssNMR was used to proof the protonation of the 
quinazoline nitrogen in lapatinib (LB) and gefitinib (GB), the protonation of the 
secondary amine nitrogen in LB and the protonation of the tertiary amine nitrogen 
atom in GB in ASDs with polystyrene sulfonic acid (PSSA), and thus confirming 
the strong intermolecular acid-base interactions present between LB and PSSA as 
well as GB and PSSA.

8.8.2.5  Other Techniques

In order to assess the molecular arrangement/miscibility of the ASD XRPD is often 
combined with computational methods such as Pair Distribution Functions (PDFs), 
Pure Curve Resolution Method (PCRM) and Alternate Least Square (ALS) (Meng 
et al. 2015). Bates et al. (2006) have used XRPD in combination with the pairwise 
distribution function to investigate the local structure of amorphous formulations. 
Mistry et al. (2015) used variable temperature XRPD in order to determine the 
crystallization onset temperature of various Ketoconazole solid dispersions. They 
could link an increase in the strengths of interactions between the drug and polymer 
with a higher crystallization onset temperatures.

Furthermore, Song et al. (2016) used X-ray photoelectron spectroscopy (XPS) to 
determine the binding energy between lapatinib (LB) and polystyrene sulfonic acid 
(PSSA) as well as gefitinib (GB) and PSSA. They detected increasing binding 
energy of the nitrogen atoms in LB and GB, which strongly indicates protonation of 
these atoms (Song et al. 2016).

8.8.3  Dissolution Method for Amorphous Formulations

The dissolution profile is considered to be a good predictor for the in vivo 
performance, however it is difficult to establish an in vitro-in vivo correlation due to 
the complex nature of supersaturation generation and maintenance in combination 
with the driving force triggering absorption of ASDs (Baghel et al. 2016). In general 
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it is assumed that the drug release mechanism of an ASD depends on the type of 
polymer used. The dissolution profile of an ASD containing hydrophilic, medium 
soluble polymers, which dissolve in the medium, are characterized by an initial 
surge of supersaturation followed by a decrease in drug concentration due to 
precipitation (Park 2015). The degree of precipitation depends on the type of 
polymer used. ASDs containing medium insoluble polymers lack the initial fast 
increase in concentration and supersaturation generation, and their overall release 
profile is sustained for an extended period of time (Park 2015). For these types of 
ASDs the rate of supersaturation generation has a huge impact on the kinetic solu-
bility profile as discovered by Sun and Lee (2013).

Based on the above mentioned considerations the development of meaningful 
dissolution methods for kinetically unstable systems of poorly soluble drugs is 
tremendous task. Nevertheless, the requirements in terms of dissolution might 
change during the whole development ranging from predicting the in vivo 
performance to control batch to batch consistency. In the first phase the 
physiologically relevant conditions, such as composition of the medium, pH of the 
medium, dose to GI fluid volume ratio, and exposure time, should be considered 
(He and Ho 2015). For these studies the use of non-sink conditions, the measurement 
of the pH at the end of the dissolution test and the characterization of the precipitate 
should be considered (He and Ho 2015). The use of a diffusion study might also be 
useful, in order to relate the drug release with the absorption process. Later in the 
development the focus of the method has changed towards quality control (QC), and 
it is vital to demonstrate adequate discriminating power for the QC method.

A perfect sink condition will not help to ascertain the ability of a system to main-
tain supersaturation. However, an overly nonsink condition may result in overdis-
crimination and potential elimination of a viable formulation. There are several 
publications related to dissolution of amorphous formulations (Law et al. 2004; 
Chan and Kazarian 2004; Doherty and York 1987; Janssens and Guy 2010). The 
effect of polymer type on the dissolution rate of amorphous systems has been 
described by Konno et al. (2008).

Unlike as for crystalline APIs, equilibrium solubility cannot be determined for 
amorphous materials because, at equilibrium, drug solubility using the crystalline or 
the amorphous form is similar, by definition. Therefore, the method has to determine 
the kinetic solubility in physiologically relevant conditions.

The kinetic solubility of amorphous material can be determined in bio-relevant 
or aqueous medium with or without surfactant. If we accept the fact that precipitation 
follows supersaturation, then solubility of amorphous material at a 30–60 min time 
window, or at the peak of the upward slope could be used for determination of 
kinetic solubility. This is illustrated in Fig. 8.7, where the maximum amount of drug 
dissolved (Cmax) at the time to achieve the maximum concentration (Tmax) could be 
used for kinetic solubility determination. Furthermore, the dissolution profile is 
characterized by the duration in which supersaturation is maintained, and by the 
area under the curve (AUC).
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Based on the kinetic solubility, dissolution conditions can be varied with regard 
to dose, volume of dissolution medium, and surfactant concentration of dissolution 
medium for screening amorphous formulations. A dissolution medium representing 
100 % saturation is the most efficient way of screening formulations as it avoid 
unnecessary stress during dissolution testing. An example for such an dissolution 
test is shown in Fig. 8.8 for an research compound. Additionally, a formulation 
maintaining supersaturation for at least 2–4 h (physiologically relevant) would rep-
resent a viable formulation. On the contrary, a formulation maintaining supersatura-
tion for less than 60 min would need careful evaluation.

More recent research was done by Lynne S. Taylors group in order to better 
understand the mechanism of precipitation by investigating the solution phase 
behavior during dissolution. They investigated for instance the dissolution behavior 
of danazol from ASDs containing different polymers, and found out that upon dis-
solution prior to crystallization of the drug liquid-liquid phase separation occurred. 
The phase behavior of the solutions present during dissolution was monitored using 
UV and fluorescence spectroscopy (Jackson et al. 2016). In another research article 
the release profile of Celecoxib ASDs with high drug loading was optimized in 
terms of rapid release and crystallization inhibition by using a combination of two 
different polymers. Besides the drug release, which was determined “at sink” condi-
tions the authors also determined the nucleation induction time in a precipitation 
assay using light scattering in order to optimize the crystallization inhibition (Xie 
and Taylor 2016).
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Fig. 8.7 Schematic representation for kinetic solubility determination for amorphous materials
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8.8.4  Stability Prediction

The goal for amorphous formulation stability is to maintain long-term physical sta-
bility with respect to solid state properties and maintain supersaturation during the 
time course of the dissolution process mimicking the in vivo dissolution window, 
which is generally about 2–4 h. The key to understanding stability is to understand 
that molecules in an amorphous system can have significant molecular motion both 
above and below the glass transition temperature. Molecular motion in the form of 
translational and rotational diffusion can generally be described in terms of molecu-
lar relaxation time or annealing time. In addition, the effect of water on molecular 
mobility and stability must be accounted for. Water can exist in an amorphous state 
with a Tg of about −138 °C (135 K). As such, water can reduce glass transition tem-
peratures of amorphous systems substantially. The effect on Tg can be more pro-
nounced for partially amorphous systems. In such cases, most of the water will be 
located in the disordered region and the Tg in that region will be considerably lower 
(Marsac et al. 2010; Rumondor et al. 2009a, b). Temperature naturally has a direct 
effect on molecular mobility. Molecular mobility is generally considered one of the 
key factors in determining amorphous system stability. The molecular mobility of a 
system can be quantified using dielectric spectroscopy. This technology was 
employed by Mistry et al. in order to compare ASD of ketoconazole with three dif-
ferent polymers. They could show that the molecular mobility was only moderately 
reduced in case of PVP and poly(2-hydroxyethyl methacrylate), whereas a strong 
reduction was observed for poly(acrylic acid) (Mistry et al. 2015).

Fig. 8.8 Effect of surfactant concentration on the dissolution behavior of amorphous solid 
dispersion and supersaturation
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In spite of intensive research to predict the stability of amorphous systems 
through molecular mobility concepts, the prediction of physical stability is rather 
unpredictable. Often, physical instability occurs in a nonlinear fashion after varying 
induction periods. Although the stability of amorphous systems is not predictable, 
one can use accelerated stability condition of severe humidity and temperature 
to rank order the formulations. A commonly used accelerated stability condition 
for formulation screening is 40 °C/100 % RH or 40 °C/75% RH open. In this case, 
amorphous solid dispersions are subjected to stress conditions and are evaluated 
by XRPD, FTIR, and DSC analysis. In addition, the suspension stability that is 
performed to enable the use of amorphous dispersion for toxicology studies is also 
helpful to assess physical stability. For toxicology purposes, the preferred vehicle is 
the one having the lowest solubility for amorphous solid dispersion and should 
maintain amorphous form stability for at least 4 h at room temperature.

8.9  Overall Summary

In this chapter, we have proposed a structured development approach for amorphous 
formulations based on sound physicochemical principles of the drug and the poly-
mer with the goal of maximizing success rates and reducing risks. The proposed 
approach consists of a comprehensive evaluation of the drug substance and polymer 
properties and understanding the basic principles to help design amorphous disper-
sions that provide consistent in vitro and in vivo performance. The assessment of 
basic physicochemical properties of drug substance including its thermal behavior 
(Tg, Tm, stability, and recrystallization), hydrogen-bond acceptor and donor groups, 
molecular weight, hydrophobicity, solubility parameters, solubility (aqueous and 
organic solvents), and hygroscopicity forms the basis of determining the degree of 
difficulty a molecule may present in converting to and maintaining an amorphous 
form. Likewise, a thorough understanding of the physicochemical and mechanical 
properties of polymers will help in the determination of the suitability of polymer(s) 
for a given drug for an amorphous solid dispersion. Besides theoretical consider-
ations in terms of solubility and miscibility, miniaturization techniques, such as the 
SPADS approach help in the selection of specific polymers and drug loads for maxi-
mum solid-state stability and supersaturation.

In a second phase, the thorough evaluation of physicochemical properties of 
drugs and polymers with respect to thermal behavior, solvent and aqueous solubility 
and stability guide the selection of appropriate processing techniques for amor-
phous solid dispersions. During the development of the amorphous formulation the 
impact of various process parameters need to be investigated in order to ensure 
consisted quality in terms of dissolution performance and stability. Different instru-
mental techniques are presented to characterize and quantify the crystallinity and 
for understanding the phase behavior of amorphous solid dispersions. The use of 
more than one technique is preferred to establish confidence. Amorphous formula-
tion stability is difficult to predict; however, accelerated storage conditions such as 
40 °C/100 % RH and suspension stability test provide a useful insight into the 
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API

Physicochemical properties:

Solubility (aq. and solvents)
Tm, Tg, MW, Log P etc.
Chemical stability
Thermal stability

Polymer (s)

Solubility (solvents)
Tg, MW, Viscosity
Thermal stability
Availability of pharm. Grade
Safety

Suitability of API for ASD

Prediction of the solubility advantage of
the amorphous form
Glass forming ability
Glass stability

Packaging of Drug product

Stability assessment

Drug product development

Selection of excipients
Investigate release and supersaturation of drug product 

Selection of the downstream process 
QbD  (Identification of cQA’s and cPP’s, PAT)

Investigate physical and chemical stability of the drug product
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Supersaturation screening
Solid state screening
Interaction screening

Prototype development

Small scale/lab scale development - Selection of the manufacturing technology
In vitro dissolution and in vivo PK studies

Selection of process parameters
Solid state stability (stress) testing

Screening

API – polymer miscibility
Specific interactions

Hygroscopy and water activity

Screening - Manufacturability

Pre-selection of manufacturing technologies based on physicochemical properties

Analytical characterization of ASD

Detection of crystallinity (XRPD, Raman, IR, DSC, 
cross-polarized microscopy)
Determination of molecular arrangement (IR, 
Raman, AFM, ssNMR)
Dissolution kinetics

Theoretical considerations

 

Fig. 8.9 Structured development approach for amorphous formulation development
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stability of these amorphous systems. Similarly, approaches are presented to help 
develop appropriate dissolution methods based on kinetic solubility and consider-
ation of the supersaturation level to avoid false negatives. Finally, a flowchart shown 
in Fig. 8.9 is proposed as a blueprint for structured development of amorphous 
formulations.
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Chapter 9
Melt Extrusion

Abbe Haser, James C. DiNunzio, Charlie Martin, James W. McGinity, 
and Feng Zhang

Abstract Techniques to overcome poor aqueous solubility of active pharmaceutical 
ingredients (APIs) continue to gain interest with a reported 30 % of marketed com-
pounds classified as BCS II and 10 % classified as BCS IV. Approximately 70 % of 
new chemical entities under development may be classified as BCS II and another 
20 % as BCS IV (Siew 2015). Driven by this need to enable therapies of poorly 
soluble compounds through the generation of amorphous solid dispersions, pharma-
ceutical scientists have adapted a number of technologies from other industries 
to provide reliable and robust drug product manufacturing. Melt extrusion is an 
example of such a technology. Originally developed in the plastics industry over a 
century ago, it has been applied to pharmaceutical systems over the last three 
decades to generate some of the most cutting-edge delivery systems seen in the 
industry to date. The well-characterized nature of the process provides for ease of 
scale-up and process optimization, while also affording benefits of continuous man-
ufacturing and adaptability to process analytical technology in an ever-changing 
regulatory and fiscal environment where manufacturing efficiencies must be maxi-
mized to reduce cost and improve product quality. This chapter details the basic 
engineering principles of the melt extrusion process and provides a fundamental 
understanding of formulation development of melt-extruded solid dispersions for 
bioavailability enhancement. Several recent case studies are also described to high-
light the applicability of the technology to developmental and marketed products 
within the industry.
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9.1  Introduction

Extrusion was developed over a century ago, and was primarily used by the food and 
plastic industries. It was adapted to the pharmaceutical industry in the 1980s with 
numerous patents and research papers published since then in addition to the approval 
of commercial products. Since then the advantages of extrusion for preparing phar-
maceuticals has become clear. Providing advantages of continuous processing and 
ease of adaptability to in-line analytical technology, twin-screw melt extrusion has 
been extensively utilized in several pharmaceutical technologies, including: solid 
dispersion production, advanced device manufacturing, 3D printing of dosage forms, 
continuous melt granulation, abuse deterrence formulations, and the development of 
controlled release products for oral delivery (Agrawal et al. 2015; Jedinger et al. 
2015; Keen et al. 2015; Khaled et al. 2014; Maniruzzaman et al. 2015). Available in 
multiple variants based on equipment geometry and processing temperature, twin-
screw melt extrusion has emerged as a viable technology in the pharmaceutical 
industry for the production of solid dispersions (Breitenbach and Mägerlin 2003; 
Martin 2016; Patil et al. 2015; Crowley et al. 2008). While all of the applications 
have had a significant impact on pharmaceutical development, this chapter is dedi-
cated to a discussion of amorphous solid dispersions to address solubility limitations. 
Covered within this chapter is equipment selection, detailed discussion of the funda-
mental theory of melt extrusion, process considerations, critical aspects of formula-
tion design for producing stable amorphous solid dispersions, and scale-up strategies. 
Major case studies covering the most recent commercial applications of melt extru-
sion for improving bioavailability through solubility enhancement of poorly water 
soluble compounds are also presented.

9.2  Equipment Design and Engineering Principles

Twin-screw melt extrusion was developed during the 1930s and has been extensively 
studied for a number of polymer processing operations (Mollan 2003; Thiele 2003). 
Today, the theory of the technology has been well described and the processing 
equipment extensively developed. Based on decades of research and recent applica-
tion of the technology to the production of pharmaceutical products, one major facet 
of design has become evident: formulation and process go “hand in hand” to yield 
desired critical product attributes. Melt viscosity and solubility of a formulation 
directly influence processability factors such as motor load, pressure, and residence 
time distribution (Repka et al. 1999; Schilling et al. 2007). Similarly, screw design, 
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throughput, and die geometry may impact solubilization and degradation rates of the 
formulation due to microenvironmental changes within the control volume (DiNunzio 
et al. 2010b; DiNunzio 2010a). During early development using material-sparing 
approaches, it is critical to understand the interplay of formulation and process vari-
ables to allow for rational design. Identification of primary factors governing critical 
product attributes and the ability to address issues associated with their control are 
crucial to establishing a basic formulation and process to support developmental 
activities. In later development, full optimization using a quality by design (QbD) 
methodology requires a true understanding of the complex formulation–process 
interaction in order to establish a robust and highly efficient design space to support 
routine market production. Given that early development and later-stage optimiza-
tion are both driven by the interplay between formulation and process, this section 
describes the fundamental engineering aspects of melt extrusion.

Pharmaceutical melt extruders are classified using several fundamental charac-
teristics of the equipment, including the number of screws, the direction of rotation 
of the screws (co-rotating or counter-rotating), the degree of element intermeshing, 
and the screw size as a function of diameter. The number of screws determines the 
application of the equipment for pharmaceutical production. Single- screw extruders 
are primarily used to provide more consistent pumping (Kim and Kwon 1996a, b; 
Luker 2003). Example products prepared by single-screw extrusion include oral 
filaments, catheter tubes, and multi-layer films. Twin-screw extruders are frequently 
used in compounding applications such as amorphous solid dispersions due to their 
higher mixing efficiencies (Thiele 2003; McGinity et al. 2007). For twin-screw 
extruders, the direction of rotation and type of intermesh play a major role in the 
equipment efficiency and purpose. Extruder screws relative to one another may 
either be operated in a co-rotating or counter-rotating configuration, with co-rotat-
ing units having both extruder screws rotating in the same direction. This geometry 
is also associated with opposing surface velocities in the intermesh, which is more 
commonly known as a self wiping design. In this system the rotational motion of 
one screw wipes material from the other to further convey material down the length 
of the barrel. In the case of counter-rotating twin screw extruder, elemental designs 
are available in both an intermeshing and non-intermeshing format. Counter- 
rotating intermeshing designs can be associated with the production of heat sensitive 
materials. This type of design provides advantages for the production of heat 
sensitive materials where a tight residence time distribution may be an issue. For the 
purposes of this chapter, equipment discussion will focus primarily on the 
intermeshing co-rotating twin-screw extruder.

While generalized as a single-unit operation, melt extrusion is actually a 
combination of multiple operations, each contributing to the operational 
performance. Fundamentally, melt extrusion is divided into six basic steps (Schenck 
et al. 2011):

 1. Feeding of raw materials
 2. Conveying
 3. Melt compounding
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 4. Devolatilization
 5. Pumping
 6. Shaping

9.2.1  Basic Equipment Description

Most modern twin-screw extruders offer a modular design that allows scientists to 
incorporate these basic operations in any sequence desired and with as many repeti-
tions as needed to achieve the desired product attributes. This modularity of the 
process gives rise to a need to address the general description of the equipment. A 
twin-screw extruder consists of several basic components, each of which partici-
pates in the cumulative manufacture of the drug product. These parts are:

 1. Gear box and motor
 2. Barrel with heating elements
 3. Shafts
 4. Screw elements
 5. Dies

The basic equipment parts, their variations, and their role in extrusion have been 
summarized in Table 9.1. For more detailed information the reader is directed to 
Brown et al. (2014); Crowley et al. (2007); Martin (2016); and Patil et al. (2015).

All of the major components of the extruder need to be considered when design-
ing a robust process. The critical zones that make up the barrel from Table 9.1 are 
shown in Fig. 9.1. Each section serves specific functionality, allowing for multiple-
unit operations to be achieved when combined with the desired screw design.

Within twin-screw extruders, lobal pools result due to the rotational movement of 
the screw (Fig. 9.2). Material follows the perimeter path along the cross section of the 
barrel in the screw channel. Shear reaches a maximum value within the overflight and 
lobal pool regions, while channel regions exhibit a shear minimum (Thiele 2003). 
This unique mixing pattern provides greater efficiencies than single- screw extruders 
and allows for effective compounding on the twin-screw extruder platform.

Based on the different screw elements featured in Table 9.1 and varying the 
geometries from Fig. 9.3, the screw design can be optimized for any process. 
Generally, feed regions contain elements with the longest pitch to maximize 
conveyance from the zone, while transitions to pressured zones will be supplemented 
with a decrease in pitch. Mixing elements are most commonly used after the 
injection of a liquid or semi-solid. Due to the sensitivity of most pharmaceutical 
agents, a maximum of two, four-paddle kneading blocks are typically used to 
enhance distributive and dispersive mixing.

The die can also be a factor in maintaining the stability of the material. Many 
pharmaceutical active ingredients and polymers are heat sensitive. Depending on 
the screw design utilized, pressure buildup can be correlated to localized tempera-
ture increases where the temperature increases by up to 1 °C for every 30 psi 
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Fig. 9.1 Types of block sections from a sequential block barrel design, moving from Left to Right, 
solid feed, liquid feed, side-feed with vent

UPPER
APEX

DIRECT INTERMESH OVERFLIGHT

LOBAL
POOL

SCREW
CHANNEL

LOWER APEX

Fig. 9.2 Illustration of critical geometric descriptors of twin-screw extruder elements

generated (Todd 1995). For common pharmaceutical applications where pres-
sures are generally 300–600 psi at the 18-mm scale, this can result in local tem-
perature increases of 10–20 °C due to viscous dissipation during transit. When 
processing heat-sensitive products, changes to die geometry to minimize pressure 
buildup can reduce impurity formation during production. Pressure generating 
devices, such as a gear pump, can be mated to the twin screw extruder to help 
manage pressures, and melt temperature.

9 Melt Extrusion



390

Other more general issues with the quality of extruded products are die swell, 
shark skinning, and melt fracture (Perdikoulias and Dobbie 2003). These defects are 
presented schematically in Fig. 9.4. Die swell is caused by the entropic restriction 
placed on material through the die that causes polymer molecules to orient parallel 
to the direction of flow (Perdikoulias and Dobbie 2003; Wang and Drda 1997). 
Upon exiting, the polymer chains re-orient to the natural random coiled structure 
due to elastic recovery, resulting in swelling of the material. Shark skinning is the 

Pitch
Flight Width

Depth

Do
Di

Fig. 9.3 Geometric descriptors for conveying elements

Normal Extrudate

Slip – Stick Defect

Spiral Defect

Palm Tree Defect

Random Defect

Fig. 9.4 Examples of melt-fracture appearance
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appearance of surface roughness of the extrudate material on exit from the die 
(Kulikov and Hornung 2001). The magnitude of these defects is directly related to 
both material properties and die geometry. Originating from factors related to 
acceleration of the surface extrudate layer, manipulation of material linear velocity, 
die landing length, die surface coating/polishing and temperature can all be used to 
reduce shark skinning in production (Perdikoulias and Dobbie 2003; Kulikov and 
Hornung 2001).

9.2.2  Feeders

During manufacturing runs, a continuous stream of material must be supplied to the 
extruder when operating at steady state. This is achieved through the use of 
gravimetric or volumetric feeders to meter solid, liquid, or gaseous materials into 
the process section. A gravimetric feeder is identical to a volumetric feeder except 
the feeder is situated on a load cell that is used to modulate the feed mechanism to 
maintain a constant mass flow rate to the extruder. Selection of feed screw geometry 
can play a significant role in process uniformity, reducing the avalanching and 
pulsing behavior of the feed stream (Schenck et al. 2011; Doetsch 2003). 
Examination of avalanching behavior shows that the period of pulsing is a function 
of the flight design. For example, transition from a single-flight to a dual-flight 
system operated at 60 rpm reduces the pulse period from 1 to 0.3 s. Further 
monitoring of material feed during production with gravimetric feeders is achieved 
using feedback control loop which monitors real-time weight loss while also 
adjusting screw speed to maintain a consistent feed rate. Low bulk density and 
poorflowing materials can present unique feeding challenges even within the 
gravimetric feeder. Self-wiping screw designs and non-intermeshing undercut 
designs can improve material throughputs, while driven agitators can minimize 
powder bridging during manufacture. In the case of liquid feed streams, control can 
be achieved using volumetric or gravimetric systems depending on the feed rates 
and material properties. These systems are generally closed systems that feed 
directly into the process section through the use of liquid injection ports. Systems 
can be designed to perform at ambient or elevated temperatures, which allow the 
addition of low-melting-point solids as liquids into the system. Similar to gravimetric 
solids feeders, liquid feeders must be able to provide a consistent and reproducible 
feed stream at steady state, which can be ensured through proper equipment and 
process design. Nozzle restrictions ensure that liquid is fed into the extruder at 
sufficient pressure to prevent clogging (Schenck et al. 2011). Further reduction of 
feed variability is achieved through the use of the gear-type pumping systems which 
are not subject to significant flow-rate variations seen in other pump designs. Smart 
control systems that are able to assess changes to processing and feed conditions 
can also help to compensate for drift which occurs over extended runs, thereby 
allowing the system to maintain steady state. While not extensively used in 
pharmaceutical applications, gas assisted and supercritical fluid injection have been 
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applied to pharmaceutical processes (Verreck et al. 2006a, b, 2007; Lyons et al. 
2007; Terife et al. 2012). In the case of amorphous solid dispersions, gas assisted 
injection can be used to increase the surface area and increase release of the drug. In 
general, the feedstock will be a gas/supercritical liquid and will use metering and 
injection systems where critical pressures help to add material into the process. 
Applications will also be supported by screw design, where melt seals will be 
formed at various points along the barrel to prevent off-gassing during manufacture.

9.2.3  Melt Extrusion Processing

Production during melt extrusion is a function of formulation and process, each 
playing a key role with substantial interdependence. As a continuous process, melt 
extrusion can be viewed to have two specific operational modes: dynamic and 
steady state. In the dynamic mode, a mass balance will not be achieved leading to 
accumulation. This stage occurs during start-up or major system perturbations and 
represents only a very small sequence of the overall run. The majority of the process 
will be conducted at steady state where a mass balance is achieved and no 
accumulation occurs. While transient processing is difficult to model, steady-state 
operation of extrusion processes has been well described. In addition to the 
engineering principles, the process may also be described from the perspective of 
the formulation based on the drug-substance melting temperature in relation to the 
processing conditions. This section provides fundamental engineering and process 
concepts as related to pharmaceutical production using melt extrusion.

9.2.3.1  Steady-State Processing and Production Feedback

During extrusion operations, several fundamental engineering principles describe 
the behavior of the system. As mentioned previously, most twin-screw melt extru-
sion applications are conducted in a “starve-fed” manner where material addition 
into the system is controlled by the feeder (Thiele 2003). In such cases, the feed rate 
is independent of the extruder screw speed and the rate of material conveyance into 
the extruder is greater than the rate at which material is being provided to the sys-
tem. Establishing a control volume around the process section of the extruder, as 
illustrated in Fig. 9.5, allows for the establishment of a mass balance that accounts 

Control Volume

min = mout

mproduct

mvent

mliquid feed msolid feedFig. 9.5 Steady-state 
control volume for 
hot-melt-extrusion 
operations
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for all possible addition and removal streams from the process. When operating at 
steady state, a mass balance is achieved where the mass into the system is equal to 
that leaving the system.

In the majority of applications, 100 % fill of the extruder will not be achieved 
across the length of the process section (Todd 1995). Most screw elements will be 
starved, with only 100 % fill achieved in the higher-pressure regions leading to 
kneading/mixing elements and the die. High levels of fill will also be achieved in the 
kneading/mixing sections themselves because of the limited conveyance provided 
by these types of elements. As such, one can also define a fill volume within the 
extruder system and can correlate residence time as a function of mass flow rate and 
volume. It is important to note that residence time is not a discrete value but a dis-
tribution which can be described in average or cumulative terms for any fraction of 
material. A hypothetical residence time distribution and cumulative plot are shown 
in Fig. 9.6. For pharmaceutical compounding applications, the residence time and 
corresponding distribution determine the ability to achieve the desired target prod-
uct attributes without excessive degradation of the materials. In some cases, these 
attributes will be defined by the mean residence time t( ) , whereas other applica-
tions, such as heat-sensitive material processing, may best be defined by the time for 
99 % of the material to leave the extruder (t99%). For early development work, one 
can easily manipulate residence time and distribution by changing feed rate and 
screw speed. Changes to screw design, temperature, and formulation can also have 
a substantial impact on residence time distribution and often prove to be useful 
parameters to control during development (Schenck et al. 2011; Todd 1995; Ganjyal 
and Hanna 2002). A summary of these process parameters and the corresponding 
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impact is provided in Table 9.2. For example, increasing screw speed provides for 
moderate reductions in t  but can provide more significant reduction of t99% values 
due to the narrowing of the distribution observed. Alterations to temperature and 
formulation directly impact product viscosity during production, altering the fluid 
dynamics of the process.

Beyond understanding the overall residence time within the system, melt resi-
dence time can play a critical role in product performance. Melt residence time is 
defined as the time during which material exists within the molten state. As material 
enters the system, it displays a specific set of solid-state characteristics and has a 
defined temperature which is generally that of the ambient environment. During con-
veyance from the feed zone to downstream regions within the extruder, mechanical 
energy is imparted into the material along with conductive heat transfer from the 
barrel wall. This energy, 80–90 % of which originates from the energy provided by 
the screws, drives a temperature increase of the material (Rauwendaal 2001). At 
some point along the length of the extruder, the material transitions from solid to 
melt resulting in peak observed shear and a well-delineated change of flow charac-
teristics. This behavior is generally due to one or more of the components melting or 
achieving a temperature greater than the glass transition temperature. At this point, 
material may be considered a melt and the melt residence time begins. It is also at 
this point that the polymer begins to exhibit properties characteristic of a solvent as 

Table 9.2 General impact of process parameters on residence time of melt-extruded products

Effect on residence time

Parameter Magnitude
Variable, RTD 
effect Description

Process length Minor ↓, ↓ Reducing will generally result in shorter 
mean residence time

Mass flow rate Major ↑, ↓ Increasing will result in shorter mean 
residence time

Screw design Major ↓, ↓ Reduced number of mixing/kneading 
section will contribute to shorter mean 
residence time

Screw speed Intermediate ↑, ↓ Increasing will generally mean shorter 
residence and narrow residence time 
distribution

Die opening Minor ↑, ↓ Generally minimal impact. Larger orifice 
will generally reduce residence time. 
Also contributes to lower localized 
temperatures.

Temperature Intermediate ↑, ↓ Increasing will generally lower viscosity 
and reduce residence time. Some 
formulations may thin excessively 
limiting flow

Formulation Intermediate Dependent Formulation determines viscosity and 
which can impact residence time and 
distribution
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a result of lower viscosity and greater molecular mobility. As the molten dissolution 
process begins, drug substance will convert from crystalline to amorphous, defining 
the time zero point for the dissolution process and signaling the point at which mate-
rials begin to become more susceptible to degradation due to the absence of crystal-
line morphology, which can inhibit certain decomposition processes. Exposure to the 
high-energy environment also increases rates at which these reactions occur. It is not 
surprising to see that melt residence time plays an important role in the production of 
high-melting-point compounds and heat- sensitive compounds. In these cases, opti-
mization of barrel temperature can be used to control the size of the melt region 
along the length of the screw. Reducing barrel temperatures in concert with screw 
design and screw speed can increase heat transfer rates from the system and help to 
lower localized temperatures within the process (Todd 1995). At a critical threshold, 
barrel temperature reduction may become too great and result in an inability to pro-
cess or render target product properties.

During manufacture, the majority of energy is imparted due to the mechanical 
input provided by the screw, which manifests itself as shear and viscous dissipation 
of frictional energy resulting in temperature increases. Viewing the extruder process 
section as a stationary boundary and the rotating screw as a moving boundary, the 
shear rate of the molten polymer can be defined as a function of geometry and screw 
speed, as shown in (9.1). Further understanding of the shear stress applied to the 
system is obtained as the product of shear rate and viscosity, described in (9.2). 
Given that the shear rate and shear stress are functions of the clearance geometry, a 
profile will be obtained across the length of the process section as a function of 
elemental design. Detailed knowledge of peak shear and cumulative shear 
experienced during production is necessary for successful process optimization and 
scale-up. Of further importance to the design of the process is the energy input 
imparted by the mechanical mixing process. Termed specific energy input, this is 
defined as the energy input provided by the motor of the system divided by the feed 
rate and is shown mathematically in (9.3). Playing an important role in optimization 
and scale-up, many formulation properties are a function of a minimum specific 
energy input to achieve the desired results. Altering feed rate proportionally to 
screw speed can also allow for increases of throughput without major changes to 
target product properties so long as maximum peak shear does not achieve a critical 
threshold to drive degradation of the formulation.
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In the molten region of the process, the materials behave as viscous liquids and 
as a result of motion and flow restrictions pressure fields build up across the length 
of process section (Lim and White 1994). Pressure increases occur as a function of 
screw design, with mixing and kneading elements that provide minimal conveyance 
and having higher fill yielding greater increases. These pressure differentials provide 
specific function, allowing for separation and sealing of different unit operations 
along the length of the screw. The magnitude of pressure observed is also a function 
of formulation. High-melt-viscosity systems will generate larger pressures at 
equivalent mass flow rates compared to lower viscosity formulations. An example 
of this would be a system based on hypromellose acetate succinate where flow rates 
of 1 kg/h through a 2.5-mm die would result in a pressure of ~600 psi, whereas a 
similar system using copovidone would only yield ~200 psi when processed at 
170 °C. Pressure buildup also results in a localized temperature increase due to 
viscous dissipation which can impact product attributes of heat-sensitive materials. 
The resulting temperature increase due to pressure buildup can be approximated at 
1 °C increase for every 30 psi generated in the system.

After extrusion, material is discharged from the die and cooled using a number of 
different technologies. In most cases, dispersions are cooled by forced air convection 
to room temperature, which can be an effective technique when working with labo-
ratory-scale processes where strand dimensions and linear velocities are relatively 
small. The general process may be expressed by (9.4), noting that h represents the 
convective heat transfer coefficient. When throughputs reach levels where convec-
tive cooling is no longer effective due to equipment geometries or product-specific 
cooling requirements, chill roller technology may be a viable solution. Within the 
chill roller, two or more rolls maintained at definable temperatures press the dis-
charged extrudate to a film of desired thickness. This process serves to increase sur-
face area while also providing direct contact for conductive heat transfer between 
solids. This is analogous to the convective situation; however, h is replaced by the 
conductance of the roller material (U). Generally, conductance values of roller mate-
rials are significantly greater than the coefficients provided by convective systems 
which utilize airflow from fans. Further improving heat transfer rates for chill roller 
systems are the substantially greater surface area and reduced thickness of the film 
when compared to the cylindrical extrudate. Additionally, greater control of tempera-
ture differentials for chill roller systems allows for superior regulation of cooling 
rates which can present unique advantages for post-process treatment where roll 
designs integrate internal flow paths for liquid temperature control which help deter-
mine the heat transfer capabilities of the system.

 
ConvectiveHeat TransferEquation

dQ

dt
hA T To: .= -( )

 
(9.4)

Numerous engineering factors determine the ability to process during melt extrusion, 
with process parameter modifications directly impacting behavior of the system and 
formulation. Development of a robust design space becomes imperative and an 
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understanding of processing ranges should be established at an early stage to justify 
the use of melt extrusion as the production technology.

9.2.3.2  Processing Regimes for Pharmaceutical Melt Extrusion

Pharmaceutical extrusion is conducted to compound a drug substance into a larger 
carrier matrix to enhance product performance. In general, dispersions may be 
classified into three basic types of material, depending on the distribution and physi-
cal state of the active ingredient (Brown et al. 2014; Brough and Williams 2013; 
Van den Mooter 2012). Represented schematically in Fig. 9.7, these states are crys-
talline solid dispersion, amorphous solid dispersion, and amorphous solid solution. 
Crystalline solid dispersions present multiple phases of material, which include a 
discrete crystalline phase and uniquely identifiable carrier phase. Using differential 
scanning calorimetry (DSC), the polymer carrier phase will be identified by a glass 
transition temperature while the melting endotherm of the crystalline drug sub-
stance will also be observed. Amorphous solid dispersions are systems where one or 
more amorphous drug-containing phases are identified. Under this definition, sys-
tems can include formulations ranging from discrete amorphous drug distributed in 
a carrier phase to systems where varying drug concentration gradients in the carrier 
manifest themselves as multiple glass transition temperatures. A specific subgroup 
of amorphous solid dispersions is amorphous solid solution, where the drug sub-
stance is molecularly and homogeneously dispersed within the carrier phase. In 
such systems, a single glass transition temperature is observed. However, one 
should note that the definition provided may be subject to the limitations of the 
quantitative methods used to assess the distribution. For example, DSC methodolo-
gies have detection limitations of approximately 30 nm (Newman et al. 2008). This 
allows for heterogeneity in what is perceived as an amorphous solid solution even 
when distributions of less than 30 nm are present. Analytical technology develop-
ment in the area of dispersion characterization has received substantial attention 
recently and several other technologies have been applied to characterization. 
Techniques such as pair distribution analysis of X-ray diffraction patterns and spec-
troscopic assessment continue to improve resolution of drug distribution within the 

Crystalline Solid Dispersion Amorphous Solid Dispersion Amorphous Solid Solution

Fig. 9.7 Schematic diagram of the different states of a solid dispersion
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formulation (Newman et al. 2008; Tumuluri et al. 2008). Although nano-scale dis-
tributions are different between a dispersion (multiple Tg’s) and a solution (single 
Tg) and a boundary exists between the two systems, which is a function of current 
analytical technology, within the scope of this chapter the term amorphous solid 
dispersion will also include amorphous solid solution. For further discussion on 
detailed analytical methodologies for characterizing amorphous formulations, the 
reader is referred to Sect. 9.3.2.2.

Most pharmaceutical systems currently produced using melt extrusion for 
bioavailability-enhancement applications are performed to create an amorphous 
solid dispersion. This system provides the free energy benefits of an amorphous 
form to increase dissolution rates and solubility while also drawing on the 
molecularly disperse nature of the system to maximize specific surface area at a 
molecular level. During manufacture of solid dispersions, material may be processed 
in one of two distinct regimes (Brown et al. 2014). The first system involves the 
dissolution of the solid drug substance into the liquid-like polymer. The second 
system involves the mixture of two miscible liquids of differing viscosities. The two 
systems can be further divided based on the melting point of the drug substance, the 
extent of melting point depression observed in the presence of polymer, and the melt 
viscosities of the drug substance and polymer (Brown et al. 2014).

According to Brown et al., in the first regime, drug substance is paired with a 
highly viscous or inviscid (less viscous) polymer. Drug substances in this class have 
a high melting point and require energy input to disperse and form a homogenous 
material. The dissolution of the drug can be described in terms of the Noyes- 
Whitney equation given as (9.5) where D is the diffusion coefficient, A the surface 
area of the drug substance, Co is the saturation solubility of the drug substance in the 
polymer, C is the concentration of drug substance in the bulk polymer melt, and h is 
the diffusion boundary thickness. Raising temperatures above the glass transition 
temperature results in greater diffusivity, as described in the Stokes–Einstein 
equation presented in (9.6) where kB is boltzman’s constant, T is temperature, η is 
viscosity, and r is the radius of the drug substance particle. Temperature increase 
also raises the equilibrium solubility of drug in the carrier (Co). This behavior results 
in greater dissolution rates (dM/dt) which can be further increased by providing 
higher levels of shear to the system which drive a decrease in boundary layer 
thickness (h).
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Based on the Noyes-Whitney equation, increasing the surface area of the drug 
substance and reducing the boundary thickness are critical to producing a 
homogenous system. In order to accomplish this, this regime requires high 
processing temperatures and longer residence times. In order to prevent degradation 
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and improve processing conditions, pre-treatment steps can be done. Micronizing 
the drug substance can help reduce processing conditions if it is thermally labile and 
pre-blending drug with polymer can also improve processing performance by maxi-
mizing initial drug/polymer contact.

The second regime is best described by liquid/liquid mixing due to the miscibil-
ity of the drug and polymer as observed by the melting point depression of the drub 
substance in the presence of polymer or due to a low melting point drug substance. 
In the case of the high melting point drug substances in this regime, the drug melts 
below its melting point due to the presence of polymer and this creates two liquids 
(polymer and drug) of varying viscosities in the extruder. The melting point 
depression allows more moderate processing conditions in comparison to systems 
in the first regime. The challenge with this regime is extent of mixing to achieve a 
well dispersed system. Distributive and dispersive mixing are both required to break 
up the droplets of drug substance and fully dissolve the drug substance to form a 
homogenous system. This challenge is reduced with a less viscous polymer. The 
other case in this regime is the lower melting point drug substances which require 
less thermal energy however still require mixing. These systems, both with viscous 
and inviscid polymers result in liquid/liquid mixing. They are the least complex 
cases to process. Lower processing temperatures due to the miscibility and 
plasticizing effect of the drug substance are required and viscosity reduction of the 
polymer is not essential.

Manufacture of a crystalline solid dispersion is performed to reduce particle size 
for increased dissolution rate where the free energy benefit of an amorphous form is 
not required. Such a case may arise for compounds having sufficiently low lattice 
energy that dissolution is not hindered by the crystalline structure or in cases where 
a sufficiently stable amorphous form cannot be generated. These systems may also 
be prepared to provide controlled release functionality to a dosage form. The top- 
down crystalline dispersions, particularly useful for controlled release application, 
are also generated in the solubilization regime; however, the goal is to find materials 
in which the drug has extremely limited solubility (Co ~ 0). Processing conditions 
will also be modified to minimize temperature to lower equilibrium solubility and 
diffusivity, while also providing only sufficient shear to reduce particle size to the 
desired target product property while not imparting excess energy to substantially 
raise localized temperatures or significantly reduce boundary layer thickness. By 
careful identification of nonsolvent materials and optimization of processing 
conditions, it is possible to create crystalline solid dispersions using melt extrusion.

9.3  Formulation Design for Melt Extruded Dispersions

Melt-extruded solid dispersions can contain a number of different materials, each 
serving a specific and necessary role in the formulation. Consisting of drug 
substance, stabilizing polymer, plasticizer or surfactant, melt solubilizer, and 
glidant, selection of component need and level is driven by early preformulation 
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assessment and tuned during the formulation optimization period based on 
manufacturability, bioavailability, and stability of the dispersion system. Utilizing a 
rational design concept, a rapid prototyping approach for the development of melt 
extruded solid dispersions, outlined in Fig. 9.8, can be used to identify lead 
compositions providing desired target properties. Within this path, property mapping 
and molecular modeling concepts are utilized to provide a justification for 
formulation selection leading to prototype development. Prototype formulations 
can then be rapidly screened using small-scale extrusion equipment and evaluated 
for manufacturability, bioavailability enhancement, and stability. This section 
provides a basic understanding of formulation design for melt extruded solid 
dispersions while also describing the current strategies for performance assessment 
to support early formulation development.

9.3.1  Preformulation Assessment to Support Hot-Melt 
Extrusion

Solid dispersion formulation development begins with a detailed preformulation 
evaluation designed to identify the need for an amorphous formulation and the 
viability of melt extrusion as a production platform. Assessment of molecular 
properties, particularly around aqueous solubility, and solid-state properties allows 
one to identify the need for an amorphous form, with solid dispersion formulation 
intervention required for molecules exhibiting low aqueous solubility. Generally, if 
the solubility is insufficient to allow the target dose to dissolve in less than 250 mL, 
the compound may require solubility-enhancement technologies to achieve the 
desired exposure (Amidon et al. 1995). In general, many developmental compounds 
exhibit solubilities several fold below that, clearly delineating the need for an 

Fig. 9.8 Pathway for prototype solid dispersion development
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amorphous formulation. Compounds exhibiting slow intrinsic dissolution rates or 
site-specific absorption may also require solubility enhancement. Once identified as 
a specific need for the compound, a range of more preferred solubility-enhancement 
options are available, including salt formation, polymorph selection, particle-size 
reduction, and pH modification. Each of these options has been utilized more exten-
sively than amorphous dispersions to improve oral bioavailability and also provide 
advantages of greater physical stability and production within conventional phar-
maceutical unit operations. Further information on these processes is provided in 
various chapters of this text. In cases where these options do not provide sufficient 
improvements in solubility, amorphous dispersions become a viable option.

Once the need has been identified, the next step for preformulation characteriza-
tion is to assess the viability of producing a stable solid dispersion. Evaluation of 
solubility parameters, melting point, glass transition temperature, crystallization 
tendency, and lipophilicity can be used to quickly assess viability. Using these 
values, it is possible to project the likelihood of success for an amorphous 
formulation. Development of basic property maps, such as that shown in Fig. 9.9, 
can predict the likelihood of success for the formulations by quickly identifying the 
maximum attainable drug loading and comparing this to the target dose estimated 
from the amorphous form (Friesen et al. 2008).

One quick assessment of the ability of the drug substance to form a stable glass 
dispersion is by the Tm/Tg ratio (Debenedetti and Stillinger 2001; Angell 1995, 2002). 
Values greater than 1.3 indicate that the material is a weak glass and will have a pro-
pensity to recrystallize on storage, while values less than 1.3 indicate a strong glass. 
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Recently, other assessments have been proposed to classify the glass forming ability 
of drugs. The crystallization tendency from an undercooled melt is measured and 
molecules are divided into three separate classes based upon crystallization observed 
during heating/cooling/heating by DSC. Class I molecules are those that recrystallize 
upon cooling and can be divided into two groups, those which can be melt quenched 
to avoid crystallization upon cooling and those that cannot. Class II and III molecules 
are less likely to crystallize. Class II molecules recrystallize upon heating while 
Class III molecules do not exhibit any crystallization (Baird et al. 2010). This system 
can be used to quickly assess the glass forming ability and also how crucial it will be 
when choosing a stabilizing polymer for the system.

Polymers can be evaluated for their ability to stabilize the amorphous form of the 
drug. Extrapolation of proposed solid dispersion glass transition temperature using 
the Gordon–Taylor equation can be used to identify appropriate materials and drug 
loadings capable of facilitating stable product formation while also providing an 
indication of required processing temperatures (DiNunzio et al. 2008). Further 
utilization of the Gordon–Taylor equation can be conducted to identify glass 
transition temperature at varying plasticizer levels to aid in processing and provide 
stability assessment of theoretical formulations based on the rule of 50. Originally 
developed by Zografi and co-workers using the Williams–Landel–Ferry equation 
and experimentally demonstrated using indomethacin, this model describes a solid 
dispersion in terms of molecular mobility as a function of glass transition temperature 
(Yoshioka et al. 1995; Hancock et al. 1998). Theoretically, molecular mobility 
increases as a function of temperature with significant mobility changes observed 
when the temperature is increased through the glass transition point. Zografi’s team 
identified a dispersion Tg 50 °C greater than the storage conditions to sufficiently 
inhibit mobility so as to provide an acceptable product shelf life. While this rule has 
shown validity in many cases, there are also numerous exceptions, showing 
incompatibility when Tg − Tstorage > 50 °C and acceptable stability when 
Tg − Tstorage < 50 °C (Vyazovkin and Dranca 2007). Due to the inconsistencies, molec-
ular mobility remains an active area of research (Dantuluri et al. 2011; Bhardwaj 
and Suryanarayanan 2012). In general, cases of incompatibility in systems having a 
Tg − Tstorage > 50 °C are observed with systems having a high drug loading, a com-
pound prone to rapid recrystallization or a system with only partial miscibility. For 
cases where stability is observed at differentials below the rule of 50, it is most often 
due to a specific intermolecular interaction which results in an elevated activation 
energy for recrystallization. Specific examples of such interactions include amine 
groups interacting with carboxylic acid groups of enteric polymers and hydrogen-
bond donor groups interacting with the carbonyl acceptor group of the vinylpyr-
rolidone polymers.

Solubility parameters provide a measure of cohesive energy density for a material 
and can be used to assess the interaction potential between different formulation 
additives (Greenhalgh et al. 1999). The contributions of dispersive, polar, and 
hydrogen-bonding components of molecular structure are shown in (9.7). 
Differential values between components of less than 7.0 MPa1/2 have been correlated 
with miscibility while values greater than 10.0 MPa1/2 indicated immiscibility. 
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Applying this simple technique allows for rapid screening of candidate dispersion 
polymers related to the drug-substance properties. Further thermodynamic 
evaluation of miscibility and dispersion stability can also be assessed using 
adaptations of the Flory–Huggins model to generate phase diagrams of the solid 
dispersion at varying temperatures and compositions (Marsac et al. 2006; Zhao 
et al. 2011). Small-scale melting-point depression trials can also be used to accu-
rately determine API solubility in the molten polymer as a function of temperature, 
allowing for identification of required processing temperatures and maximum theo-
retically attainable drug loading prior to prototype manufacturing. In these studies, 
physical mixture of drug with small fractions of polymer is prepared and analyzed 
by DSC to identify melting-point depression. By plotting melting- point depression, 
it is possible to determine the Flory–Huggins interaction parameter (χ) and develop 
bimodal and spinodal curves delineating the two-phase region from the homoge-
neous single-phase region. From such phase diagrams, as presented in Fig. 9.10, 
one can identify the required processing temperatures and estimate appropriate 
quench rates required for the development of stable or meta-stable solid disper-
sions. More recently, a method to determine the chemical potential at room tem-
perature was developed. Using solution calorimetry to determine the heat of mixing, 
the solubility of a drug in polymer can be calculated (Marsac et al. 2012).

 
So ilityParameterEquation T d p hlub : .d d d d2 2 2 2= + +

 (9.7)

Beyond formulation selection to achieve a stable and orally bioavailable 
formulation, processability of a melt-extruded system is highly dependent on the 
formulation characteristics. Melt viscosity plays an instrumental role in determining 
the motor load and pressure during manufacture (Schilling et al. 2007). Ongoing 
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research in this area can help develop accurate extrudable temperature ranges for 
each polymer. In one example, the viscoelastic properties of poly(vinylpyrrolidone), 
cellulosic, and polymethacrylates/polymethacrylic acid based polymers were evalu-
ated and the intersection point between the storage modulus and loss modulus (elas-
tic and viscous term respectively) of the polymers was plotted against temperature, 
and the point of intersection, tan δ = 1 noted (Gupta et al. 2014; Meena et al. 2014). 
This point represents the transition of the material to a more liquid-like state indicat-
ing a processable temperature. This method has the advantage of providing a more 
accurate temperature range than glass transition alone. In the case of Soluplus® 
which has a minimum extrusion temperature >10 °C above its glass transition, the 
method found tan δ = 1 at 83 or 13 °C above its glass transition. This method could 
be extended to predict appropriate ranges for drug-polymer systems (Gupta et al. 
2015a). Viscosity of the system is also critical for processes operated in the solubi-
lization regime where lower melt viscosities increase diffusivity and dissolution rate 
of the solid drug particles in the molten polymer. By incorporating plasticizers and 
surfactants into the system, processing temperatures may be lowered to improve 
thermal stability of the system and also aid in the manufacture of solid dispersions 
with high-melting-point compounds. These beneficial aspects of processing are 
often counter-acted by a limitation to physical stability. Although incorporation of 
these additives has been shown to compromise physical stability of susceptible 
amorphous forms, resulting in recrystallization on storage, several commercial 
products contain a surfactant in their formulation (Rosenberg et al. 2012, 2013; 
Liepold et al. 2011).

The two processing regimes presented in Sect. 9.2.3.2 have been further classi-
fied. The Troup Classification System (TCS) is presented in Table 9.3 And divides 
the risk of dispersion production into six classes based on phase attributes that are 
determined from melting temperature, extent of melting point depression, polymer 

Table 9.3 Troup classification system characterizing the risk of dispersion production, adapted 
from Shah, Sandhu et al

Class

Melting 
temp of 
API

Melting point 
depression

Polymer 
system Complexity Phase attributes

I High Negligible Viscous Mixing degradation Solid/viscous 
liquid

II High Negligible Inviscid Mixing degradation Solid/inviscid 
liquid

III High Significant Viscous Mixing Liquid/liquid

IV High Significant Inviscid Mixing Liquid/liquid

V Low N/A Viscous Mixing for extreme 
viscosity ratios

Liquid/liquid

VI Low N/A Inviscid Mixing for extreme 
viscosity ratios

Liquid/liquid
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system rheology, and complexity (Shah et al. 2014). Polymer systems are classified 
as viscous or not viscous. Class I is the most difficult with Class VI being the least 
complex. Many examples in the literature exist covering the extrusion of classes 
IV–VI systems (Verreck et al. 2003; Keen et al. 2014; DiNunzio et al. 2010a, b, c; 
Chokshi et al. 2005), however fewer have been described for the more challenging 
classes I–III (Hughey et al. 2010).

A number of polymeric materials are currently utilized for the production of 
melt extruded solid dispersions and include nonionic and ionic polymers 
(LaFountaine et al. 2015). In most cases, these materials were designed for other 
pharmaceutical technologies and have been applied to melt extrusion, including 
enteric polymers, which are commonly used for coatings, and binders, which are 
commonly used for granulations and compression. While these materials have 
shown sufficient applicability, new materials specifically designed for melt extru-
sion are in development and have recently begun to reach the market. Affinisol™ 
HPMC HME developed by The Dow Chemical Company was recently made avail-
able as an alternative to traditional hypromellose (HPMC) with more desirable 
properties. Cellulosic polymers are typically difficult to extrude due to their high 
melt viscosity and degradation at temperatures where melt viscosity is extrudable. 
Affinisol™ has a lower glass transition temperature range, 117–128 °C than tradi-
tional HPMC’s which have a range of 160–210 °C. This is due to different substitu-
tion architecture of methoxyl and hydroxypropoxyl groups. As a result, it also has 
a significantly lower melt viscosity. With these properties, melt extrusion can be 
performed at a wider range of temperatures and without plasticizers while main-
taining the ability to stabilize an API. The success of Affinisol™ has been recently 
published comparing it to conventional extrusion polymers (Huang et al. 2016; 
Gupta et al. 2015a, b). Ashland®, Inc. has also been investigating another cellulosic 
extrusion grade polymer, HPMCAS. Due to the hydrophobic interactions between 
drug and polymer in solution, HPMCAS is an excellent crystallization inhibitor, 
however current commercial grades have a glass transition of 120 °C and require 
extrusion temperature above 170 °C (LaFountaine et al. 2015). Ashland®’s 
HPMCAS under development has a glass transition closer to 100 °C (Tanno et al. 
2004). By being specifically designed for melt extrusion, these materials provide 
benefits for processing and bioavailability enhancement. A summary of materials 
commonly used for melt extrusion to support bioavailability enhancement is pro-
vided in Table 9.4.

Utilizing basic information gathered from drug-substance characterization, it is 
possible to identify potential solid dispersion materials appropriate for use in 
development. Understanding polymer properties coupled with thermodynamic 
modeling of dispersion properties as a function of temperature and drug loading 
will provide a basis for selection of early prototype formulations. In this manner, 
one can significantly reduce the time required in subsequent development to arrive 
at the optimum dispersion while also conserving valuable drug substance.
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Table 9.4 Commonly used polymers for pharmaceutical melt extrusion

Polymer
Tg 
(°C) Grades Notes

Hypromellose 170–
180

Methocel® E5 • Non-thermoplastic

• API must plasticize

• Excellent nucleation 
inhibition

• Difficult to mill

Modified hypromellose 117–
128

Affinisol® • Designed for melt 
extrusion

15cp, 100cp, and 
4 M

• Broad processing window

• API plasticization not 
required

• Excellent nucleation 
inhibition

Vinylpyrrolidone 168 Povidone® K30 • API must plasticize

Plasdone® K29/32 • Potential for H-bonding

• Hygroscopic

• Residual peroxides

• Easily milled

Vinylpyrrolidone-vinylacetate 
copolymer

106 Kollidon® VA 64 • Easily processed by melt 
extrusion

Plasdone® S630 • No API plasticization 
required

• More hydrophobic than 
vinylpyrrolidone

• Processed around 130 °C

Polyethylene glycol, vinyl 
acetate, vinyl caprolactam graft 
co-polymer

70 Soluplus® • Designed for melt- 
extruded dispersions

• Easily process by melt 
extrusion

• Low Tg can limit stability

• Not of compendial status

• Stable up to 180 °C

Polymethacrylates 130 Eudragit® L100-55 • Not easily extruded 
without plasticizer

Eudragit® L100 • Degradation onset is 
155 °C

• Ionic polymer soluble 
above pH 5.5

(continued)
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9.3.2  Assessing Formulation Performance During Early 
Development

Following identification of appropriate materials and target prototype formulation as 
part of the preformulation exercises, small-scale dispersions will need to be manu-
factured to assess three critical performance areas: manufacturability, bioavailability, 
and stability. While generalizations of solid dispersion performance with respect to 
bioavailability and stability can be inferred from the behavior of systems prepared 
using other methodologies, some variations of physical properties may exist. 
Currently, there is no small-scale method capable of providing the manufacturing 
performance assessment seen during melt extrusion, although new research in this 
area continues (Lauer et al. 2013). With the existing methods, formulation composi-
tions may be erroneously disregarded because of the way they are prepared during 
screening. For instance, the use of ovens or thermogravimetric analysis (TGA) to 
simulate extrusion leads to exaggerated thermal exposure when compared to extru-
sion residence times. Extending heating time can lead to polymer and/or drug degra-
dation (DiNunzio et al. 2010a, b, c). Screening methods, like cyclical DSC, can also 
underestimate the miscibility of a system such as with HPMC that cannot sufficiently 
mix upon heating. Attempts have been made to improve thermal methods by particle 
size reduction and systematically varying heating rates (Sun et al. 2009, 2010; 
Mahieu et al. 2013). Rheometers have been used in place of DSC to induce shear and 
assess the system under stress conditions (Yang et al. 2011). While able to simulate 
stress, they are unable to provide distributive mixing experienced in extruders. Due 
to the restrictions and false predictions accurate development requires the use of 

Table 9.4 (continued)

Polymer
Tg 
(°C) Grades Notes

Hypromellose acetate succinate 120–
135

AQOAT®–L • Easily extruded without 
plasticizer

AQOAT®–M • Process 
temperatures > 140 °C

AQOAT®–H • Ionic polymer soluble 
above pH 5.5 depending 
on grade

AquaSolveTM–L • Excellent concentration 
enhancing polymer

AquaSolveTM–M • Stable to 190 °C 
depending on processing 
conditions

AquaSolveTM–H

Amino methacrylate copolymer 56 Eudragit® E PO • Process 
temperature ~ 100 °C

• Degradation onset 
is > 200 °C

• Low Tg can limit stability
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small-scale extruders to process materials. The miniaturization of the process has 
seen significant development to support pharmaceutical development. Currently, 
systems as small as 3 mm can provide accurate assessments of manufacturing perfor-
mance, allowing for batch sizes of less than 5 g of material. This provides an accurate 
and representative platform for the evaluation of formulation performance while 
conserving a limited early-stage drug supply. Additionally, miniaturization and 
advancement of analytical methodologies allow for small batch sizes to provide use-
ful information about solid dispersion stability and bioavailability (Zecevic and 
Wagner 2013).

9.3.2.1  Manufacturability

After careful selection of a polymer carrier and/or other additives, melt extrusion is 
performed and manufacturability assessed. Instrumentation used to control the melt 
extrusion process provides significant insight into the performance of the 
formulation. Key measurements of torque, temperature, and pressure provide 
information on material flow behavior within the process section. Torque values are 
an indicator of the amount of energy that is being imparted into the materials being 
processed. Formulations exhibiting increased levels may have high melt viscosities 
and require the addition of a plasticizer. In addition to plasticizers, dissolved gases 
like CO2 have been used to reduce the temperature and/or stress required to form a 
homogenous melt (Ashour et al. 2015; Sauceau et al. 2011; Chiou et al. 1985). 
Injection of supercritical CO2 into the extrusion process results in a plasticization 
effect for polymers with high CO2 solubility. The CO2 can be removed following 
extrusion so the resultant glass transition temperature is not depressed and molecular 
mobility is not increased. This provides additional manufacturing advantages since 
the resultant extrudate is typically porous facilitating post-processing steps such as 
milling and improving compression (Sauceau et al. 2011).

In addition to high torque, elevated melt pressure and temperature may also 
provide information about formulation flow while also identifying if die bore cross- 
sectional area is insufficient for the flow rates used in manufacturing. Representative 
information about manufacturing performance can also begin to be characterized, 
which will serve as a basis for later-stage scale-up evaluation. Determination of 
specific energy input and screw design required to achieve target product properties 
establishes the beginnings of an operational design space. Similarly, temperature 
profiles developed at the early stage are translated to larger geometrically similar 
equipment as development progresses.

9.3.2.2  Solid-State Characterization of Melt-Extruded Amorphous 
Dispersions

Assessment of solid dispersion amorphous nature is conducted using at-line 
evaluations and traditional analytical characterization methods. During production, 
amorphous systems frequently form transparent glasses, similar to that shown in 
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Fig. 9.11, which allows for easy identification of residual crystallinity and provides 
a first-line assessment of product attributes. Polarized light microscopy is an 
excellent qualitative technique which can support at-line determination of the 
properties. Further confirmation of amorphous nature is achieved through the use of 
powder X-ray diffraction, DSC, and Fourier transform infrared spectroscopy where 
characteristic markers associated with the crystalline form can be detected. Using 
DSC, a crystalline dispersion will contain both a glass transition temperature 
associated with the polymer phase and melting endotherm of the drug substance. 
This type of dispersion will also be visually opaque at line, allowing for clear 
identification of amorphous and crystalline forms. Similarly, immiscibility of 
formulation additives can result in opacity of the system that will also manifest 
itself in detectable multiple phases by mDSC. In extreme cases of immiscibility, 
visual observations of phase separation may occur at line where phases of different 
viscosity are observed to exit the die region.

While these techniques have general detection limits of ~2–5 % crystalline mate-
rial, method development and optimization can be used to refine these and other 
technologies to detection levels of residual crystallinity to less than 0.1 % w/w 
(Newman et al. 2008). Solid-state nuclear magnetic resonance (ssNMR) can be 
used to achieve limits of detection very low when the drug contains an atom of high 
natural abundance and present only in the drug (Paudel et al. 2014). New techniques 
are being investigated including second-harmonic generation (SHG) or second- 
order nonlinear optical imaging of chiral crystals (SONICC), a type of nonlinear 
optical microscopy. The technique works for chiral molecules which is inherent for 
most pharmaceutical compounds. The selectivity for crystalline drug substance has 
allowed measurements with detection on the order of parts per billion (Wanapun 
et al. 2010, 2011; Kestur et al. 2012). Coupling SONICC with Raman spectroscopy 

Fig. 9.11 Image of amorphous extrudate
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or two-photon fluorescence may provide quicker identification and provide better 
discriminating power (Toth et al. 2012; Schmitt et al. 2015).

Aside from residual crystallinity, amorphous-amorphous phase separation also 
needs to be assessed. Amorphous phase separation can be indicative of an unstable 
system. Detecting amorphous-amorphous phase separation can be very difficult due 
to inherently less sharp analytical signatures of amorphous forms. Frequently, phase 
distribution within the dispersion is achieved with modulated differential scanning 
calorimetry (mDSC), where homogeneity is denoted by a single glass transition 
temperature. This technique has two major limitations. The first limitation presents 
itself when the phase separating materials have glass transitions that are too close 
together. The second limitation arises from falsely characterizing a dispersion as 
homogenous if the measurement itself homogenizes the sample. Within the last 
decade many publications have been published identifying amorphous phase 
separation. Techniques being explored are mathematically transformed X-ray data, 
vibrational spectroscopy, confocal Raman spectroscopy, ssNMR, and AFM 
(Newman et al. 2008; Rumondor et al. 2009). In one example, two samples both 
characterized by a single glass transition and extruded at varied conditions showed 
stability differences (Qian et al. 2010a). Phase separation of the original extrudate 
was detected by Raman spectroscopy. In the case of transformed X-ray data, an 
amorphous X-ray pattern is coupled with pair distribution functions. Newman et al. 
were capable of detecting phase separation of trehalose-dextran and 
poly(vinylpyrrolidone) that was not detected by DSC. In addition to its use in 
detecting trace crystalline materials, ssNMR has recently been employed to detect 
amorphous phase separation (Pham et al. 2010). Atomic force microscopy (AFM) 
provides high spatial resolution and an ability to exam the molecular surface of 
extrudates in a non-destructive manner (Lauer et al. 2013). Pulsed force AFM 
coupled with FTIR demonstrated the ability to detect phase separation in felodipine/
Eudragit® E PO systems (Qi et al. 2011). Recently, AFM was used to detect phase 
separation in copovidone/vitamin E TPGS solid dispersions prepared by melt 
extrusion (Lamm et al. 2015). The authors concluded that lower screw speed 
resulted in phase separation and 600 RPM was required to form one phase.

9.3.2.3  Stability

Further evaluation of the extrudate to predict performance is necessary. Stability 
evaluation of melt extruded solid dispersions is conducted in a similar fashion to 
other types of solid dispersions by placing materials under aggressive storage 
conditions (elevated temperature and humidity) to induce stress on the system. They 
are then evaluated using a battery of qualitative and quantitative techniques. From a 
regulatory perspective, the most aggressive condition the material will see during 
shelf life is storage at 40 °C and 75 % relative humidity. For rapid stability 
assessment, it is recommended to store dispersions at these conditions in an open 
manner to allow the system to reach moisture equilibrium with the environment. 
Since moisture is a potent plasticizer, allowing the system to reach moisture 
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equilibrium with the environment presents a worst-case scenario for storage. Further 
increases of temperature and humidity can provide greater stress on the material but 
may not be representative of the final storage conditions.

Samples can then be evaluated for chemical and physical stability. Chemical 
stability of the dispersion can be performed using conventional analytical techniques 
such as high-performance liquid chromatography, with the specific method highly 
dependent on the properties of the drug substance. Physical stability is assessed by 
a combination of qualitative and quantitative methods aimed at identifying 
recrystallization. Commonly used techniques include those mentioned above for 
initial quality evaluation along with qualitative methods such as polarized light 
microscopy (PLM) and scanning electron microscopy (SEM) to visually identify 
the presence of crystalline materials (Bruce et al. 2007). Owing to increased entropic 
freedom at the surface, molecular mobility at the interfacial regions is greater than 
that in the bulk, facilitating recrystallization on the exterior of solid dispersion 
particles (Zhu et al. 2008; Qian et al. 2010b). Exposure to elevated moisture and 
temperature helps to plasticize the interface and further increase molecular mobility, 
allowing SEM to be used for identification of recrystallization on storage. Similarly, 
PLM can be used to identify crystallized material in the solid dispersion particles. 
Both methods generally tend to be more sensitive than quantitative techniques; 
however, they cannot be used to identify the extent of recrystallization. For this, 
methods mentioned in Sect. 9.3.2.2 are utilized. Storage placement of samples 
under different moisture controls allows for decoupling of moisture and temperature 
effects responsible for recrystallization while also providing the ability to extrapolate 
performance. If moisture absorption is identified as a failure mechanism associated 
with dispersion stability, it may be possible to limit recrystallization with moisture- 
resistant dosage form development or product packaging. Temperature-associated 
failures become more difficult to address; however, in rare cases, they could be 
mitigated through stringent and restrictive storage requirements for the drug product, 
such as maintaining the material under refrigeration.

9.3.2.4  Bioavailability

Amorphous solid dispersions prepared by melt extrusion are undertaken to enable 
drug delivery through improved solubility and bioavailability. During development, 
in vitro characterization of performance is necessary to identify lead formulations 
but conventional techniques are often insufficient to describe the dissolution 
behavior of an amorphous form. Resulting from the amorphous nature, formulations 
exposed to an aqueous environment will rapidly dissolve and drive a supersaturated 
concentration (Brouwers et al. 2009; Alonzo et al. 2010). Nucleation and growth 
will begin to occur, causing precipitation which drives the system to thermodynamic 
equilibrium. As a result of this behavior, a number of different colloidal species will 
be present in solution, many of which will exist below 200 nm, thus limiting the 
ability of conventional analytical technologies to identify species in solution.
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Within current dissolution theory of amorphous formulations, free-drug con-
centration is believed to be the primary contributor to oral bioavailability 
enhancement. Free drug is defined as individual drug molecules dissolved in 
solution without significant complexation to other multi-molecular aggregates. 
Other species present in solution include drug–polymer nano-structures, nano- 
aggregates, free polymer, dissolving solid dispersion, bile salt micelles, and 
larger precipitated aggregates. Each of these species contributes to a pseudo-
equilibrium with free drug in solution, during which time free drug is absorbed 
while the system approaches thermodynamic equilibrium. Formulating solid dis-
persions requires identification of materials capable of maximizing the free-drug 
concentration, while, also extending the duration, elevated concentrations are 
maintained. If supersaturation occurs too rapidly, the particles may nucleate and 
recrystallize. Surfactants have been used in many of the commercial formula-
tions (Rosenberg et al. 2012, 2013; Liepold et al. 2011, 2014). Surfactants can 
influence dissolution rate and ultimately bioavailability (Brown et al. 2014). 
Materials capable of providing such an effect are termed concentration-enhanc-
ing excipients, the majority of which are ionic amphiphilic macromolecules 
which are ionized at intestinal pH (Friesen et al. 2008). From a functional per-
spective, the large molecular weight provides steric hindrance to recrystalliza-
tion while the ionized state prevents aggregation and growth of particles, leading 
to prolonged durations of supersaturation (Friesen et al. 2008; Brouwers et al. 
2009; DiNunzio et al. 2010c). The amphiphilic nature of the material allows 
hydrophilic groups to interact with water, while hydrophobic interactions main-
tain stabilization of the free drug in solution (DiNunzio et al. 2010c).

Once the solubility issue has been overcome, permeability is the next factor to 
address. While a formulation can perform well during in vitro dissolution, it may be 
limited by its permeability. Systems other then amorphous solid dispersions such as 
cyclodextrin complexes or cosolvent systems have shown to suffer from low 
permeability due to the decreased fraction of free-drug in the gastrointestinal tract 
(Dahan et al. 2010; Miller et al. 2012a, b). Amorphous solid dispersions have an 
advantage over these systems (Miller et al. 2012b). Miller et al. showed that 
amorphous solid dispersions enable increased apparent solubility without sacrific-
ing intestinal membrane permeability.

Due to the small size domain of the different species in solution and the varying 
degrees they contribute to bioavailability, analytical technologies used for 
characterization must be capable of separating free-drug from the other species. 
Current free-drug characterization technologies rely on passive diffusion through an 
isolating membrane to assess concentration levels. Dialysis methods and adaptations 
of the parallel artificial membrane permeability assay (PAMPA) have been 
successfully implemented. These techniques utilize membrane cutoffs to ensure 
that higher-molecular-weight material is non-permeable into the receptor 
component, while low-molecular-weight drug molecules are capable of diffusing 
through the system. More accurate than many of the centrifuge and filtration 
counterparts, permeability through the membrane is used to determine free-drug 

A. Haser et al.



413

concentration in the donor compartment. While diffusion techniques provide the 
most accurate assessment, frequently it may be acceptable to use alternate techniques 
as surrogates by measuring total drug in solution, which also includes many of the 
colloidal species. In comparison to conventional sink dissolution testing, these 
methods can be more reliable predictors of in vivo performance.

Another option for screening bioavailability enhancement of melt extruded 
dispersions is the use of preclinical animal models, although physiological 
differences compared to man may limit predictability. These issues can become 
even more challenging for BCS II/IV compounds, where volumes, pH, transit times, 
and membrane permeability may not provide an accurate prediction of formulation 
performance in man. While a detailed discussion of animal models is outside the 
scope of this chapter, it is important to highlight the potential issues of predicting 
oral bioavailability of poorly soluble formulations with preclinical models. One 
example of this variability by species is membrane permeability. In relation to man, 
primate models tend to provide more similar permeabilities than canines. As a 
result, oral bioavailability may be overpredicted in dogs due to higher permeability. 
This behavior may become even more exaggerated in amorphous formulations of 
BCS II and IV compounds.

9.4  Scale-Up and Process Optimization

The development of melt extruded formulations requires the design of compositions 
that facilitates processing, provides appropriate stability, and also enables the 
therapy by yielding greater bioavailability. Formulation additives must provide 
functionality to processing and solubility enhancement. Formulation development 
will begin with a sound preformulation screening and subsequent prototype 
production to identify final compositions through a combination of in vitro and in 
vivo screening. Further optimization ultimately leads to the selection of a final 
formulation that will support commercial manufacturing. This section describes the 
current scale-up and process optimization strategies for melt extrusion processes 
within the framework of quality by design (QBD).

9.4.1  Process Optimization

The initiation of process optimization is largely scale independent and driven by the 
properties of the system being developed. For systems showing process sensitivity, 
such as heat-sensitive materials, there will generally be a need for optimization at an 
earlier stage than that required for a more robust product.

Early-stage process optimization will be conducted either to address issues with 
drug product attributes or to improve production efficiencies. During this time, key- 
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controlled process-independent variables of barrel temperature, feed rate, screw 
speed, and screw design will be modulated to assess the impact to target product 
attributes. Since these variables represent underlying dependent properties of the 
system which are key to functionality of the process, such as melt viscosity, fill, and 
shear rate, significant interactions may be observed requiring a knowledge-based 
approach to development and the use of a statistical design of experiments to better 
elucidate the operational space which is represented schematically in Fig. 9.12. 
Factorial designs capable of being expanded to response surface studies can provide 
a sound methodology for identifying primary control variables as well as optimizing 
their responses around minimization of impurities and maximization of feed rate. 
During this stage, drug product attributes related to both the drug substance and the 
carrier materials will be evaluated. Changes to production properties have been dem-
onstrated to have a substantial effect on excipient properties as well. One also notes 
that residence time is coupled with feed rate which will drive a general reduction of 
chemical impurities as throughput increases. For amorphous dispersions produced in 
the solubilization regime, the reduction of residence time may be brought to a critical 
point where residual crystalline material exceeds the allowable limits of the process 
or the homogeneity of the dispersion is not achieved. For systems developed in the 
miscibility regime, they will primarily suffer from distribution limitations. This illus-
trates the critical balance that must be achieved during optimization to achieve design 
product rates and product properties. When production rates cannot be maximized to 
the desired throughputs while yielding the required product attributes, scale-up will 
be triggered to support continued development.

Temperature (�C)

Time (s) Shear (γ)

Residual

Crystallinity
Degradation

Fig. 9.12 Representative diagram of design space for hot-melt extrusion
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9.4.2  Scale-Up of Extrusion Operations

The need and rate of scale-up will largely be driven by drug product demand to support 
clinical trials, noting that the continuous nature of extrusion does not provide a batch 
size limitation but rather a product throughput limitation. While the authors have pro-
vided several other references for detailed melt extrusion optimization and scale-up 
procedures (Steiner 2003; Schenck 2010; Todd 1995; Dreiblatt 2003), this section 
summarizes the key aspects of the development for pharmaceutical applications.

Scale-up is typically encountered during phase III and product launch as pro-
duction rates grow beyond 10 kg/h. Other than the equipment itself, changes to 
how the material is fed and the number of unit operations during extrusion may be 
different. For instance, powder blends may be fed separately without blending. 
Polymer may be dried during extrusion adding devolatilization steps and subse-
quent barrel zones or length to the process. Due to lower barrel surface area in 
larger extruders, venting, devolatilization, heat transfer, and distributive mixing 
become more difficult. Also, due to an increase in shear rate from a faster rotational 
speed, product temperature increases are observed (Brown et al. 2014).

Basic scale-up of the extrusion equipment is achieved using geometrically simi-
lar extruder designs between scales. Geometric similarity is achieved by providing 
the same number of divisions per kilogram of material to ensure representative 
distributive mixing while also maintaining the shear stress rate per kilogram of 
material to match the dispersive properties of the system. Several key scale factors 
are throughput, specific energy input, and free volume. Free volume is the space 
between the screws and the barrel. One strategy applied to scale-up equipment is to 
maintain the mass throughput-to-free volume ratio. Using this strategy the specific 
mechanical energy, product temperature at extruder exit, fill volume, residence time 
distribution, and mixing rotations will remain unchanged (Tadmor and Gogos 2013; 
Brown et al. 2014). As such, mass flow rates within the system will scale as the cube 
of the diameter ratio of the extruder, shown in (9.8). Maintenance of specific 
mechanical energy between scales will yield comparable dispersions between 
scales, provided geometrical similarity of the equipment is maintained. Further 
optimization of the process upon scale-up can be achieved by increasing feed rate 
and screw speed proportionally to maintain specific energy input, although care 
must be taken to ensure that peak shear rates at higher screw speeds do not adversely 
impact product attributes. For more detailed information and additional scale-up 
strategies, the reader is directed Brown et al. 2014.
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In support of early development, basic process optimization around key control-
lable independent process variables can be used to deliver target product properties 
of the solid dispersion. Balancing throughput and energy input considerations can be 
used to provide a knowledge-based approach to development, while a DOE-based 
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approach can yield greater information about the interaction of process parameters. 
Furthermore, scale changes can be accommodated using a series of relatively simple 
principles, provided geometric similarity is maintained. While these rules will help 
to work within the design space, they do not ensure a fully optimized production 
process, which can only be achieved through the implementation of a more rigorous 
QbD approach, implementing process analytical technology (PAT).

9.4.3  QbD and PAT for Melt Extrusion Processes

Early development approaches provide useful fundamental strategies for address-
ing process limitations; however, the complex interaction of dependent properties 
which govern the extrusion process requires rigorous approaches to fully optimize 
the manufacturing process to maximize the production value. Examination of the 
process shows that a number of factors contribute to the final product attributes, 
each of which requires in-depth consideration and unique approaches to assess 
their impact. Represented schematically in Fig. 9.13, these properties can be clas-
sified into three general types (formulation, equipment, and process) which con-
tribute to the behavior of key dependent variables within the system. For successful 
optimization, the ability to decouple and describe key process-dependent variables 
from the process independent controls to accurately describe behavior of the sys-
tem is necessary. The complexity of the task and the amount of data generated 
during such an undertaking also make the application of PAT a necessity to support 
the optimization. Application of in-line PAT technology allows for accurate real-
time monitoring of chemical compositions which can be provided by multiple 
independent feed streams. Real-time oscillations associated with system perturba-
tions can be accurately monitored and modeled to ensure that sufficient dampening 

Melt Extrusion

Formulation
-Solubilization Capacity

-Melting Point
-Viscosity

-Moisture Content
-Density & Physical State

Equipment
-Feeder Type

-Screw Configuration
-Process Length
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-Barrel Temperature

-Vacuum
-Cooling Rate

Fig. 9.13 Diagram of melt-extrusion-process properties

A. Haser et al.



417

is provided by the system to account for natural process variations. Step change 
modifications to feed rates of different components can be used to identify process 
response factors, while pulsed component inputs can be used to determine resi-
dence time distributions. Computational and mathematical modeling of the system 
based on reaction kinetics models of CSTRs and PFRs can then be used to interpo-
late performance within the ranges of the studied design space. Continued applica-
tion of PAT in routine production also assists in the identification and isolation of 
out-of- specification material, which results from unanticipated system perturba-
tions. In the future, this may also lead to the real-time release of material from in-
line measurements during production. For a more comprehensive review of 
applications of QBD and PAT to melt-extrusion process development, the reader is 
referred to Schenck et al. 2011.

9.5  Case Studies

Many drug discovery pipelines contain a majority of compounds with limited 
solubility that require formulation intervention to improve delivery. Over the last 
decade, many new products have been developed utilizing solid dispersion 
technology to improve bioavailability. This section details several of the most recent 
developmental and marketed products using hot-melt extrusion to enable therapeutic 
performance.

9.5.1  Amorphous Solid Dispersions

The last decade has seen the approval of multiple commercial products made by 
extrusion. Abbvie and Merck & Co. have both had approvals and continue to 
develop poorly soluble compounds with extrusion. Abbvie acquired Meltrex® 
extrusion technology from Soliqs in 2001 and adapted it to commercialize multi-
ple amorphous solid dispersions (Thayer 2010). Merck & Co. has also utilized 
melt extrusion to address the poorly water soluble compounds in its pipeline 
including approval of an insomnia treatment and multiple compounds in develop-
ment most notably the next generation cholesteryl ester transfer protein inhibitor 
(Martin 2016).

9.5.1.1  AbbVie

AbbVie applied the Meltrex® technology to their human immunodeficiency virus 
(HIV) drugs Norvir® and Kaletra®. HIV affects nearly 0.6 % of the world’s 
population. Many of these therapies are classified as BCS IV compounds due to 
extensive metabolism and poor aqueous solubility (Rosenberg et al. 2012). 
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Intervention addressing both of these limitations is necessary when addressing oral 
bioavailability of BCS IV compounds.

AbbVie’s single HIV compound, ritonavir, exhibits low aqueous solubility and a 
tendency to crystallize. Two polymorphic forms were identified; form II was the 
higher-energy form and provided a solubility benefit but also presented a potential for 
conversion to the lower-energy form over time. Norvir® was originally developed as a 
liquid-filled capsule formulation containing ritonavir form II. The product received 
approval and was marketed for a short period of time before form conversion of the 
unstable drug substance was observed (Bauer et al. 2001). Due to the conversion, bio-
availability of the product was reduced which required a product recall and ultimate 
reformulation. Meltrex® technology was used to achieve a stable amorphous solid dis-
persion in the reformulation. It consists of ritonavir, Kollidon® VA 64, and a surfactant 
(Rosenberg et al. 2012). The release mechanism is extended type, which presents the 
drug as a nanoparticle dispersion capable of maintaining supersaturation and increas-
ing oral bioavailability (Kanzer et al. 2010; Tho et al. 2010; United States Pharmacopeia 
and National Formulary (USP 38-NF 33) 2015). Through the use of this technology, 
issues of form conversion have been eliminated while also providing patients with a 
more robust dosage form which does not require refrigeration to maintain stability.

Similar to Norvir®, first-generation Kaletra® was formulated as a soft-gelatin cap-
sule which required frequent multiple-unit administration and refrigerated storage 
temperature to maintain stability. Kaletra®, a combination product containing lopina-
vir and ritonavir, addresses the metabolic conversion of the target moiety with the 
inclusion of a secondary component to inhibit or saturate conversion pathways in 
vivo. This strategy, commonly referred to as a “booster,” allowed for improved lopi-
navir levels with the incorporation of ritonavir as a booster (Breitenbach 2006). 
Despite the clinical advantages, ritonavir exhibited heat sensitivity which challenged 
dispersion production by melt extrusion. Applying patented screw elements and 
designs, shown in Fig. 9.14, to minimize localized temperature buildup and resi-
dence time, it was possible to reduce impurities (Kessler et al. 2009). The final dos-
age form consists of 4 % ritonavir, 17 % lopinavir, 78 % Kollidon® VA 64, 7 % Span 
20 as a surfactant, and 1 % colloidal silica (Rosenberg et al. 2013). Through careful 
consideration of the solid-state properties, engineering aspects of melt processing, 
and also bioavailability considerations, it was possible to design a solid oral dosage 
form capable of providing the benefits of soft-gelatin capsule systems with improved 

Fig. 9.14 Novel screw designs for production of Kaletra® solid dispersions
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stability aspects and size properties to enhance patient compliance. Kaletra® repre-
sents a successful melt-extruded dosage form to address solubility limitations.

AbbVie’s Meltrex® technology was also used in the development of Onmel®, a 
second generation itraconazole dosage form. Marketed as Sporanox®, the initial 
dispersion is prepared by an organic solvent drug layering process of itraconazole 
and hypromellose (HPMC) onto sugar spheres (Gilis et al. 1997). The material is 
then surface coated with a protective layer of polyethylene glycol, dried, and 
metered into gelatin capsules to provide a finished dosage form. Although able to 
provide improved oral bioavailability, the product still exhibited variable absorption 
and substantial food effect, requiring patients to eat a meal before taking the cap-
sules. Instead, in Onmel®, itraconazole is extruded with HPMC (40 % itraconazole, 
60 % HPMC) to produce a stable amorphous solid dispersion that eliminated the 
food effect (Baert et al. 2003). Plasma levels in fasted healthy volunteers were mea-
sured after administering Sporonox® capsules and the melt- extruded formulation, 
Onmel®. The AUC of the extruded formulation was 2.3 times greater than the 
Sporonox® capsules (Baert et al. 2003).

In 2014, another therapy in the antiviral category was approved by the FDA, 
made by AbbVie. The race to find a cure for hepatitis C virus (HCV) began in the 
1990s and has recently been a much debated topic following the approval of multiple 
HCV drugs with >94 % cure rate (PhRMA Foundation 2014). Like HIV, complete 
and efficient removal of the virus requires multiple inhibitors. AbbVie has developed 
an oral tablet that contains all three drugs, ombitasvir, paritaprevir, and ritonavir 
(Miller et al. 2015). These drugs are all practically insoluble in water limiting their 
absorption and bioavailability (Liepold et al. 2011, 2014; Rosenberg et al. 2012). 
Early in development, ombitasvir and paritaprevir were manufactured using spray 
drying (European Medicines Agency (EMA) 2014). However, a solvent free process 
was preferred so melt extrusion was employed. An in vivo study was performed to 
compare the relative bioavailabilities of ombitasvir and paritaprevir prepared by 
both processing techniques, and a higher Cmax and AUC was observed from the 
extruded formulation for both drugs (European Medicines Agency (EMA) 2014). 
Each active is extruded individually to form three separate solid dispersions that are 
combined into a single dosage form (Liepold et al. 2011, 2014). This manufacturing 
technique allows for the challenges of each active to be addressed independently. 
Additionally, melt extrusion eliminated the need for secondary drying and other 
post processing steps required for solvent-based techniques. The final formulation 
of each extrudate contains Kollidon® VA 64 and a surfactant, in addition to the 
amorphous form of the active (Liepold et al. 2011, 2014; Miller et al. 2015; 
Rosenberg et al. 2012).

AbbVie has another candidate made by extrusion progressing in their pipeline 
(LaFountaine et al. 2015; Birtalan et al. 2012). The oncology compound, veneto-
clax, is in phase III with an expected approval by 2017 (Humphreys 2016). A 
major hallmark of cancer is the evasion of apoptosis (Hanahan and Weinberg 
2000). One of the primary ways that cancer cells evade apoptosis is by up-regula-
tion of anti- apoptotic proteins of the Bcl-2 family. The small molecule in develop-
ment has shown to successfully suppress Bcl-2 proteins, preventing tumors from 
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evading apoptosis. The aqueous solubility and bioavailability of the small mole-
cule is very low therefore, a solubility enhancing technology was necessary to 
improve oral bioavailability and achieve a therapeutically effective dose (Birtalan 
et al. 2012). In order to overcome these challenges, venetoclax, is extruded with 
Kollidon® VA 64 and surfactant (Birtalan et al. 2012). Variables considered during 
development were surfactant level, drug load, extrusion temperature, and appear-
ance of the extrudate. Dispersibilities of the compound from formulations pre-
pared with varied surfactants and levels were screened by dispensing 25 mg 
equivalent of granules in 75 mL of 0.1 N HCl at 37 °C. Samples were taken at 
predetermined time points and analyzed by HPLC. Vitamin E TPGS at 7 % was 
capable of fully dispersing the API at 10 % loading while the same level of 
Tween80 was capable of fully dispersing 12 % API. A temperature of 150 °C was 
required to produce a clear extrudate at 7 % surfactant level. The lead formulation 
(12 % API, 80 % Kollidon® VA 64, 7 % Tween 80, and 1 % Aerosil) was tested in 
a canine model against a reference lipid formulation. Plasma concentrations 
obtained from the solid dispersion surpassed the lipid formulation by 61 % 
(AUC0–∞ of 205.7 and 127.6 μg · h/mL respectively). In a Phase 1 study a twofold 
higher than predicted AUC of 58 μg · h/mL was observed proving the ability of 
melt extrusion to enhance the bioavailability of venetoclax. Venetoclax is an 
excellent example of melt extrusion being used in a new therapeutic area high-
lighting its versatility and continued need (Birtalan et al. 2012).

9.5.1.2  Merck

Merck is another large pharmaceutical company that uses melt extrusion to improve 
bioavailability and commercialize poorly water soluble compounds. Their first 
product of this type approved was Noxafil®. Noxafil® consists of posaconazole, a 
weakly basic triazole antifungal that exhibits pH-dependent solubility. Without 
intervention, the drug dissolves in acid conditions but rapidly precipitates in the 
upper small intestine. Using a conventional suspension formulation (first generation 
Noxafil®), the formulation exhibits highly variable bioavailability with a substantial 
food effect. In addition to the solubility issues, posaconazole also exhibits significant 
degradation at temperatures above 160 °C, creating a challenge for extrusion (Fang 
et al. 2009). However, a formulation was designed in which the molten polymer 
(HPMCAS) solubilizes posaconazole below its melting point. This eutectic behavior 
allows for production of the material at reduced temperatures to improve the stability 
of the drug. The resulting formulation exhibits enteric protection of the formulation 
thus preventing recrystallization in the small intestine. Results showed limited dis-
solution occurred in the acidic environment. Following pH change, substantial dis-
solution and supersaturation occur which provide more efficient targeting of the 
small intestine. The melt-extruded formulation was compared to the suspension at a 
100 mg dose in a crossover study in healthy volunteers examining fed-state and 
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fasted-state plasma profiles. The results, presented in Fig. 9.15 show substantial oral 
bioavailability improvements with reduced food effect.

Following the approval of Noxafil®, Belsomra®, a treatment for patients suffer-
ing from insomnia was approved. Belsomra® was commercialized based on extru-
sion of the active suvorexant, which is a BCS II drug due to its poor solubility in 
water. In order to achieve supersaturation and increase bioavailability of suvorex-
ant, Merck scientists used a pH independent polymer, Kollidon® VA 64 to reduce a 
delayed Tmax (food effect) seen with pH dependent polymers (Harmon and 
Variankaval 2015). In addition to food effects, during development it became appar-
ent that tablet compression had a significant impact on the disintegration time of 
suvorexant tablets thus affecting dissolution and potentially absorption (Kesisoglou 
et al. 2015). During a Phase I study, tablets prepared at four different hardness levels 
(0.8, 22.1, 32.0, and 38.1 kPa) were evaluated and a correlation between dissolution 
and disintegration with pharmacokinetics was obtained (Multiple Level C IVIVC). 
Figure 9.16 shows the average dissolution curves of the tested batches used in the 
study. The data shows clear differentiation in the tablets despite all but Batch E 
being fully dissolved by 60 min in line with their immediate release properties. 
Harder tablets had slower dissolution. Disintegration of the tablets took from 5 to 
30 min, increasing with increasing tablet hardness, contributing to the differences in 
dissolution.

The plasma concentration profiles over time for the four test batches are pre-
sented in Fig. 9.17. The AUC0–∞ was approximately the same for all batches how-
ever, the observed geometric mean Cmax for the higher hardness batches (D and E) 
were ~13–14 % less than the Phase III formulation (C) with the lowest hardness 
batch (A) having the highest Cmax.
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In addition, Anacetrapib, a cholesteryl ester transfer protein inhibitor (CETP) 
with poor aqueous solubility is being developed using extrusion (Krishna et al. 
2011). The competitive market in this therapeutic area has been reduced with Pfizer 
backing out after adverse events including heart failure and increased rates of angina 
were observed during a long-term ILLUMINATE trial. Hoffman-La Roche also ter-
minated their CETP program when Phase III trials failed to show clinically mean-
ingful efficacy. CETP’s are challenging to deliver because of their lipophilicity 
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and chemical instability of the amorphous form in solid state. Merck has proven the 
success of anacetrapib in a preclinical study using Rhesus monkeys. Developmental 
formulations were prepared using spray drying and melt extrusion (Geers et al. 
2010). Melt-extruded formulations consisted of Kollidon® VA 64 and surfactants at 
levels up to 15 %. Dosage forms were evaluated in comparison to crystalline drug- 
substance formulations and spray-dried dispersion formulations made with 
HPMCAS. Summary data from the preclinical evaluations are provided in Table 9.5 
(Geers et al. 2010). Melt-extruded solid dispersions using Kollidon® VA 64 and 
Vitamin E TPGS provided superior bioavailability and reduced variability com-
pared to the spray-dried dispersion product, while increasing oral bioavailability by 
almost threefold when compared to the crystalline formulation. The program is 
reportedly in a 30,000 patient Phase III study expected to conclude in early 2017. If 
approved, anacetrapib would represent another product relying on melt extrusion to 
enhance drug product performance (LaMattina 2015).

9.6  Summary

Over the last quarter century, tremendous transition has been observed in the phar-
maceutical industry resulting from technological advancements yielding more com-
pounds with less solubility, a need for innovative and integrated drug products to 
provide true intellectual property protection while also experiencing global auster-
ity to drive the implementation of cost-effective manufacturing platforms. 
Fortunately, melt extrusion has emerged as an innovative solution within the industry 
that is supplemented by over a century of technological achievements in other 
theaters. While perceived by many to be a recent development for pharmaceuticals, 
the first marketed melt extruded drug product using melt extrusion reached the mar-
ket in 1981 with subsequent products developed periodically over the last 30 years. 
As summarized in Table 9.6, the number of programs publically disclosed have 
increased substantially as a result of the different industry pressures and certainly 
many more programs are currently undisclosed within development. One also notes 
that these programs span a range of applications which includes the use of melt 
extrusion to replace conventional technologies to advanced drug delivery systems. 
Regulatory initiatives and cost constraints will also utilize the continuous nature of 
the process to help shape drug delivery in the twenty-first century.

Table 9.5 Preclinical oral bioavailability of anacetrapib solid dispersions

Metric
Crystalline 
capsule SDD capsule HME tablet

Drug loading in dosage form 5.0 % 8.8 % 12.0 %

Stabilizing polymer None HPMCAS-LF Copovidone

Surfactant 5 % SDS None 6 % Vitamin E TPGS

Cmax (mM) 0.04 ± 0.03 0.12 ± 0.08 0.13 ± 001

Tmax (h) 18.7 ± 9.2 6.7 ± 2.3 6.7 ± 1.2

AUC0–24 (mM∙h) 0.67 ± 0.032 1.99 ± 1.10 2.29 ± 0.21

9 Melt Extrusion



424

Table 9.6 Currently marketed and developed drug products using hot-melt extrusion

Product Indication
HME 
purpose Company

Approval 
Stage

Lacrisert (HPC Rod) Dry eye 
syndrome

Shaped 
system

Merck Marketed

Zoladex (Goserelin 
Acetate Implant)

Prostate cancer Shaped 
system

AstraZeneca Marketed

Implanon (Etonogestrel) Contraceptive Shaped 
system

Merck Marketed

NuvaRing® 
(Etonogestrel, Ethinyl 
Estradiol)

Contraceptive Shaped 
system

Merck Marketed

Orzurdex® 
(Dexamethasone)

Macular edema Shaped 
system

Allergan Marketed

Dapivirine, Maraviroc, 
BMS793, CMPD167

Anti-viral Shaped 
system

Particle sciences Development

Palladone™ 
(Hydromorphone HCl)

Pain Controlled 
release

Purdue pharma Withdrawn 
(dose 
dumping)

Nucynta (Tapentadol) Pain Controlled 
release

Depomed Inc. Marketed

Opana ER 
(Oxymorphone HCl)

Pain Controlled 
release

Endo 
Pharmaceuticals

Marketed

Eucreas® (Vildagliptin, 
Metformin HCl)

Diabetes Melt 
granulation

Novartis Marketed

Zithromax® 
(Azythromycin)

Anti-biotic Melt 
congeal 
(Taste 
masking)

Pfizer Marketed

Gris-PEG (Griseofulvin) Anti-fungal Crystalline 
dispersion

Pedinol 
Pharmacal

Marketed

Rezulin (Troglitazone) Diabetes Amorphous 
dispersion

Wyeth Withdrawn 
(API toxicity)

Norvir® (Ritonavir) Anti-viral 
(HIV)

Amorphous 
dispersion

AbbVie Marketed

Kaletra® (Ritonavir/
Lopinavir)

Anti-viral 
(HIV)

Amorphous 
dispersion

AbbVie Marketed

Viekira pak (Ombitasvir, 
paritaprevir, ritonavir, 
dasabuvir)

Anti-viral 
(HCV)

Amorphous 
dispersion

AbbVie Marketed

Belsomra (suvorexant) Insomnia 
treatment

Amorphous 
dispersion

Merck Marketed

Noxafil® (Posaconazole) Anti-fungal Amorphous 
dispersion

Merck Marketed

Onmel® (Itraconazole) Anti-fungal Amorphous 
Dispersion

Merz North 
American, Inc.

Marketed

Anancetrapib Cardiovascular 
disease

Amorphous 
dispersion

Merck Development

Venetoclax Oncology Amorphous 
dispersion

AbbVie Development
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Method Capsule 1
Characterizing drug solubility using quantitative preformulation techniques.

Based on the method reported by Suwardie et al. (2011).

Objective

• To determine the melt solubility of acetaminophen in polyethylene oxide using 
rheological properties of the materials.

Equipment and Reagents

• Acetaminophen
• Polyethylene oxide (MW ~ 100,000)
• Oscillatory rheometer (Rheometric Mechanical Spectrometer RMS-800)
• Capillary rheometer
• Differential scanning calorimetry (DSC Q-100)

Method

• Measure dynamic viscosity of a series of acetaminophen drug loadings (0, 10, 
20, 30, 40, and 50 %) at fixed temperatures (80, 100, 120, and 140 °C).

• Measure steady viscosity of a series of acetaminophen drug loadings (0, 10, 20, 
30, 40, 5, and 0 %) at fixed temperatures (80, 100, 120, and 140 °C). Drug 
loadings of 40 and 50 % only evaluated at 120 and 140 °C.

• Measure thermal behavior of formulations using a heat–cool cycle from 0 to 
100 °C at 10 °C/min.

Results

• Viscosity curves as a function of drug concentration showed a “V”-shaped 
inflection that indicated the solubility of drug in molten polymer.

• Increasing stress rates showed a reduction in method sensitivity which indicated 
that testing for melt solubility should be conducted at low shear.

• High shear conditions were more representative of extrusion conditions and should 
be studied to evaluate formulation performance under extrusion conditions.

• Small-scale viscosity measurements can be an effective method for evaluating 
drug solubility in the molten polymer to conserve drug substance in early 
development.
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Method Capsule 2
Dissolution behavior of solid dispersions.

Based on the method reported by Alonzo et al. (2010).

Objective

• To study the supersaturated dissolution behavior of felodipine and indomethacin 
solid dispersions prepared by thermal processing.

Equipment and Reagents

• Felodipine
• Indomethacin
• Hypromellose
• Hypromellose acetate succinate
• Polyvinylpyrrolidone K29/32
• Polarized light microscopy
• Raman spectroscopy
• UV spectroscopy

Method

• Solid dispersions were prepared by melt mixing at temperatures 10 °C above the 
drug-substance melting temperature and quench cooling. Material was then 
cryogenically milled to less than 300 μm.

• Nonsink dissolution was performed pION m-Diss Profiler at pH 2 for 
indomethacin.

• Polarized light microscopy, powder X-ray diffraction, and Raman spectroscopy 
were used to investigate recrystallization behavior of solid dispersions in the 
aqueous environment.

Results

• Amorphous formulations were prepared by melt mixing and quenching.
• Analysis of aqueous slurries showed rapid crystallization of amorphous drug 

substance which was inhibited by the presence of polymeric additives to the 
formulation.

• Nonsink dissolution illustrated the ability to supersaturate the aqueous 
environment.

• Polarized light microscopy showed how crystal growth occurred in supersaturated 
solutions and could be inhibited by the presence of polymeric additives.
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Method Capsule 3
Evaluation of processability of modified HPMC, Affinisol™ for extrusion.

Based on the method reported by Gupta et al. (2015b).

Objective

• To assess the extrudable window for modified HPMC (Affinisol™) as compared 
to traditional HPMC and Copovidone.

Equipment and Reagents

• Affinisol™ HPMC HME (15LV, 100LV, and 4 M)
• Methocel™ K100LV
• Copovidone (Kollidon® VA 64)
• Differential Scanning Calorimeter
• Thermal gravimetric analyzer
• Discovery hybrid rheometer-2 (DHR-2)

Method

• Perform thermal gravimetric analysis to identify polymer degradation window 
Perform modulated differential scanning calorimetry to identify polymer Tg.

• Evaluate viscoelastic properties of polymers with rheometer at various 
temperatures and shear rates.

Results

• No polymers experienced significant degradation until 220 °C.
• The Tg of the Affinisol™ polymer (103 °C) with comparable MW to Methocel 

E5 was approximately 70 °C lower than the Tg of Methocel E5 (170 °C).
• Kollidon® VA 64 had higher viscosity below 150 °C than Affinisol™ polymers, 

but lower viscosity >150 °C.
• Affinisol™ polymers showed broader range of processing temperatures for 

extrusion due to significant drop in viscosity with shear.
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Method Capsule 4
Use of pressurized CO2 as plasticizer and foaming agent for preparation of 
amorphous solid dispersion by melt extrusion.

Based on the method reported by Ashour et al. (2015).

Objective

• To use pressurized CO2 to reduce extrusion temperature and improve post 
processing properties of extrudate while maintaining performance.

Equipment and Reagents

• Ketoprofen
• Hydroxypropyl cellulose (HPC)
• Differential scanning calorimetry
• Thermo-Prism 16-mm Hot Melt Extruder
• Comminuting mill
• Manual tablet press

Method

• Extrude ketoprofen/HPC blends with and without pressurized CO2.
• Confirm ketoprofen/HPC extrudates are amorphous by DSC.
• Mill granules and compress to tablets.
• Evaluate friability and hardness of tablets prepared with both extrudates.
• Perform dissolution using USP type II apparatus with 1000 mL 0.05 M phos-

phate buffer pH 7.4 and analyze with HPLC.
• Assess crystallinity of extrudates with and without CO2 injection by DSC after 3 

months storage at 25 °C/60%RH.

Results

• Extrudates without CO2 injection were denser and characteristically difficult to 
mill while extrudates with CO2 injections were porous and readily milled.

• Injection of CO2 reduced extrusion processing temperature by ~30 °C.
• Foamy extrudates had better compressibility and binding properties.
• Dissolution of both extrudates was comparable after tableting.
• All extrudates remained amorphous throughout stability study.
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Method Capsule 5
Melt extruded solid dispersions for improved oral bioavailability.

Based on the method reported by Miller et al. (2008).

Objective

• To investigate the use of high-molecular-weight stabilizer to improve oral 
bioavailability of itraconazole.

Equipment and Reagents

• Itraconazole
• Eudragit® L100-55
• Triethylcitrate
• Carbomer 974P
• Haake Minilab II

Method

• Formulations containing 33 % itraconazole, Eudragit® L100-55 plasticized with 
20%w/w triethyl citrate and varying levels of Carbomer 974P were prepared by 
hot-melt extrusion at 130 °C.

• Extrudate milled and screened to a particle size of less than 250 μm.
• Nonsink dissolution testing was performed using a two-stage acid–phosphate 

buffer pH 6.8 using USP apparatus II.
• Bioavailability enhancement of formulations was evaluated using male Sprague- 

Dawley rats at a dose of 30 mg/kg.

Results

• Melt extruded material was successfully prepared using the Haake Minilab II, 
yielding amorphous formulations that exhibited multiple Tg’s associated with 
the solid dispersion and the Carbomer phase.

• Nonsink dissolution showed that Carbomer reduced the rate of dissolution and 
also extended the duration of supersaturation, with the most effective level being 
observed at 20 % w/w.

• Oral bioavailability was improved with the 20 % Carbomer formulation and also 
exhibited a significant reduction of variability.
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Chapter 10
Spray-Drying Technology
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Abstract This chapter provides an in-depth review of spray-drying technology and 
its application to the formulation of poorly water-soluble drugs. In the early part of 
the chapter, the fundamentals of the process are discussed, including process theory, 
process components, equipment options, equipment by scale, various feeds, and 
typical solvent systems. In the latter part of the chapter, the application of spray 
drying to the formulation of poorly water-soluble drugs is discussed. Particular 
emphasis is given to spray drying for amorphous solid dispersion systems. The path 
toward developing an amorphous spray-dried dispersion and conversion to a final 
dosage form is covered in detail. Additionally, several academic and industrial 
examples are presented, illustrating the benefits of the process as a formulation 
technology and its commercial viability. Finally, the application of spray drying, 
inhalation, and emerging applications—i.e., spray congealing and micro- 
encapsulation are reviewed. This chapter provides comprehensive coverage of the 
spray-drying process and its uses as a formulation technology toward the 
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10.1  Background

At its essence, spray drying is a continuous means of extracting dry solids from a 
fluid by evaporation of the carrier liquid. By this process, one can start with a 
solution, suspension, slurry, emulsion, low-viscosity paste, or the like and covert 
it into a freely-flowing powder in a single step (Celik and Wendel 2005). One of 
the earliest descriptions of a spray-drying process was published in 1872 in Unites 
States Patent 125,406 entitled “Improvement in Drying and Concentrating Liquid 
Substances by Atomizing.” This patent describes a process whereby a fluid is 
converted to a state of “minute division” with simultaneous exposure to “currents 
of air or other gasses” for the purpose of rapidly drying a solid substance from a 
liquid carrier (Percy 1872). From this early description, spray drying has since 
evolved into a diverse technology with a long history of successful commercial 
applications.

Spray drying has been utilized industrially for well over a century and conse-
quently has fully matured and is well understood. Owing to its simplicity, efficiency, 
and robustness, the technology has been employed in a variety of industries for the 
production of a vast array of products. It is commonly used to process milk, eggs, 
ceramics, fertilizers, detergents, and numerous other chemicals (Broadhead et al. 
1992). In the pharmaceutical industry, spray drying has been used for the production 
of bulk actives, including small molecules, vitamins, peptides, and proteins (Celik 
and Wendel 2005). It has also been employed as a process technology to impart 
unique functional attributes onto excipients, such as lactose, mannitol, and micro-
crystalline cellulose, to name a few. Additionally, spray drying has been employed 
for the production of novel drug-delivery systems with primary applications in 
granulation and particle engineering.

Spray drying has recently been the focus of increased interest as a technology 
applicable to improving bioavailabilities of poorly water-soluble drugs. In this 
chapter, the utilization of spray-drying technologies toward the enhancement of 
formulations containing poorly water-soluble drugs is discussed in detail. 
Particular emphasis is given to the use of spray drying for the formulation of 
amorphous solid dispersions as this is perhaps the most common application of 
the technology to this field. In addition, this chapter aims to provide the reader 
with a basic understanding of the process fundamentals, the various process com-
ponents, and the equipment options at different scales. For a more detailed discus-
sion regarding the principles of spray drying, the inquiring reader is referred to 
the “Spray Drying Handbook” by Masters (1985). Finally, this chapter covers 
emerging applications of spray-drying technology as they apply to the formula-
tion of poorly water-soluble drugs.

D.A. Miller et al.



439

10.2  Process Overview

Spray drying consists of feeding a liquid stream (solution, suspension, or emulsion) 
that is continuously divided in fine droplets (atomization) into a chamber (drying 
chamber). In the drying chamber, the droplets come into contact with a hot gas and, 
by an evaporative cooling process, are converted into solid particles. These particles 
are then separated from the wet drying gas by a suitable separation system, most 
commonly a cyclone or filter bag. To summarize, the process is divided into four 
main steps: (1) spray formation—atomization of the feed solution/suspension/
emulsion; (2) droplet–gas contact; (3) droplet drying and particle formation; and (4) 
separation of solid particles from the wet drying gas (Masters 2002). A schematic 
diagram of the spray-drying process is provided in Fig. 10.1.

10.2.1  Atomization

Atomization, the generation of very fine droplets from a liquid feed, is a key aspect 
of the spray-drying process. It substantially increases the liquid surface area to 
vastly improve the efficiency of heat and mass transfer. For example, one cubic 
meter of liquid atomized into droplets of 100 μm in diameter yields a surface area 
of 60,000 m2. By the generation of such high surface area, the drying process 
proceeds rapidly, completing in seconds or fraction of a second depending on 

Feed
Tank

Gas
Recycling

Unit

Atomized Feed

Hot Drying Gas

Wet Gas
Cyclone

Product

Drying
Chamber

Fig. 10.1 Schematic diagram of the spray-drying process
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equipment scale. Control of the atomization process enables tuning of the droplet 
size and consequently product particle size. Particle size of a spray-dried product is 
especially relevant to downstream processing and final dosage form production.

There are several types of atomizers that can be used to produce the feed spray 
inside the drying chamber. These nozzles are classified according to the type of energy 
used and include: rotary nozzles (centrifugal energy), two-fluid or pneumatic nozzles 
(kinetic energy), pressure nozzles (pressure energy), and ultrasonic nozzles (acoustic 
energy). There are several configurations available for each type of nozzle which are 
able to produce sprays with specific features. Also, some nozzles combine the use of 
more than one type of energy to generate the spray. The feed stream properties (vis-
cosity, surface tension, solids load, etc.) impact the degree of atomization achievable 
for all types of atomizers, but their sensitivity to each feed stream property with regard 
to droplet size depends on the type of nozzle. In the pharmaceutical industry, the most 
common nozzles are pneumatic (two-fluid) and pressure nozzles due to their scalabil-
ity and reduced tendency to generate wall deposits as compared to rotary nozzles.

10.2.1.1  Rotary Nozzles

For rotary nozzles, atomization is achieved by centrifugal energy transmitted to the 
liquid stream by a disk or wheel rotating at high speed (from 3000 to 50,000 rpm). 
The droplets are generated at the edge of the disk/wheel; therefore, the degree of 
atomization depends primarily on the peripheral speed which is a function of 
rotational velocity and diameter. Higher speeds are typically used with lower 
diameter nozzles that are installed in smaller-scale spray driers (Masters 2002).

Rotary nozzles can be used to atomize slurries, suspensions, or solutions of high 
viscosity. Besides the feed properties, the operating variables that influence droplet 
size are feed flow, rotational velocity, wheel diameter, and design. The general 
correlation that can be used to estimate mean droplet size is the following:

 
D m KF N d nhx y z w

50
410m( ) = ( ) ´- - -
.
 

In this equation, K is a feed related constant; F is the feed flow (kg/h); N is the wheel 
speed (rpm); d is the wheel diameter; n is the number of vanes, bushings pins, or 
holes; and h is the height of a vane or pin, or half of the circumference of circular 
bushing openings (m). The x, y, z, and w parameters are system dependent and must 
be determined experimentally.

10.2.1.2  Pneumatic Two-Fluid Nozzles

Pneumatic two-fluid nozzles use a gas stream to atomize the feed which explains 
their designation. The mixing of the liquid stream and the atomizing gas can be 
performed in the nozzle’s tip as depicted in Fig. 10.2a (external mixing two-fluid 
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nozzle) or in a chamber inside the nozzle as depicted in Fig. 10.2b (internal mixing 
two-fluid nozzle). Although the external mixing two-fluid nozzles are the most 
common in small-scale and pilot-scale spray driers, the internal mixing nozzles are 
more efficient and preferred in larger-scale spray driers, especially when small 
particle sizes (less than 10 μm) are required. In this type of nozzle, the gas mass flow 
to liquid mass flow ratio (often called the atomization ratio) is used to characterize 
the degree of atomization.

Correlations have been developed to estimate droplet size produced with two- 
fluid nozzles based on liquid sheet formation and destabilization through an 
accelerative mechanism. In the case of two-fluid nozzles, the Sauter mean diameter 
can be estimated by the following correlation:
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where σ is the surface tension, λmax
KH is the maximum Kelvin–Helmoltz wavelength, 

ρg is the atomization gas density, Ug is the atomization gas velocity at nozzle tip, ρL 
is the liquid density and UL is the liquid velocity.

Liquid
a b

Liquid

Gas

Gas

Mixing
chamber

Gas

Fig. 10.2 Pneumatic two-fluid nozzles: (a) external mixing and (b) internal mixing. Image (b) 
was reproduced with permission from Delavan Spray Technologies and Goodrich Corporation 
respectively
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10.2.1.3  Pressure Nozzles

With pressure nozzles the atomization is achieved by transforming pressure into 
kinetic energy. In spray drying, pressure nozzles are designed to produce hollow 
swirling sprays; hence, they are also known as pressure-swirl nozzles. They promote 
rotation through a swirl chamber, which has tangential slots to impart spin on the 
liquid before exiting the circular orifice.

These nozzles require the use of high-pressure pumps as pressures of up to 
450 bar can be required. They may be applied to all types of feeds, but special 
attention must be paid when spraying suspensions. The size of the suspended 
material should be controlled to avoid nozzle clogging, nozzle erosion, and/or pump 
failure. In larger-scale spray driers, these nozzles are good for production of medium 
to large particles (30–200 μm). They also produce more uniform powders than 
pneumatic two-fluid nozzles and, therefore, are preferred for the production of 
powders for oral dosage forms (Fig. 10.3).

The modeling of droplet size for pressure nozzles is more developed than for 
two-fluid nozzles. This is attributable to the application of pressure nozzles in com-
bustion engines and the optimization of those engines over the years. There are 
several semi-empirical correlations that can be easily used to estimate droplet size, 

Fig. 10.3 Pressure nozzle. 
Reproduced with 
permission from Delavan 
Spray Technologies and 
Goodrich Corporation 
respectively
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such as those proposed by Radcliffe, Jasuja and Lefebvre (Jasuja 1979; Lefebvre 
1987; Radcliffe 1960). Droplet size can be tuned by adjusting operating pressure, 
but feed flow is not independent of the pressure. With increasing atomization pres-
sure, the droplet size decreases and feed flow increases. Therefore, the selection of 
the nozzle size must take into account not only pressure but also feed flow require-
ments/drying capacity (Fig. 10.4).

10.2.1.4  Ultrasonic Nozzles

Ultrasonic nozzles use acoustic energy to promote vibration of the nozzle tip where 
the formation of droplets takes place. The droplet size can be tuned by the ultra-
sound frequency and the nozzle tip design. Their application is primarily for 
laboratorial- scale spray driers due to two main factors: (1) low droplet velocity 
enabling drying of larger droplets than two-fluid nozzles and (2) limited spray 
throughput. An important limitation of these nozzles is that drying temperatures 
typically limited to less than 110 °C.

10.2.1.5  Three- and Four-Fluid Nozzles

Other nozzles are described in the literature featuring specific designs to accomplish 
particular tasks. The so-called, three-fluid nozzles are described by Kirkpatrick 
et al. (1986). This nozzle has two different stages of atomization and claims to 
enable higher solids load and the capability of handling highly viscous feeds. 
According to its design, a liquid is pre-mixed with the atomization gas creating a 
primary spray of coarse droplets, not suitable for spray drying. This primary spray 
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is then deflected radially outward by collision with a deflector plate. A second 
atomizing gas stream, concentric to the deflector, promotes further breakup of the 
primary spray, thus creating a fine spray suitable for spray drying.

A four-fluid nozzle has also been described in the literature by Mizoe et al. 
(2008). This nozzle has two liquid and two gas passages and claims the capability 
to produce droplets of single micron diameters. However, the most interesting 
feature of this nozzle is the possibility to feed two liquid streams. This enables the 
production of solid dispersions by spray drying where the active ingredient and the 
polymer are not dissolved in the same solvent (Mizoe et al. 2008).

10.2.1.6  Monodisperse Nozzles

All of the nozzles described above produce polydisperse sprays; however, small and 
uniform particles are required for certain applications, such as high-efficacy drug 
micro-capsules, colloidal drug delivery, and dry formulation vehicles. For these 
cases, the application of monodisperse droplet generators (MDGs) further enhances 
the utility of spray-drying technology (Wu et al. 2007). MDGs were originally 
developed based on ink-jet printing technology (Le 1998). The technology has since 
improved and the nozzle has found applications in other areas. Among those are the 
development of mechano-hydrodynamic droplet generators associated with 
piezoelectric transducers that enable the production of fine mono-droplets (Wu et al. 
2007). Other systems are based on laser-drilled orifices and are used in the production 
of micro-chips, e.g., Nanomi microsieve™ (spans of less than 1.0 were achieved 
with PLGA particles). However, these systems are still restricted to laboratorial 
applications mainly due to cost and low throughput. Throughput is limited with 
these systems because the Ohnesorge and Reynolds numbers must be within certain 
ranges to achieve the mono-disperse droplet regimen.

10.2.1.7  Atomizer Selection

Selection of the appropriate atomizer depends on the following:

 – Feed properties (suspended particles, viscosity, rheologic behavior, etc.)
 – Feed flow capacity requirements
 – Particle-size distribution requirements
 – Air disperser design of the spray-drying unit (see section Air dispersers)

A comparison between the different atomizers is provided in Table 10.1. The 
most common atomizers used in lab scale are the pneumatic two-fluid nozzles 
due to their simplicity and flexibility. At industrial scales in the pharmaceutical 
industry, pressure nozzles are more frequently used due to their narrower particle-
size distributions.
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10.2.2  Gas-Droplet Contact

There are two configurations for spray drying, depending on the direction of the 
drying gas flow and the feed being atomized: (1) co-current and (2) counter-current, 
as depicted in Fig. 10.5. In co-current configuration, the inlet drying gas and atom-
ized feed stream both originate from the top of the drying chamber. The droplets 
descend with the drying gas and exit through the bottom of the drying chamber. 

Table 10.1 Comparison between types of atomizers

Nozzle type Rotary Two-fluid Pressure Ultrasonic

Scale Pilot/
Industrial

Laboratorial/Pilot/
Industrial

Pilot/Industrial Laboratorial

Mean 
droplet size 
range (μm)

10–500 1–100 10–400 5–1000

Viscosity High High Medium (<750 cP) Low 
(<~50 cP)

Ability to 
handle 
suspensions

Yes Yes Depends on suspended 
particles size. A filtration 
step may be required to 
prevent clogging. 
Erosion must also be 
considered

Yes

Fig. 10.5 Spray-drying configurations: (a) co-current and (b) counter-current
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In counter-current mode, the atomized feed and the drying gas originate from opposite 
ends of the drying chamber. By this configuration, residence time in the drying 
chamber is increased. Of the two configurations, co-current is the most commonly 
used in the pharmaceutical industry because residence time is shorter and, therefore, 
particles are subjected to less thermal stress.

10.2.2.1  Gas Dispersers

Gas dispersers are very important in the spray-drying unit because they define the 
air flow pattern inside the drying chamber, especially near the nozzle (in the co-
current flow spray driers). They are located just before the entrance of the drying 
gas into the chamber and impact the drying efficiency, particle residence time, and 
droplet/particle collisions. It is crucial to have a uniform distribution of the drying 
gas flow inside the chamber to achieve homogeneous drying of the droplets. 
Otherwise, wall deposits can occur leading to lower yields.

Gas disperser design has been evolving over the years, with recent advances 
realized by the application of computational fluid dynamics. The most optimum 
design depends on the configuration of the spray drier (co-current or counter- 
current) and the atomization nozzle to be installed. Since co-current spray driers 
equipped with pneumatic or pressure nozzles are the most commonly used in the 
pharmaceutical industry, only this case will be discussed.

The dispersers in these cases can be divided into two groups depending on the flow 
pattern. One design creates a rotation pattern around the atomization nozzle (suitable 
for rotary, pneumatic, and pressure nozzles). This rotation improves the solvent evapo-
ration capacity but promotes recirculation of powder at the top of the chamber poten-
tially leading to product deposits on the ceiling. Also, in the case of low-density 
particles, the swirling air pattern significantly increases the residence time of powder 
inside the chamber. This swirling pattern can also lead to product adhesion and buildup 
at the nozzle tip that, in severe cases, can obstruct the atomization nozzle.

The other type of disperser aims to provide streamlined flow parallel to the cham-
ber’s vertical axis. The chambers associated with this disperser type are usually taller 
than those coupled to rotational dispersers due to the flow pattern. The main advantage 
of this disperser type is reduced wall deposit formation. In terms of design, the most 
common streamlined air dispersers are based on perforated plates or guide vanes. 
The former can be very efficient in providing laminar vertical flow of the drying gas, 
but application in the food and pharmaceutical industry is limited by cleaning chal-
lenges. The latter is preferred for the pharmaceutical industry due to its sanitary design 
and lower-pressure drop over the disperser (Hansen and Ullum 2009).

The chamber dimensions depend on the atomizer and air disperser design as 
described previously. However, another important feature is the safety data of the 
product to be handled, e.g., explosivity and auto-ignition. In some extreme cases, 
the chamber has to be equipped with suppressant and/or pressure-relief systems. 
These systems are typically preferred, because the construction of chambers with 
high-pressure shock ratings is very expensive.
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10.2.3  Collection Systems

After exiting the drying chamber, the powder must be collected by appropriate 
systems. The most appropriate collection system depends on handling requirements 
and product characteristics, e.g., particle size and density. There are three main 
types of collectors based on different separation techniques: centrifugal force 
(cyclones), filtration (filter bags), and electrostatic precipitators.

10.2.3.1  Cyclones

The most common collection systems used in pharmaceutical spray drying are 
cyclones. In this system, the gas coming from the drying chamber enters tangentially 
creating a downward vortex that, through centrifugal forces, sweeps the material 
against the walls. In this way, the dried particles are collected in the bottom of the 
cyclone. At the same time, the gas reverses direction and travels upward to the top 
of the cyclone forming an inner vortex (lower pressure region). This upward current 
leaves the system as exhaust gas carrying with it entrained particles and solvent 
vapors. Both capital investment and operating costs are low for cyclones as compared 
to other collection systems. Moreover, recent developments in design have further 
increased their efficiency (Salcedo and Pinho 2002).

Cyclone efficiency curves constructed with data from specific products are 
generally available as a function of particle size (Masters 2002). These curves are 
plots of collection percentage versus particle diameter enabling the relative 
comparison between cyclones. These efficiencies cannot be directly correlated with 
spray-dried products due to differences in true density and omission of agglomeration 
effects often encountered with pharmaceutical spray-dried products. However, there 
are correlations that enable the correction of these plots that achieve very precise 
estimations of efficiency. Particle agglomeration effects are one of the reasons that 
cyclone efficiencies are often higher than would be expected from manufacturers’ 
efficiency curves. A typical spray-drying system in the pharmaceutical industry is 
equipped with a single cyclone. However, several cyclones can be utilized in parallel 
or in series to increase collection efficiency. Very high performance cyclones exist 
for particle sizes of about 5 microns that can yield collection efficiencies greater 
than 95 %. These cyclones are particularly well suited for inhalable products.

Cyclone efficiency also depends on gas velocity as this influences the pressure 
drop, which is typically between 70 and 250 mm H2O. Therefore, for a given system, 
cyclone efficiency may be improved by increasing drying gas flow rate or by adding 
an extra gas stream before the cyclone. However, this is limited by the capacity of 
the ventilators to handle such increases in gas flow.

The “cutoff” point of a cyclone is the particle size at which it can only capture 
50 % of the product particles. This metric is also a straightforward means of 
comparing performance. Major product losses may occur if there are leaks in the 
bottom of the cyclone or if the base of the cyclone becomes obstructed by product. 
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For the later, the inner vortex carries the product to the exhaust leading to potential 
for significant losses. Systems may be implemented to avoid obstruction of the exit 
orifice such as hammering devices at the discharge.

As in the drying chamber, some products tend to stick to the walls of the cyclone. 
This aspect can be especially critical with thermoplastic products, and particularly 
in the case of solid dispersions when the drying temperature is relatively close to the 
glass transition temperature. It can also be an issue when relative solvent saturation 
levels in the drying gas are high.

10.2.3.2  Filter Bags

Filter bags are typically incorporated into spray-drying systems downstream of the 
cyclone to filter out entrained particles in the exhaust gas. This prevents powder from 
exiting into the environment or contaminating auxiliary equipment (ventilators, con-
densers, heaters, etc.). Filter bags consist of a number of bags (depending on the dry-
ing gas flow and bag permeability) installed inside a rigid container. To facilitate 
continuous operation, a dry clean-in-place system is usually installed. This consists of 
a pulsed flow of a pressurized gas (same type and grade as drying gas) that dislodges 
the powder entrained in the bags. Depending on the product being spray dried and the 
material of construction of the bags, the efficiencies of these cleaning systems vary.

In terms of powder collection efficiency, filter bags can collect finer particles 
than cyclones irrespective of particle density. However, for some products, namely 
those intended for inhalation or parenteral administration, its use as a primary 
collection system may not be adequate. In these cases, special types of bag materials 
have to be tested and assessed for the release of fine particles.

The selection of construction materials for the filters depends on the chemical 
properties of the product being collected and the outlet drying temperature. 
Typically, filter bags are constructed of polyester fibers which have a maximum 
operating temperature of approximately 130 °C and are highly resistant to acids, 
bases, and microbial growth. When higher operating temperatures are required, 
Teflon filters are preferred; however, they are also more expensive.

Filter bags require greater capital investment and maintenance costs than 
cyclones (some systems include 24 filters per bag house), but the balance is favorable 
for high-cost products if they provide a significantly better product yield. Even if 
not the primary collection system, filter bags are widely used downstream of 
cyclones to remove airborne particles from the exhaust of laboratorial, pilot, and 
industrial scale units.

10.2.3.3  Electrostatic Precipitators

Electrostatic precipitators create an electrical field through which the spray-dried 
powder passes, thereby charging the particles which subsequently adhere to 
oppositely charged plates. These systems are found in some laboratorial units to 
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collect very small particles (nanoparticles). Despite their high recovery efficiencies, 
even for very small particles (particles in the nanometer size range included), 
electrostatic precipitators are rarely used in industrial-scale pharmaceutical spray 
drying. This might be explained by the high capital and operating costs and by the 
fact that the previously described systems provide high collection efficiencies in a 
great majority of cases (Table 10.2).

10.2.4  Closed-Loop Versus Open-Loop Systems

The most common spray-drying configuration found in industry is the open-loop 
system. In this system, the drying gas is used only once and is then exhausted to the 
atmosphere after appropriate post-treatment. However, in the pharmaceutical 
industry and especially with the production of solid dispersions, the closed-loop 
configuration (drying gas is re-heated after solvent removal and re-introduced in the 
drying chamber) is most typical. In these systems, flammable organic solvents are 
often used; therefore, an inert gas (nitrogen) must be used as the drying medium. In 
the closed-loop layout, gas consumption is minimal as compared to the open-loop 
configuration and is, therefore, more cost effective in regular operation despite 
greater initial investments.

The closed-loop configuration requires removal of solvent vapors from the 
drying gas before it can be reintroduced into the drying process. Several systems 
can be used for this operation, with the most common being condensers with 
adjustable temperatures. In the condenser, the drying gas is cooled to a target 
temperature at which point the gas becomes saturated with the solvent. The 
condensed solvent is then removed and the drying gas is reheated and reintroduced 
in the drying chamber. In closed-loop systems, the amount of solvent being 
re-circulated is not negligible, especially in the case of organics. This must be 
considered when generating the heat and mass balances.

The saturation level of drying gas for a given feed flow and drying temperature 
is always higher in a closed-loop configuration (can be as high as 50 % relative 
saturation at the outlet of the drying chamber). Thus, the residual solvent level in the 
spray-dried solids is also higher in these units. A plot illustrating the influence of 
solvent content in the drying gas on residual solvent in the product is provided in 
Fig. 10.6.

Table 10.2 Collection efficiencies for different collection systems

Particle size 10 μm 5 μm 1 μm

High-efficiency cyclones (%) 95–100 90–95 10

Filter bags (%) 100 100 99

Electrostatic precipitators (%) 100 99 86
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10.3  Equipment by Scale

10.3.1  Laboratory-Scale Equipment

Laboratorial-scale spray driers are useful for producing small quantities of prototype 
formulations in early-stage development. They can process very small quantities of 
solution (as low as 0.25 mL) with relatively high yield. Since spray drying is a 
continuous process, all units provide flexibility with respect to batch size. Therefore, 
these small units are also capable of spray dying much greater quantities of feed by 
running continuously for extended durations. Another unique feature of these sys-
tems is that, the drying chamber and cyclones are typically constructed of glass, 
thus enabling visualization of the drying process.

In Table 10.3, a list of the most common laboratorial-scale equipment found in the 
market is presented. The maximum drying gas flow rate is approximately 30 m3/h 
which enables the drying of about 1 L/h of water (higher for organic solvents).

The standard atomization system for these units is the two-fluid nozzle, but in 
some models, ultrasonic (Mini Spray drier B-290, 4M8-TriX), piezoelectric (Nano 
Spray Dryer B-90), or mono-disperse nozzles (4M8-TriX) can also be found.

Another important feature of these units is the collection system. Cyclones are the 
most common collection systems used. Some manufacturers offer the choice of dif-
ferent cyclones providing a range of collection efficiencies. The Nano Spray Dryer 
B-90 is the only unit capable of producing particles in the nanometer range. In order 
to provide acceptable product yields for these fine particles, the system is equipped 
with an electrostatic particle collector, enabling recovery yields of up to 90 %.

Process scale-up from laboratorial-scale to pilot- and large-scale spray driers has 
been studied by several authors. The main challenge in scale-up is related to particle 
size. The small dimensions of the drying chambers limit the residence time distribu-
tion. Therefore, the atomized droplets must be small in order to complete the drying 
process prior to exiting the chamber or impacting the chamber walls. Typically, the 
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drying gas flow pattern in the smaller units is not laminar which causes the droplets/
particles to collide with the chamber walls. This further reduces the duration for 
drying of the atomized feed. The Nano Spray Dryer B-90 and 4M8-TriX units claim 
to provide laminar flow patterns which is a great advantage not only in terms of 
yield but also with regarding to utilizing the full chamber length to enable produc-
tion of larger product particles. However, only the 4M8-TriX spray drier, when 
coupled with an ultrasonic nozzle, claims to be capable of producing particles in the 
same size range as large-scale units (up to 100 μm).

10.3.2  Pilot-Scale Equipment

Pilot-scale spray driers are suitable for batch sizes from hundreds of grams up to 
about 20 kg. These units are very similar to production-scale equipment with regard 
to configuration and material of construction, i.e., they are composed of stainless 
steel as opposed to lab-scale, glass units. These units consume significant drying gas 
and therefore should be operated in the closed-loop configuration when using 
nitrogen (required for drying organic solvents).

Examples of pilot-scale spray driers available in the market are shown in 
Table 10.4. The suppliers offer many possible system configurations (closed loop, 
open loop, mirror polishing, aseptic versions, clean in place, etc.) as well as different 
atomization systems. Pressure nozzles, as mentioned previously, produce a more 
homogenous particle-size distribution and higher-density powders. Therefore, those 
units that enable the use of this atomization system are preferred for spray-dried 
products used in oral dosage forms.

Evaporation capacity of these units depends on the drying gas flow and maxi-
mum inlet temperature. The Niro Mobile Minor has a higher evaporation capacity 
due to the maximum inlet temperature (350 °C) when compared to the MicraSpray 

Table 10.3 Laboratory-scale spray dryers

Designation Manufacturer

Drying 
gas flow 
(kg/h)

Evaporation 
capacity 
(L H2O/h)

Possible 
particle-
size 
diameter 
(μm)

Smallest 
sample 
(mL)

Closed 
loop

Collection 
system

Mini Spray 
Dryer B-290

Büchi 40 1.0 1–25 30 Yes Cyclone

Nano Spray 
Dryer B-90

Büchi 12 0.2 0.3–5 1 Yes Electrostatic

SD Micro™ Niro 30 1.0 – 100 No Cyclone

MicraSpray Anhydro 30 1.0 – 100 No Cyclone

Spray dryer 
4M8-TriX

Procept 36 1.0 1–100 0.25 No Cyclone

GS-310 Yamato 40 1.3 – – Yes Cyclone
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75 (maximum temperature (200 °C). However, in the pharmaceutical industry, 
the use of such high temperature is not recommended in most cases. For a given 
temperature, the evaporation capacity depends on the drying gas flow, which is very 
similar for these two units.

10.3.3  Production-Scale Equipment

Production-scale equipment have all the features as the pilot-scale units; however, 
given their larger size they are more flexible in terms of manipulation of product 
properties, e.g., particle size and density. Taking advantage of the larger dimensions 
of the drying chamber, the use of pressure nozzles, instead of two-fluid or rotary 
nozzles, is a standard at this scale.

Spray-drier manufacturers have specialized their equipment to the pharmaceuti-
cal industry creating, in some cases, specific pharma lines of equipment. Such 
equipment is available in a wide range of production scales from 360 to 4000 kg/h 
of nominal drying gas capacity, enabling the evaporation of more than 200 kg/h of 
water. In Table 10.5, the evaporation capacity for various solvents at varying pro-
duction-scale drying gas flow rates is presented.

10.4  Feeds

A wide range of feed types can be spray dried. They can be solutions, suspensions, 
emulsions, or mixtures thereof. In the case of solid dispersions, a solution of active 
ingredient and excipient(s) dissolved in a common solvent system is the most typical 
feed. Some important parameters to take into account for feed systems are:

• Solids load—This is primarily governed by the solubility of the constituents in 
the solvent system as well as the viscosity of the resulting solution.

Table 10.4 Pilot-scale spray dryers

Designation Manufacturer

Drying 
gas flow 
(kg/h)

Evaporation 
capacity 
(L H2O/h)

Maximum inlet 
temperature 
(°C)

Atomization 
systems

Closed 
loop

Mobile 
Minor

Niro 80 7 350 Rotary Yes

Two-fluid

Pressurea

MicraSpray 
75

Anhydro 75 2 200 Two-fluid Yes

MicraSpray 
150

Anhydro 150 14 350 Rotary Yes

Two-fluid
aRequires a chamber extension to use pressure nozzle atomization
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• Viscosity—Very high viscosity solutions can be spray dried, but the atomization 
system must be properly selected (see Atomization).

• Solvent system—All volatile solvents are suitable for spray drying. The use of 
inert drying gas and intrinsically safe equipment enables safe drying of organic 
solvents.

The typical solids load in a spray-drying process is between 5 and 50 % (w/w). 
The higher the solids load, the more cost-effective will be the process because 
spray-drying capacity is mainly limited by solvent evaporation capacity. The other 
potential benefit of using higher concentrations in the feed is the possibility to 
produce larger particles that have better flow properties.

Regarding viscosity, it is chiefly determined by the excipients (polymers, cyclo-
dextrins, etc.) used in solid dispersions. Many of them exhibit non-Newtonian behav-
ior, namely shear thinning and/or extensional thickening properties. This impacts the 
atomization process and may introduce some challenges in this regard.

The most common solvents used are low-boiling-point solvents such as water, 
ethanol, methanol, and acetone. Other solvents, such as tetrahydrofuran and 
dichloromethane, may also be used, but special handling or waste-treatment requi-
sites must be taken into consideration. In the next section, common solvents utilized 
in spray drying are discussed in detail.

10.5  Solvents

A frequent challenge in developing amorphous solid dispersions by spray drying 
is to find a suitable solvent system that dissolves, in an appreciable amount, both 
drug and polymer. In fact, many poorly water-soluble drugs also have very lim-
ited solubility in organic solvents. Therefore, binary and ternary solvent mix-
tures are often required to achieve solution concentrations compatible with an 
industrial spray-drying process. It is important to emphasize that spray-drying 
capacity is measured in terms of solvent evaporation and independent of solids 
throughput. Thus, the higher the solids concentration, the more economical will 
be the process since higher feed flows can be used resulting in greater solids 
dried per unit time.

Table 10.5 Spray-drying evaporation capacity for the most common solvents

Drying gas flow 
(kg/h)

Water 
(kg/h)

Ethanol 
(kg/h)

Acetone 
(kg/h) Dichloromethane (kg/h)

360 18 45 75 118

630 35 75 130 200

1250 70 160 275 400

4000 220 575 900 1300
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In the case of solid dispersions, the solution concentrations range from 5 and 
50 % (w/w), with a substantial majority of processes being effectively run between 
10 and 20 % (w/w). The upper limit of concentration is dictated not only by the 
components’ solubilities, but also, in some cases, by the viscosity of the solution 
which can adversely effect the atomization process.

Water is the solvent of choice whenever possible for a spray-drying processes 
because it is an environmentally friendly solvent, does not require the use of 
inertized systems, and upon evaporation requires only a filtration step before being 
exhausted to the atmosphere. Also, open-loop systems are suitable for drying of 
water-based feeds even for large-scale production, e.g., milk powder. However, for 
obvious reasons it is of very limited use for the production of solid dispersions by 
spray drying being only seldom employed as a co-solvent in binary or ternary 
solvent systems.

All International Conference on Harmonization (ICH) class II and III solvents 
(see Sect. 10.5.7) are suitable for use in the spray-drying process. The most volatile 
are preferred due to the higher throughputs that can be achieved, and because they 
enable the use of lower drying temperatures. The latter aspect is important when 
processing low glass transition products as it results in higher process yields, less 
potential for product sticking to equipment walls, and less potential for partial drug 
crystallization.

The most common solvents used in the spray drying of solid dispersions include: 
alcohols (e.g., methanol, ethanol, and isopropanol), ketones (e.g., acetone and 
methyl ethyl ketone), dicholoromethane, tetrahydrofuran, and ethyl acetate. At the 
end of the spray-drying process, the residual solvent content of the powder is 
almost always above the admissible limits set by the ICH. Therefore, a secondary 
drying step is often required to decrease the solvent content. However, this must be 
assessed in an early stage of development, because residual solvent removal can be 
very difficult to achieve and, in some cases, is impossible to remove to the required 
safety limits. In these instances, a change of solvent would be needed. The various 
solvents and their respective enthalpies of vaporization and boiling points are tabu-
lated in Table 10.6.

Table 10.6 Vaporization 
enthalpies and boiling points 
for most common solvents

Solvent
ΔH vap 
(kJ/mol) Boiling point (°C)

Water 40.7 100.0

Dichloromethane 28.0 39.8

Acetone 29.1 56.2

Methylethyl 
ketone

31.2 79.64

Methanol 35.3 65.0

Ethanol 38.7 78.5

Tetrahydrofuran 29.6 67.0

Ethyl acetate 31.9 77.1
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10.5.1  Alcohols

Alcohols are polar protic solvents widely used in spray drying. Methanol and etha-
nol are the most used alcohols for this purpose due to their low boiling points and 
good solubilization properties. Relatively low drying temperatures (outlet tempera-
tures of 30–40 °C) can be used to evaporate these solvents in the spray- drying pro-
cess. Also, given that their freezing point is very low (<–98 °C), the condenser 
temperature in the closed cycle spray-drying units can be very low (<0 °C) and 
limited only by the capabilities of the cooling system.

10.5.2  Ketones

Ketones are polar aprotic solvents that are also widely used for spray drying, namely 
acetone and methylethyl ketone. Given the good solubility of HPMCAS in acetone 
this solvent is widely used for the production of solid dispersions by spray drying. 
For instance, torcetrapib referred to in Sect. 10.8.11.4, was spray dried from a solu-
tion of HPMCAS in acetone. Relatively low drying temperatures may be used (out-
let temperatures of 30 °C are common for this solvent) which enables the production 
of relatively dense powders. In terms of spray drying, methyl ethyl ketone has simi-
lar properties to acetone but has a higher boiling point and can provide higher solu-
bilities with some drugs. Similarly to alcohols, very low temperatures in the drying 
condenser are acceptable with ketones.

10.5.3  Dicholoromethane

Dichloromethane (DCM) is a very complementary solvent to alcohols and ketones 
due to its lack of oxygen atoms. It provides good solubilization properties for cer-
tain drugs and polymers, and it enables the use of very low drying temperatures 
(outlet temperatures around 20 °C may be used) due to its low boiling point 
(39.8 °C). Also, according to its low boiling point and evaporation enthalpy, spray 
drying of DCM is highly efficient, thus making it a favorable solvent for processing 
large quantities. Its evaporation capacity is seven times greater than that of water for 
a given spray-drying unit, i.e., a unit that can dry 70 kg/h of water is able to dry 
approximately 400 kg/h of DCM. However, the requirement for very low residual 
levels in pharmaceutical products (see Table 10.8) and associated environmental 
hazards may limit its use.
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10.5.4  Tetrahydrofuran

As insolubility becomes a greater issue in drug development, tetrahydrofuran (THF) 
is becoming a solvent of choice for spray drying. In terms of volatility, it is very 
similar to acetone (vaporization enthalpy of 29.6 kJ/mol and 19.1 kJ/mol, 
respectively), although it has a higher boiling point (67.0 °C vs. 56.2 °C). 
Nevertheless, it readily forms explosive peroxides; thus, appropriate safety measures 
must be in place to process this solvent at an industrial scale. Anti-oxidants 
(stabilizers) are often added to THF to prevent peroxides formation in order to 
further reduce the explosion hazard. These anti-oxidant stabilizers, e.g., BHT, have 
high boiling points and thus become concentrated in the final spray-dried product. 
Removal is sometimes impossible; hence, their toxicity must be balanced with the 
product daily dose.

Due to its miscibility with water, tetrahydrofuran is often used in binary 
THF:water solvent systems. This system is easily spray dried, but care should be 
taken in optimizing drying temperatures as many times it produces low-density, 
broken particles. In some cases, THF can be difficult to remove from the product to 
levels permissible by ICH guidelines. Therefore, it is recommended to evaluate a 
secondary drying step at an early stage of development.

10.5.5  Mixed Organic Solvent Systems

It is not uncommon to find that a mixture of organic solvents must be used to achieve 
solubility of the drug and polymer at the desired solids concentration. In principle, 
all combinations are suitable for spray drying as long as the solvents are miscible 
(specifically required for amorphous solid dispersions). Binary and ternary diagrams 
can be generated with common process software to predict miscibility of complex 
systems. However, for the sake of process robustness, processing close to those 
limits should be avoided and variations in temperature should be accounted for in 
the design of the system. Binary solvent systems, such as acetone: DCM, 
ethanol:water, THF:water, and methanol:acetone, have been widely reported, to 
mention a few. Usually, these systems are more complex to optimize, but they 
usually compensate in process robustness and throughput.

10.5.6  Aqueous Systems

In cases where poorly soluble drugs are weak acids or bases, aqueous solvents can 
occasionally be used for spray drying. Good candidates for this type of aqueous 
drying are drugs having reasonable solubility in acidic media (weak bases) or 
alkaline buffer systems (weak acids). In these cases, the drug and excipients are 
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co-dissolved in the acidic or buffered system and spray dried from solution per 
normal operation. Common aqueous solvents for this application are dilute hydro-
chloric acid and mildly alkaline buffer systems.

The key benefit to using aqueous solvent systems; aside from the obvious toxicity, 
environmental, and cost benefits associated with avoiding organic solvents, is that air 
can be used as the drying gas. This aspect further improves the cost efficiency of the 
spray-drying operation, as mentioned previously. The potential disadvantages of 
using acid or alkaline buffer for spray drying are instability of the drug and/or excipi-
ents in acidic or basic solutions, and detrimental effects on the formulation (chemical 
stability or release profile) resulting from acid or buffer salt content in the formula-
tion after drying. Despite these disadvantages, aqueous-based solvent systems can be 
used for spray drying of poorly water-soluble drugs. Being that these types of weakly 
basic or acidic drugs have solubility within the physiological pH range, the primary 
benefit of spray-dried dispersions of these molecules is more related to reducing 
pharmacokinetic variability rather than improving exposure.

10.5.7  ICH Guidelines on Residual Organic Solvents

In Impurities: Guidelines for Residual Solvents, Q3C(R5), the ICH provides 
recommendations for acceptable amounts of residual solvents in pharmaceuticals 
for patient safety (ICH 2011). The guideline recommends the use of less toxic 
solvents and sets the standards for levels of residual solvents that are considered 
toxicologically acceptable. The guideline defines residual solvents in pharmaceutical 
products as: “organic volatile chemicals that are used or produced in the manufacture 
of drug substances or excipients, or in the preparation of drug products…that are not 
completely removed by practical manufacturing techniques” (ICH 2011). The 
guidance states that because residual solvents provide no therapeutic effect, they 
should be removed from the product to meet the requirements of all quality-based 
specifications or practices. Further, drug products should contain no more residual 
solvent than can be supported by safety data. This guideline classifies organic 
solvents into three classes which will be discussed below. The reader should consider 
that the following sections are merely brief summaries of aspects of the ICH 
guideline. The actual guideline should be consulted when evaluating a drug product 
intended for consumption.

10.5.7.1  Class 1 Solvents

Class 1 solvents are “known human carcinogens, strongly suspected human 
carcinogens, and environmental hazards.” (ICH 2011). They should be avoided in 
the production of drug products unless there is strong justification based on a risk to 
benefit assessment. The concentrations of class 1 solvents in drug products should 
be limited according to Table 10.7.
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Table 10.7 Allowable limits of class 1 solvents in pharmaceutical products

Solvent Allowable concentration (ppm) Issue

Benzene 2 Carcinogen

Carbon tetrachloride 4 Toxic/environmental

1,2-Dichloroethane 5 Toxic

1,1-Dichloroethane 8 Toxic

1,1,1-Trichloroethane 1500 Environmental

Adapted from ICH (2011)

Table 10.8 Allowable limits of class 2 solvents in pharmaceutical products

Solvent Permitted daily exposure (mg/day) Concentration limit (PPM)

Acetonitrile 4.1 410

Chlorobenzene 3.6 360

Chloroform 0.6 60

Cumene 0.7 70

Cyclohexane 38.8 3880

1,2-Dichloroethane 18.7 1870

Dichloromethane 6.0 600

1,2-Dimethoxyethane 1.0 100

N,N-Dimethylacetamide 10.9 1090

N,N-Dimethylformamide 8.8 880

1,4-Dioxane 3.8 380

2-Ethoxyethanol 1.6 160

Ethyleneglycol 6.2 620

Formamide 2.2 220

Hexane 2.9 290

Methanol 30.0 3000

2-Methoxyethanol 0.5 50

Methylbutyl ketone 0.5 50

Methylcyclohexane 11.8 1180

N-Methylpyrrolidone 5.3 530

Nitromethane 0.5 50

Pyridine 2.0 200

Sulfolane 1.6 160

Tetrahydrofuran 7.2 720

Tetralin 1.0 100

Toluene 8.9 890

1,1,2-Trichloroethene 0.8 80

Xylene 21.7 2170

Adapted from ICH (2011)
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10.5.7.2  Class 2 Solvents

Class 2 solvents are described as: “non-genotoxic animal carcinogens or possible 
causative agents of other irreversible toxicity such as neurotoxicity or teratogenic-
ity… Solvents suspected of other significant but reversible toxicities.” (ICH 2011). 
Although these solvents are considered less harmful than class 1 solvents, expo-
sures should be limited to avoid toxic effects. Consequently, class 2 solvents are 
limited in concentration in pharmaceutical products. The allowable limits of various 
Class 2 solvents in pharmaceutical products are listed in Table 10.8.

10.5.7.3  Class 3 Solvents

Class 3 solvents are described by the ICH guidance as: “Solvents with low toxic 
potential to man; no health-based exposure limit is needed.” (ICH 2011). This class 
contains no solvents that are known health hazards to humans at typical levels in 
pharmaceutical products. However, data concerning toxicity from long-term expo-
sure are lacking for many of these solvents. The permitted daily exposure of class 3 
solvents is 50 mg or more. These solvents should be used preferentially over class 
1 and 2 solvents whenever possible. The acceptable concentration of a class 3 sol-
vent in a drug product should be dictated by GMP and/or product quality standards 
(Table 10.9).

Table 10.9 Class 3 solvents; 
daily permitted exposure 
>50 mg

Acetic acid Heptane

Acetone Isobutyl acetate

Anisole Isopropyl acetate

1-Butanol Methyl acetate

2-Butanol 3-Methyl-1-butanol

Butyl acetate Methylethyl ketone

tert-Butylmethyl ether Methylisobutyl ketone

Dimethyl sulfoxide 2-Methyl-1-propanol

Ethanol Pentane

Ethyl acetate 1-Pentanol

Ethyl ether 1-Propanol

Ethyl formate 2-Propanol

Formic acid Propyl acetate

Adapted from ICH (2011)
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10.6  Residual Solvent Content and Secondary Drying

Although spray drying is a highly efficient process for separating solids from a solvent 
system, it is typical for some amount of residual solvent to remain in the dried product. 
The residual solvent amount can vary in the range of a few parts per billion up to sev-
eral percent of the dry powder weight depending on the solvent(s), solid(s), and pro-
cessing conditions. In addition to the potential toxicity issues discussed previously, 
residual solvents can also adversely impact product quality. In this section, quality 
concerns posed by excessive residual solvent are discussed along with methods for 
secondary drying of spray-dried materials to reduce or eliminate residual solvent.

10.6.1  Influence of Residual Solvents on Product Quality

The allowable product concentration limits for class 1 and 2 solvents are deter-
mined according to safety and are sufficiently low not to pose any product quality 
issues. For class 3 solvents, the allowable product concentrations are not trivial and 
can have a significant influence on product quality. Residual solvents can present 
product quality issues such as color changes, odors, chemical instability, and physi-
cal instability (Witschi and Doelker 1997). The issue of physical instability is par-
ticularly critical for amorphous spray-dried systems, i.e., amorphous spray-dried 
dispersion (ASDD) of a drug in an excipient (usually a polymer) carrier.

It has been demonstrated in the scientific literature that organic solvents tend to 
be efficient polymer plasticizers (Wicks 1986). As such, they can significantly 
reduce the Tg of an amorphous drug–polymer composite at low concentrations. The 
correlation between composite Tg and the physical stability of drugs in an amor-
phous solid dispersion has been well established in the pharmaceutical literature 
(Matsumoto and Zografi 1999; Yoshioka et al. 1994). An ASDD-based product 
containing excessive residual solvent may therefore be at greater risk for 
recrystallization of the drug on storage. Hence, it is understood that reducing 
residual solvent content in ASDDs is critical not only for safety reasons but for 
product quality as well.

In order to understand the influence of residual solvent on product stability, an 
experimental design should be executed to evaluate the physical stability of the 
ASDD with varying residual solvent content. The ASDD product should be 
produced at conditions to generate variations in residual solvent content. Powders 
with a range of solvent content below the limits set according to toxicity should be 
stored at accelerated conditions and monitored periodically for the appearance of 
drug precipitation/crystallization. This study will allow for the establishment of 
product quality specifications for maximum residual solvent content.

There are several different methods for measuring residual solvent content in 
pharmaceutical products. A detailed discussion of these methods is beyond the 
scope of this chapter. For a comprehensive review of these methods, the reader is 
referred to the review article by Witschi and Doelker (1997).
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10.6.2  Secondary Drying

Residual solvent levels must be controlled to ensure safety and product quality. 
Secondary drying of spray-dried product is often required to reduce residual solvent 
levels to meet product safety and quality specifications. The various equipment 
choices for secondary drying and their applicability at different scales will be 
discussed in the following section.

10.6.2.1  Tray Drying

Perhaps the simplest method for removing residual solvent from spray-dried powder 
is tray drying. In practice, tray drying is accomplished by spreading the bulk powder 
on trays and drying in an oven at elevated temperatures for a time interval sufficient 
to reduce the residual solvent to the specified concentration. During the process, 
loss on drying measurements are performed intermittently to estimate the drying 
endpoint, and the final residual solvent determination is performed by a suitable 
method, such as gas chromatography (GC).

Tray drying in a typical convection oven employs both convection and conduction 
methods to dry the powder mass. In a typical convection oven, forced hot air is used 
to transfer heat to the drying trays, and also directly to the powder bed. Heat is then 
exchanged by conduction from the heated surfaces of the drying trays to the powder 
mass. By these heat exchange processes, residual solvent contained in the  spray- dried 
powder is vaporized and then transported from the oven to the exhaust. For this type 
of system, both solid bottom and perforated trays can be used. Paper or a suitable 
screen is often placed over the bottom of a perforated tray to support the powder 
bed. This allows air to flow through the support and into the powder bed, improving 
the efficiency of the convective drying component.

Vacuum ovens differ from convection ovens in that the heating method is 
accomplished strictly by conduction as there is no circulating air for convection 
(Mujumdar 2007). Organic vapor evolved from the powder is transported from the 
oven via the vacuum pump. Vacuum ovens offer the advantage drying at lower 
temperatures due to solvent boiling point reduction. The reduction of drying 
temperature is particularly advantageous for heat-sensitive actives.

Tray drying is a stagnant powder bed method; thus, drying efficiency is inversely 
related to bed depth (Carstensen and Zoglio 1982). Tray drying is therefore most 
applicable to small batch sizes where the powder can be spread thinly over the tray 
surfaces. For a fixed oven size and number of trays (fixed drying surface area), bed 
depth and drying time increase with increasing batch size (powder volume). For 
larger spray-dried batches, agitated bed methods such as those described below are 
recommended.
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10.6.2.2  Fluid Bed Drying

One of the most commonly employed methods for removing residual solvent from 
spray-dried powder is fluid bed drying. By this method, a powder bed is acted upon 
by an upward flowing gas stream with a flow rate sufficient to suspend the particles 
without entrainment, thereby transforming the stagnant powder bed into a fluid-like 
state (Parikh and Mogavero 2005). The mobility imparted on the particles by the air 
stream allows for greater surface contact between the solids and the drying gas, thus 
improving the efficiency of heat and mass transfer. Consequently, drying time by 
this method is significantly shorter than by stagnant bed methods.

Solvent is removed from a particle by a two-step cycle consisting of: (1) surface 
evaporation followed by (2) diffusion of solvent from the interior to the surface of a 
particle (Mujumdar 2007; Wildfong et al. 2002). Evaporation of solvent from a 
particle surface in a fluid bed system is governed by the inlet air temperature, flow 
rate, solvent vapor content, and distribution in the bed (Frake et al. 1997). Heat 
transfer from the inlet gas to the particle over time causes residual solvent bound to 
the particle surface to enter the vapor state. Once in a gaseous state, residual liquid 
becomes entrained in the drying gas stream and is carried out to the exhaust. Solvent 
from the interior of the particle can then migrate to the surface by diffusion and the 
surface-drying process is repeated. Drying by this mechanism continues until the 
solvent contained in the bulk powder bed is reduced to meet the product specifications. 
Intermittent loss on drying or GC measurements should be used to monitor residual 
solvent levels and determine the drying endpoint.

Fluidized bed drying is an efficient process for removing residual solvent from 
spray-dried powder. It is particularly useful for large masses of powder where tray 
drying is not practical. Because particle size of spray-dried powders is typically 
fine, fluid bed drying can be problematic with respect to powder loss in the exhaust 
and clogging of filters. This can usually be overcome by proper selection of filter 
bags and utilization of blowback to dislodge powder from the filters. Also, proper 
control of fluidization will limit particle entrainment in the drying gas that causes 
filter clogging. For cases where powder loss or filter clogging is excessive, alternative 
drying methods such as tumbling or agitated bed drying are recommended.

10.6.2.3  Rotary and Agitated Bed Driers

Other equipment options for removing residual solvent from spray-dried powder 
include agitated bed driers and rotary drum driers. Agitated bed driers utilize 
mechanical agitation to stir the powder bed and improve drying efficiency, as 
opposed to air fluidization. In a typical drier of this type, an impeller distributes the 
powder bed within the drying vessel to provide even product contact with the heated 
surfaces of the chamber. Heat transfer in these systems is therefore governed by 
conduction. Agitated bed driers are typically operated under vacuum to further 
improve drying efficiency. These driers therefore offer the benefits of vacuum oven 
drying with the additional advantage of improved heat conduction. An EKATO 
Vertical Dryer is an example of an agitated bed drier commonly used for secondary 
drying of spray-dried powders.
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Rotary driers employ the use of a rotating heated drying chamber to constantly 
tumble the powder bed for enhanced heat transfer. The drum is typically equipped 
with baffles to evenly distribute the powder along the walls of the chamber and 
improve drying efficiency. These systems can be operated under vacuum or purged 
with heated drying gas. Several manufacturers offer rotary drier systems for various 
production scales.

10.7  Fluidized Spray Drying

The versatility of spray drying also encompasses its combination with other 
technologies. Fluidized spray drying (FSD) is the combination of fluid bed and 
spray drying in a single system. By the incorporation of fluid bed drying into the 
spray-dried system, the product emerges from the process with little to no residual 
solvent content, i.e., there is no need for secondary drying. This technology also 
enables the production of agglomerated particles with particle sizes much larger 
than in conventional spray drying. A picture of an agglomerated particle produced 
by FSD is provided in Fig. 10.7. Additionally, FSD reduces the fines content in the 
spray-dried product which improves powder flowability. Finally, according to the 
particle agglomeration achieved by FSD, spray-dried powders with much greater 
densities can be achieved. This improves downstream processing efficiency by 
eliminating the need for a subsequent densification step, thereby enabling direct 
tablet compression or capsule filling (Bittorf et al. 2010).

The FSD concept was patented in 1984 for the production of agglomerated milk 
powder with better dissolution properties (Pisecky et al. 1984). In FSD, the solution 
is atomized at the top of the drying chamber in co-current configuration with the 
drying gas as in conventional spray drying (see Fig. 10.8); however, the drying gas 
exits through the top of the drying chamber. Therefore, the flow patterns inside of 

Fig. 10.7 Picture of an agglomerated particle produced by FSD. Reproduced with permission 
from Hovione FarmaCiencia SA
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the drying chamber are totally different from conventional spray drying. This gas 
flow pattern promotes particle collisions and consequently agglomeration. After 
exiting the drying chamber through the top, the gas goes to the cyclone. Here, the 
particles are captured and re-introduced in the drying chamber. The gas stream com-
ing from the cyclone may be introduced in a position concentric to the nozzle or 
tangentially to the drying chamber at a given height (Bittorf et al. 2010). This pro-
motes more effective agglomeration because the particles coming from the cyclone 
collide with the droplets/wetter particles nearer the top of the chamber. In fact, all 
particle agglomeration takes place within the drying chamber.

As particles agglomerate and become denser, they will move down to the bottom 
of the drying chamber where the fluidized beds are installed. In Fig. 10.8, a sche-
matic diagram is provided depicting the fluidized spray-drying setup with three-
fluid bed driers (FB1, FB2 and FB3).

The number of fluidizing beds may vary between equipment from 1 to 3. 
Fluidizing bed one (FB1) is directly connected to the drying chamber and works as 
the main fluidizing chamber. It is the primary bed responsible to perform particle 
selection by adjustment of the velocity of the fluidizing gas. FB2 may be used to 
conduct a secondary drying step to further decrease the residual solvent content 
while FB3 may be used to cool down the product before final discharge. The pas-
sage between the fluidized beds is achieved based on differential pressures across 
the beds. Their temperatures are adjusted independently.
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Unit
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Fig. 10.8 Fluidized spray drying. Adapted from Bittorf et al. (2010)
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From the previous description, it is obvious that the residence time in the primary 
drying process for FSD is much greater compared to traditional spray drying. This 
enables the use of even milder drying temperatures, which is beneficial for 
processing of low glass transition temperature products and for increasing product 
density. Bittorf and coworkers reported particles up to 259 μm and densities up to 
0.32 g/mL for VX-950 solid dispersion obtained by FSD (Bittorf et al. 2010).

The main limitation of FSD is the absence of laboratorial-scale or pilot-scale units 
that are representative of the process at larger scales. This has prevented in many 
instances the development of pharmaceutical products using this technology. 
Recently, efforts have been made to design laboratorial-scale equipment that can 
replicate the FSD process at commercial scale (Assunção 2011). The results were 
very promising and the powder produced in this laboratorial scale unit showed much 
better flowability than the typical spray-dried powder obtained at the same scale.

10.8  Spray Drying for Amorphous Solid Dispersion Systems

The increasing frequency at which poorly water-soluble molecules are entering 
drug development pipelines and the problem it poses to the pharmaceutical industry 
have been stated previously in this book. The value of amorphous systems with 
respect to overcoming intrinsic solubility limitations and improving the 
bioavailability of insoluble drugs is also covered in detail in this text (Chap. 3). 
More specifically, the value of solid dispersion systems with respect to stabilizing 
the amorphous form of a drug and enhancing its bioavailability is a recurring theme 
woven throughout the chapters. In this section, the application of spray-drying 
technology for the production of amorphous solid dispersions (ASDD) will be dis-
cussed in detail.

10.8.1  Solvent Evaporation Method

There are principally two approaches for producing amorphous solid dispersion sys-
tems: (1) thermal processing (see Chap. 9) and (2) solvent-based processing (Chiou 
and Riegelman 1971). Basic solvent processing for the production of amorphous 
solid dispersion systems involves dissolution of the drug and the excipient carrier(s) 
in a common solvent followed by rapid separation of the solids from the solvent to 
form, ideally, a single-phase composite. This can be accomplished in one of the two 
ways: (1) solvent evaporation or (2) induced precipitation by introduction of an anti-
solvent (see Chap. 12). From a process and scalability perspective, the former method 
is the more straightforward and is thus more widely applied.

Solvent evaporation for the production of solid dispersion systems can be carried 
out as a batch operation by drying a solution of drug plus excipients with the use of 
a vacuum oven, lyophilizer, or a rotary evaporator. This is a commonly used 
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approach in early development stages when API quantities are limited. One must be 
careful when employing this technique as gradual solvent evaporation can lead to 
drug–excipient phase separation (Curatolo et al. 2009). This can lead to false 
negative results with respect to homogeneity, stability, and performance of the 
disperse system. Also, exposure to thermal stress during this process can be 
significant; thus, care must be taken with this approach for thermally labile 
molecules. Finally, the dried solid material will typically be in the form of a film or 
a solid foam and thus particle properties will be irregular and possibly heterogeneous 
from batch to batch. Care must be taken with post-processing (milling and sieving) 
to ensure that the product meets the desired specifications.

The spray-drying process offers numerous advantages over batch solvent 
evaporation. First, spray drying is continuous and as such is a more commercially 
viable process. Second, atomization of the liquid feed results in rapid evaporation of 
the solvent from droplet surfaces and consequently rapid droplet solidification. This 
is particularly critical for ASDDs with regard to preventing drug–carrier phase 
separation that can lead to physical instability and poor product performance 
(Friesen et al. 2008). Third, residence time in the drying chamber is typically on the 
order of seconds; thus, exposure of API to thermal stresses is minimal. Forth, spray 
drying is simple and easily tunable; hence, the process can be readily optimized to 
generate the desired particle properties with limited batch-to-batch variability. This 
includes dry product with particle properties amenable to direct tablet compression 
and/or capsule filling, yet another advantage of spray drying. Finally, spray drying 
can be conducted in a wide spectrum of scales, from bench to commercial scale, 
without dramatic changes to the process. Accordingly, spray drying is easily 
transferred between scales to meet the increasing drug product needs of an evolving 
development program. According to these attributes, spray drying and ASDD 
technology is applicable to drugs with widely varying physiochemical properties 
and can be implemented at any stage in drug development.

10.8.2  Solvent Selection

The identification of a poorly water-soluble drug as a good candidate for spray drying 
begins during the preformulation stages. Essentially, the determinant factor is the 
compound’s solubility and stability in organic solvents that are suitable for spray dry-
ing. A solubility screening study should be conducted to determine the solvents and 
co-solvent systems in which the drug has sufficient solubility to enable spray drying 
with reasonable solids throughput. As a rule of thumb, the drug should have solubility 
of at least 1–3 % to consider spray drying a viable option for large- scale manufactur-
ing. Following selection of the solvent system, stability studies of the drug in solution 
should be conducted to identify instability of the compound in the solvent and deter-
mine the time scale of degradation in order to establish a shelf life. Considering that 
in large-scale production a solution may be sitting for several hours or days before and 
during spray drying, stability of the drug in the solution is important.
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10.8.3  Carrier Selection and Optimization

In an amorphous solid dispersion system, the carrier principally serves the following 
functions: (1) imparts stability onto the amorphous drug in the solid state, (2) 
enhances solubility and/or prolongs supersaturation in aqueous environments, and 
(3) dictates the primary location of drug release in the GI tract. Owing to properties 
such as high molecular weights, high Tg’s, water solubility, varying ionic character, 
and, in some cases, surface activity, polymers are almost exclusively utilized as the 
primary carriers for amorphous solid dispersion systems. The most commonly used 
polymers for ASDD applications are provided in Table 10.10. Nonpolymeric 
additives are also frequently incorporated into carrier matrices, but typically serve 
secondary roles as functional adjutants, for example, wetting agents, pore formers, 
moisture scavengers, densifying agents, anti-plasticizing agents, etc. Selection of 
optimal polymers for amorphous solid dispersion systems is discussed in detail 
elsewhere in the book (Chaps. 1 and 8). Therefore, discussion of carrier selection 
for ASDDs in this section is kept intentionally brief.

10.8.3.1  Solubility in a Common Solvent

For amorphous spray-dried dispersions, the polymer must be soluble in a common 
solvent or solvent system with the drug. This is to ensure mixing of the drug and 
polymer at a molecular level such that a single-phase system can be achieved on 
drying. Although there are some cases in which amorphous systems can be 
successfully produced from liquid feeds in which the drug is in solution and the 
polymer in suspension, a complete solution is usually desired so as not to risk the 
formation of a less stable two-phase composite. A list of some suitable organic 
solvents for each commonly used polymer is provided for reference in Table 10.10.

10.8.3.2  Drug–Polymer Miscibility

Selection of the appropriate polymer for an ASDD should begin during the preformu-
lation stages. Once a drug candidate is identified as potentially requiring formulation 
as an amorphous solid dispersion, efforts should begin to identify polymers that are 
miscible with the compound. Drug–polymer miscibility is a critical consideration dur-
ing polymer selection, because in a substantial majority of cases drug–polymer misci-
bility is a requirement for physical stability of the noncrystal-line drug.

As discussed in Chap. 2, calculation of solubility parameters can be useful for 
identifying good polymer candidates for ASDD systems with the drug of interest. 
Conversely, solubility parameters will aid in identifying polymers that have limited 
miscibility with the drug that should be avoided. Although solubility parameters can 
provide valuable insight into drug–polymer miscibility for a broad number of 
polymer candidates, these predictions can sometimes be misleading; therefore, 
empirical data is preferred.
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Table 10.10 Polymers commonly used in solid dispersions produced by batch solvent evaporation 
and/or spray drying: suitable organic solvents and corresponding references for use

Common polymers Suitable organic solvents Selected references

Hypromellose 
acetate succinate 
(HPMCAS)

Acetone, ethyl acetate, 
methanol/
ethanol:dichloromethane 
(1:1 v/v)

Tanno et al. (2004), Kennedy et al. 
(2008), Friesen et al. (2008), 
Curatolo et al. (2009)

Methacrylic acid 
copolymers

Acetone, ethanol, methanol, 
ethanol:dichloromethane 
(1:1 v/v)

Tanno et al. (2004), De Jaeghere 
et al. (2000)

Hypromellose 
(HPMC)

Ethanol:dichloromethane (1:1, 
2:1 v/v), methyl 
acetate:methanol (1:1 v/v)

Kohri et al. (1999), Yamashita et al. 
(2003), Tanno et al. (2004), Kennedy 
et al. (2008), Curatolo et al. (2009)

Povidone (PVP) Acetone, most alcohols 
dichloromethane, ethyl acetate, 
methyl ethyl ketone, 
tetrahydrofuran

Yamashita et al. (2003), Paradkar 
et al. (2004), Tanno et al. (2004), 
Ambike et al. (2005), Curatolo et al. 
(2009), Paudel et al. (2010)

Copovidone 
(PVPVA)

Acetone, most alcohols 
dichloromethane, ethyl acetate, 
methyl ethyl ketone, 
tetrahydrofuran

Janssens et al. (2008a, b)

Polyethylene glycol 
(PEG)

Acetone, most alcohols 
dichloromethane, ethyl acetate, 
methyl ethyl ketone, 
tetrahydrofuran

Yamashita et al. (2003), Jung et al. 
(1999), Law et al. (2004)

Poloxamers Acetone, most alcohols 
dichloromethane, ethyl acetate, 
methyl ethyl ketone, 
tetrahydrofuran

Jung et al. (1999), Wong et al. (2006)

Polyvinyl acetate 
phthalate (PVAP)

Ethanol, methanol, 
acetone:ethanol (1:1 w/w), 
acetone:methanol (1:1 w/w), 
methanol:dicholormethane (1:1 
w/w)

Curatolo et al. (2009)

Cellulose acetate 
phthalate (CAP)

Acetone, methyl ethyl ketone, 
ethyl acetate

Curatolo et al. (2009)

Amonio 
Methacrylate 
Copolymer

Acetone, methanol, ethanol, 
isopropyl alcohol, tert-butyl 
alcohol dichloromethane, ethyl 
acetate, methyl ethyl ketone, 
tetrahydrofuran

Jung et al. (1999)

Hypromellose 
Phthalate (HPMCP)

Acetone (with heat); 
ethanol:dichloromethane (1:1, 
2:1), methanol: dichloromethane 
(1:1)

Kohri et al. (1999), Tanno et al. 
(2004), Engers et al. (2010), Curatolo 
et al. (2009), Cui et al. (2006)

Hydroxypropyl 
cellulose (HPC)

Dichloromethane, ethanol, 
methanol, chloroform

Curatolo et al. (2009), Cui et al. 
(2006)
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High-throughput, material sparing screening methods for assessing drug–poly-
mer miscibility, like those described in Chap. 8 and elsewhere in the pharmaceutical 
literature (Kwong et al. 2011; Moser et al. 2008a, b; Shanbhag et al. 2008), are rec-
ommended for rapidly assessing a multitude of carriers while consuming minimal 
API. Typically a 96-well robotic system is utilized to produce and analyze solvent 
cast drug–excipient films. Following evaporation of solvent, the cast films in each 
well are analyzed by high-throughput PXRD, polarized light microscopy, and elec-
tron microscopy for evidence of drug crystals or phase separation (Moser et al. 
2008a). The rapid nature of screening allows for assessment of numerous polymers 
with varying drug loads. Polymers which are identified as miscible with the drug 
beyond the target drug loading range should then be selected for further evaluation 
on a larger scale.

10.8.3.3  Rapid In Vitro Screening of Carrier Excipients

As discussed in Chap. 2, various in vitro tests can be conducted to assess perfor-
mance of excipient carriers for ASDD systems with respect to: solubility 
enhancement, prolongation of supersaturation, and finally supersaturated disso-
lution testing. With respect to solubility enhancement, screening studies can be 
conducted in which the crystalline drug is incubated under agitation with the 
excipient system in aqueous media for a suitable duration to establish equilib-
rium. The system is then centrifuged or filtered and the supernatant or filtrate is 
analyzed for drug concentration. Excipients can then be rank ordered with respect 
to drug solubility enhancement and selected accordingly for further study. 
Typically, polymers and surfactants are screened separately and leads from both 
groups are combined to evaluate potential synergies. By this method, one can 
quickly determine lead polymers, surfactants, and combinations thereof for 
small-scale spray-drying studies.

In compliment to solubility enhancement, a supersaturation assay should be per-
formed to comparatively evaluate various polymers, surfactants, etc., with respect 
to prolongation of drug supersaturation. As described by Vandecruys et al., this 
screening protocol involves pre-dissolving the excipient(s) in aqueous media and 
then introducing the drug as a solution in a water-miscible organic solvent such as 
dimethylacetamide (Vandecruys et al. 2007). The drug will initially be highly super-
saturated but will precipitate with time at varying rates depending on the drug–
excipient interactions in solution. According to this rate of precipitation, a rank 
order for the evaluated excipients can be established.

A high-throughput screening method similar to that described above for drug–
carrier miscibility determination can also be employed for rapid assessment of the 
dissolution performance for a vast array of compositions. According to this method, 
dissolution testing is conducted on the solvent cast films in each well of a 96-well 
plate. Filtration and analysis of drug concentration by HPLC can be automated to 
provide rapid results. For specific details regarding this method, the reader is 

10 Spray-Drying Technology

http://dx.doi.org/10.1007/978-3-319-42609-9_8
http://dx.doi.org/10.1007/978-3-319-42609-9_2


470

referred to Shanbhag et al. (2008) and Chap. 8 of this text. According to the 
automated nature of the system and the number of wells per plate, numerous 
dissolution experiments can be conducted simultaneously. This provides 
opportunities for the formulation scientist to broadly screen numerous polymers, 
surfactants, other adjuvant excipients, and combinations thereof well beyond what 
is possible by manual means.

A typical high-throughput dissolution screening procedure employed for 
developing an ASDD formulation will first involve screening a variety of poly-
mers at a given drug loading. Following identification of lead polymers, another 
plate array will be designed to investigate synergies between lead polymers and 
various surfactants. Next, concentrations of lead surfactants are varied to iden-
tify an optimum. Finally, with lead polymers, surfactants, and surfactant con-
centrations identified, the influence of drug loading for the various carrier 
systems can be evaluated. Ideally, at the completion of this procedure, lead 
polymers, surfactants, and combinations have been identified along with opti-
mum drug loadings.

Considering the results of the solubility enhancement screening, supersaturation 
assay, and high-throughput dissolution screening together, the formulation scientist 
will have extensive information regarding carrier compositions that yield acceptable 
dissolution performance. With this information, the formulation scientist can begin 
to design ASDD formulations and produce powder on small-scale equipment, e.g., 
a Buchi Nano B-90 or Buchi Mini B290 spray drier (see Table 10.3). At this point, 
in vitro dissolution screening can be performed on the actual spray-dried powder 
formulations. This in vitro testing is critical because the above test methods are only 
approximations of the performance of the actual ASDD system. The only means of 
truly evaluating the performance of various carrier systems for ASDDs is to perform 
dissolution testing on the actual spray-dried powder. Any unexpected results, 
whether positive or negative, obtained from the above-described screening methods 
can also be reevaluated with actual ASDD material to avoid unwarranted accep-
tance or rejection.

10.8.3.4  In Vitro Dissolution Testing of ASDDs

There are several options for in vitro dissolution testing of spray-dried powder as 
described in detail in Chap. 2. Selection of the appropriate dissolution test method 
should be made based on the quantity of material available, the properties of the 
drug, and the formulation components. Small-volume, material-sparing dissolution 
testing methods include the micro-centrifuge (Curatolo et al. 2009) and syringe/
filter methods (Curatolo et al. 2009). Larger-volume methods (500–1000 mL) 
typically involve the use of traditional USP Apparatus II systems (paddle method). 
Scaled-down versions of the paddle method (~100 mL) have also been used 
(Overhoff et al. 2007).
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Dissolution of ASDD systems should be conducted at nonsink conditions in 
order to assess the extent and duration of supersaturation since these are the key 
metrics for predicting in vivo performance (Miller et al. 2008a, b). Considering that 
the supersaturated dissolution testing of amorphous solid dispersion systems will 
lead to not only free drug in solution but also a variety particulate species (Friesen 
et al. 2008), it is imperative to also utilize an appropriate method for separating drug 
in solution from solid particles. The can be accomplished by filtration or 
centrifugation of aliquots of the dissolution media; however, these methods are not 
always effective at eliminating particulates. Alternative methods for measuring free 
drug include passive diffusion systems employing a semi-permeable membrane and 
biphasic dissolution systems containing an octanol layer into which the drug 
partitions (Heigoldt et al. 2010; Shi et al. 2010).

The appropriate dissolution media must be selected according to the properties 
of the drug and the formulation. If the drug has pH-dependent solubility, a pH shift 
method should be employed in order to capture pH influences on dissolution/
precipitation and evaluate formulation performance accordingly. Also, if the 
polymer is ionic, it should be soluble in at least one stage of the dissolution test, i.e., 
one should not test an enteric polymer-based system only in acidic media. If the 
drug and polymer are nonionic, a single-stage test should be sufficient. In both 
single-phase and multi-phase dissolution tests, selection of media should be based 
on iterative method development to achieve the desired discrimination between 
formulations and correlation to in vivo results.

Using small quantities of ASDD powder, in vitro dissolution testing can be 
conducted as described above to confirm (on a narrower group) the rank ordering 
of polymers, surfactants, and multi-component carriers as well as trends related 
to drug loading. An example of dissolution screening of ASDD powders to iden-
tify lead polymers was provided by Curatolo et al. (2009). As seen in Fig. 10.9, 
these authors established a rank order of various polymers by supersaturated 
dissolution testing of ASDD formulations by the micro-centrifuge method. 
Further description of this study is provided in Method Capsule 2. At the conclu-
sion of this series of in vitro screening studies, the formulation scientist should 
arrive at a short list of lead ASDD formulations for analytical characterization 
and stability assessment.

10.8.4  Analytical Characterization of ASDD Formulations

Once spray-dried dispersions are produced, a battery of analytical tests should be 
conducted to thoroughly characterize the material. In Table 10.11, analytical tests 
most pertinent to ASDD systems are listed along with a description of purpose(s) 
and illustrating references. These tests are critical to perform during formulation 
screening for comprehensive analysis toward the identification of lead candidates. It 
is also important to perform these analyses each time a spray-dried batch is 
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Fig. 10.9 Dissolution performance of ASDDs at 10 % drug loading of “Compound 5” with vari-
ous polymer carriers. Reproduced from Curatolo et al. (2009) with permission from Springer

Table 10.11 Analytical tests and their purpose for characterizing ASDDs

Analytical test Purpose (selected references provided)

Liquid chromatography 
(HPLC, UPLC)

Quantify drug and impurities content (Janssens et al. 2008b; 
Kennedy et al. 2008)

Powder X-ray diffraction 
(PXRD)

Detect presence of crystalline drug to limit of detection (Curatolo 
et al. 2009; Friesen et al. 2008; Kennedy et al. 2008)

Differential scanning 
Calorimetry (DSC)

Detect presence of crystalline material to limit of detection, 
Determine dispersed state of drug in carrier (Curatolo et al. 2009; 
Friesen et al. 2008; Kennedy et al. 2008)

Polarized light microscopy 
(PLM)

Detect presence of drug crystals (Law et al. 2001)

Scanning electron 
microscopy (SEM)

Assess particle size, shape, and morphology. Detect presence of 
drug crystals (Friesen et al. 2008; Kennedy et al. 2008)

Transmission electron 
microscopy (TEM)

Assess particle size and shape, evaluate dispersed state of drug in 
carrier (Friesen et al. 2008)

Thermogravitational 
analysis (TGA)

Quantify amount of volatile content (Kennedy et al. 2008)

Gas chromatography Quantify residual solvent content (Janssens et al. 2008b; Witschi 
and Doelker 1997)

Fourier transform infrared 
spectroscopy (FTIR)

Determine drug–polymer interactions (Matsumoto and Zografi 
1999)

Laser light scattering, 
dynamic light scattering

Determine particle-size distribution (Curatolo et al. 2009; Friesen 
et al. 2008; Kennedy et al. 2008)

Helium pycnometry, 
Mercury porosimetry

Quantification of surface area and apparent particle density 
(Moser et al. 2008a, b)

Dynamic vapor sorption Assess water uptake of the formulation (Friesen et al. 2008)
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produced to ensure that it meets product specifications. Additionally, when evaluat-
ing an ASDD product following storage at accelerated conditions, it is important to 
assess changes in the material by these methods. Specifically, the use of polarized 
light microscopy (PLM) and scanning electron microscopy (SEM) is important with 
respect to identifying the emergence of drug crystals as these techniques are straight-
forward and highly sensitive. For a more thorough summary and detailed descrip-
tions of these techniques, the reader is referred to Chap. 2.

10.8.5  Stability of Amorphous Spray-Dried Dispersions

Stability screening of ASDD formulations is as critical to selecting lead compositions 
as in vitro performance. As with drug–carrier miscibility and in vitro testing, it is 
imperative to establish a rank order of formulations with respect to stability such that 
at the end of screening rank orders of all criteria can be assessed together in the selec-
tion of lead ASDD formulations. To this end, accelerated stability studies should be 
performed on binary ASDD systems (drug and primary carrier) at varying drug loads 
between the upper limit determined from miscibility studies and the lowest practical 
drug loading. Once produced, the binary mixtures should be stored at accelerated con-
ditions, e.g., 40 °C/75 % RH, 50 °C, 60 °C—in open and closed containers. Samples 
should be pulled according to a stability schedule and physical stability should be eval-
uated. PXRD is the most common method for the detection of recrystallization; how-
ever, the limit of detection of this method is typically around 5 % (Friesen et al. 2008). 
Microscopy-based methods, such as SEM and PLM, are therefore recommended for 
fist-line detection of recrystallization as it is possible to detect the presence of drug 
crystals by these techniques well below the limit of detection of PXRD. An example of 
such a stability program is provided in Table 10.12 in which amorphous systems of 
VX-950 were stored at varying conditions and durations and then evaluated for the 
presence of crystallinity (Cui et al. 2006). It is observed that all samples were initially 
amorphous; however, the pure amorphous drug and the ASDD formulation with the 
PVP K30 carrier showed evidence of crystallization after one month at 40 °C/75 % RH.

Identification of physical instability of an amorphous system by an accelerated 
method is not necessarily a reason to eliminate a carrier from further development, 
particularly if in vitro/in vivo performance suggests selection of that polymer. This 
method is simply used to rank order the physical stability of the amorphous formula-
tions to allow identification of the optimum polymer taking into account all attributes 
of the system. For example, if a certain high-performing (in vitro/in vivo) carrier 
system tends to absorb moisture leading to destabilization of the amorphous API, 
certain packaging configurations can be utilized to protect the drug product from 
moisture. In this example, accelerated stability testing serves as an early indication 
that packaging will be critical to product stability. Alternatively, if all other aspects 
of several amorphous formulations are similar yet there are significant differences in 
physical stability, it would be wise to focus efforts on the most stable systems.
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In addition to physical stability, chromatographic analysis (HPLC) should be 
conducted on the accelerated stability samples to detect changes in potencies and 
impurity profiles with storage time. This will provide an early indication of chemi-
cal incompatibility of the drug (in a noncrystalline state) and polymer(s). This is 
particularly important for amorphous formulations, because excipient compatibility 
studies conducted during preformulation stages typically utilize the crystalline drug 
in a binary blend with the excipient and therefore do not adequately simulate the 
drug–excipient interactions in an ASDD system. If the levels of impurities are 
minor, or if there is an opportunity to qualify the impurities during toxicology 
studies, some chemical incompatibility may be manageable. However, if the 
formation of impurities is substantial (significantly reducing product potency) and 
there is no opportunity to qualify the impurities, then such chemical instability 
would be an eliminating factor for the carrier.

Table 10.12 Example of an accelerated physical stability program for ASDD systems

Physical stability data for VX-950 spray dried dispersion

Formulation Condition Container Initial 1 week 2 weeks 1 month 2 months

Pure 
amorphous 
VX-950

40 °C/75 % 
RH

Closed A A A A

60 °C Closed A A A A

25 °C/60 % 
RH

Closed A A A A

40 °C/75 % 
RH

Open C

Solvent 
evaporation

40 °C/75 % 
RH

Closed A A A

VX-950:PVP 
K30 (1:1), 1 % 
SLS

60 °C Closed A A A

25 °C/60 % 
RH

Closed A A A

Spray dried 40 °C/75 % 
RH

Closed A A A A

VX-950:PVP 
K30 (1:1), 1 % 
SLS

60 °C Closed A A A A

25 °C/60 % 
RH

Closed A A A A

40 °C/75 % 
RH

Open C

Solvent 
evaporation

40 °C/75 % 
RH

Closed A A A A

VX-950:PVP 
K16 (1:1), 1 % 
SLS

60 °C Closed A A A A

25 °C/60 % 
RH

Closed A A A A

40 °C/75 % 
RH

Open A

Adapted from Cui et al. (2006)

A amorphous, C crystalline, and Blank not tested
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By accelerated stability programs, polymers can be rank ordered with respect to 
physical and chemical stability of the amorphous drug. As key adjuvant excipients 
are identified by in vitro dissolution screening, SDD compositions containing these 
excipients should also be subjected to accelerated stability studies. Those systems 
with unmanageable physical and chemical instability should be eliminated from 
consideration.

10.8.6  Pharmacokinetic Evaluation

At the culmination of spray-dried dispersion development, an animal PK study 
should be conducted to select the final ASDD formulation(s) from the leads. When 
developing a formulation for toxicology studies, PK assessment should be conducted 
in both animal species selected for the toxicology studies. In this case, the best 
performing formulation is directly selected. In the case of clinical and market 
formulation development, animal PK assessment of the lead ASDD intermediates is 
done to reduce the leads to a number manageable for prototype dosage form 
development. This will include process development and scaleup which may result 
in further reduction of intermediate formulations based on manufacturability. 
Ultimately, the prototypes will be evaluated again in animal PK studies before the 
selection of clinical formulation(s). For entry into humans, the best performer from 
this final animal study will proceed into clinical study. For phase II/market 
formulations, this final animal PK study will be used to narrow the candidates to a 
suitable number to test in a human bioavailability or bioequivalence study, with the 
final clinical/market formulation being selected based on these results.

10.8.7  Preclinical Considerations

Drug insolubility can be particularly challenging in the preclinical phases of 
development. Specifically, achieving exposures in animal models that are sufficient 
to establish adequate safety margins over the predicted efficacious dose can be 
difficult with poorly soluble compounds. Poor solubility limits not only exposure 
but dose linearity as well. Dose linearity tends to be poor for insoluble compounds 
as plateauing exposure is often seen during dose escalation and prior to achieving 
the desired exposure. Reducing the particle size of the crystalline API by micronizing, 
wet milling, or nano-milling can improve exposures but are often not sufficient to 
achieve the target exposures for high-dose insoluble molecules due to inherent 
solubility limitations of the crystalline form. Solution formulations are another 
often-employed approach that can yield improved exposures and dose linearity over 
the crystalline drug; however, poor drug solubility in suitable vehicles and vehicle 
dose restrictions often limit the amount of compound that can be administered with 
these formulations.
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ASDD systems offer obvious advantages over crystalline suspension and solution 
formulation approaches. First, by converting the API to an amorphous form, the 
inherent solubility limitations associated with the crystalline API are eliminated. 
Second, if properly designed, the solid dispersion formulation can be easily consti-
tuted in standard aqueous vehicles and can remain amorphous for several hours to 
enable a sufficient time window for dosing. Therefore, amorphous solid dispersions 
offer the solubility benefits of a solution formulation without the need for nonaque-
ous vehicles that can limit dosing volumes. Additionally, ASDDs are oftentimes found 
to provide improved exposure and dose linearity over solution formulations. This is 
likely due to the intimate association between the drug and the excipient carrier which 
delays precipitation with respect to solution formulations which can be less efficient in 
keeping the drug in solution when mixed with GI fluids.

An example of improved exposure and dose linearity for an ASDD-based toxi-
cology formulation is described in an article by Kwong et al. (2011). In this exam-
ple, the researchers developed an ASDD formulation with an HPMCAS-HF carrier 
for a poorly water-soluble molecule, “compound 3.” The powder was dosed as a 
suspension from an aqueous vehicle containing 0.5 % methylcellulose and sodium 
lauryl sulfate (SLS). The dose proportionality comparison of this formulation 
between suspensions of the pure crystalline and amorphous drug is shown in 
Fig. 10.10. From these results, it is observed that the ASDD formulation provided 
far superior exposure and dose linearity as compared to the suspension formulations.
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Fig. 10.10 Dose proportionality of crystalline compound 3 in 10 % Tween (filled triangle); 
amorphous form in 0.5 % Methocel/0.24 % SDS (filled square); solid dispersion at 50 % drug 
loading in HPMCAS-HF in suspension (filled circle) from 10 to 750 mpk dosed at 5 mL/kg in 
Sprague Dawley rats (n = 4). Reproduced from Kwong et al. (2011) with permission from Elsevier
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Selecting the appropriate carrier for an amorphous spray-dried dispersion 
intended for toxicology studies is critical not only to achieve the maximum drug 
exposure and dose linearity but also to ensure that the ASDD formulation remains 
amorphous in the vehicle for a sufficient duration to facilitate dosing of multiple 
animals from the same suspension lot. For this purpose, ionic polymers tend to be 
the best carriers. There are numerous articles in the literature which demonstrate the 
benefit of anionic polymers for intestinal targeting of supersaturation to improve 
oral absorption of insoluble compounds (Curatolo et al. 2009; Friesen et al. 2008; 
Kennedy et al. 2008; Kohri et al. 1999; Miller et al. 2008a). The additional benefit 
of these polymers for toxicology formulations is that they are insoluble in aqueous 
buffers of pH < 5. By properly adjusting the pH of the vehicle, the solid dispersion 
can remain amorphous for several hours to facilitate dosing.

Suspension stability of an ASDD-based toxicology formulation as a function of 
vehicle pH was demonstrated in articles by Moser et al. (2008a, b). In this study, the 
authors describe the development of an ASDD formulation with an HPMCAS-HF 
carrier in support of high-dose preclinical safety studies of “compound A.” This 
formulation was found to yield a tenfold increase in exposure over a crystalline 
formulation in dogs and thus enabled dose escalation to the desired exposures. As 
part of the toxicology formulation development process, these authors investigated 

Fig. 10.11 XRPD spectra of solids pulled from suspension (dried at RT, vacuum) in both DI water 
and pH 4 buffer, spray-dried dispersion (control), and crystalline API. Order from top to bottom: 
DI water (4, 2, 1 h), pH 4 acetate buffer (4, 2, 1 h), spray-dried powder, crystalline API. Reproduced 
from Moser et al. (2008b) with permission from Russell Publishing, LLC
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the influence of vehicle pH on the physical stability of the ASDD formulation in 
suspension. The results of this study for low concentration suspensions (1 mg/mL) in 
deionized (DI) water and pH 4.0 acetate buffer are shown in Fig. 10.11. These results 
clearly demonstrate the influence of vehicle pH on the physical stability of the ASDD 
formulation. Recrystallization of compound A is evident only after 1 h in DI water, 
whereas no appearance of crystals is seen in acetate buffer for at least 4 h. This 
example thus illustrates the importance of utilizing a buffered vehicle of pH below 
the onset of dissolution of the carrier polymer to ensure physical stability of the 
ASDD system for a duration sufficient for study dosing.

As with any amorphous solid dispersion, optimizing drug loading of the formu-
lation is critical. It is particularly important for toxicology formulations not only to 
achieve the required drug exposures but also to ensure suitable drug loading and 
amorphous stability in suspension. The upper limit of solids loading of ASDD pow-
der in aqueous vehicles is typically in the range of 15–30 % (w/v). As solids loading 
is increased, the suspension becomes increasingly viscous up to a point where dos-
ing via gavage is prohibitively difficult. Given this limitation, it is important to 
maximize drug loading in the solid dispersion system to achieve acceptable drug 
concentrations in the suspension.

For example, a suspension in which maximum viscosity is achieved at 20 % (w/w) 
solids loading with an ASDD containing 10 % active results in a maximum suspen-
sion concentration of only 20 mg API/mL, whereas a solid dispersion containing 
30 % drug loading yields a maximum of 60 mg API/mL suspension, thus enabling a 
threefold higher dose per volume. Achieving adequate drug loading in the ASDD is 
essential to achieving the target exposures for molecules requiring highly elevated 
exposures for toxicity assessment. However, drug loading must be balanced against 
suspension stability, as higher drug loading tends to result in faster recrystallization 
in the vehicle because there is less excipient to protect the amorphous drug. 
Experimentation is required to determine the maximum drug loading that can be 
maintained amorphous in suspension for a suitable dosing time interval.

Spray drying as a formulation technology is also advantageous for toxicology 
formulations with respect to the physical properties of the powder product. 
Controlling particle size is important to ensuring that a formulation can be 
administered via gavage needle of reasonable gauge for rat dosing. Since it is 
straightforward to produce spray-dried dispersions with a mean particle diameter of 
less than 100 μm, spray drying is an ideal process for producing particles that are 
easily delivered by standard animal dosing practices. It is also important that 
powders for constitution utilized for toxicology purposes wet and suspend well in 
the delivery vehicle. In this regard, spray-dried powder is ideal in that it is typically 
high surface area and low bulk density. Therefore, with appropriate carrier selection, 
wettability and suspendability of spray-dried powder is typically very good. Thus, 
spray drying produces easily constitutable powders that yield homogenous 
suspensions that are easily and accurately dosed to all animal species.

Spray-dried solid dispersions also offer processing advantages during pre- 
clinical phases of development. First, spray drying on very small and very large 
scales can be accomplished rather easily. Therefore, it is straightforward to produce 
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the drug product as it progresses through the various phases of clinical candidate 
selection: from PK studies, to dose range-finding studies, to multi-week GLP 
toxicology studies. Often the transition between these phases can be rather fast and 
API may only become available just prior to the study start. Hence, there is little 
time and drug available for extensive process development and scaleup. The concept 
of an ASDD can be proven on a very small scale, using a Buchi Nano Spray Dryer 
B-90 system for example, and this powder can be used to supply initial animal PK 
studies. At a small scale, optimizing the spray-drying process involves a simple 
design of experiments study to identify acceptable process parameters. With the 
basic process parameters established, step-wise scaleup of the spray-drying process 
to meet the increasing needs of a progressing safety assessment program is 
straightforward. Hence, the ease in transitioning between different scales for the 
production of ASDD formulations makes it an ideal process for the manufacture of 
formulations for preclinical safety studies at all development stages.

In summary, the advantages of spray-dried dispersions to preclinical develop-
ment are manifold. First, aptly formulated ASDDs yield a more bioavailable form 
of the drug that is also physically stable in suspension. Second, spray-dried powder 
is ideal for constitution in aqueous vehicles and forms a homogenous suspension 
which can be easily and accurately dosed by gavage. Finally, the spray-drying 
process can be scaled up quickly to accommodate all stages of toxicology 
assessment: from initial animal PK studies requiring only a few grams of drug 
product to multi-week GLP studies requiring tens of kilos.

10.8.8  Clinical Considerations

There are a few key benefits to utilizing an ASDD formulation strategy for a poorly 
water-soluble molecule for entry into and progression through clinical development, 
aside from the obvious enhancement of oral bioavailability. Paramount among these 
benefits is that insoluble molecules will typically require a solubility enhanced for-
mulation for preclinical safety studies as well for safety and efficacy assessment in 
humans. Therefore, an optimized ASDD formulation used in preclinical safety stud-
ies can often be directly utilized in clinical formulation development. An obvious 
benefit to this situation is reduced development time. Another key benefit relates to 
the safety assessment of the ASDD formulation. By using the same or similar ASDD 
formulation in clinical studies as was used preclinical safety evaluation, any impuri-
ties unique to the ASDD formulation will have been previously qualified. Moreover, 
safety of the carrier formulation will also have been established. Since ASDD formu-
lations often include excipient components for which there is no safety precedent at 
the delivered amount, the latter benefit is an important one.

ASDD formulations also offer advantages to clinical studies with respect to their 
applicability to various final dosage forms, such as powder for constitution, powder 
in a capsule, tablets, etc. This flexibility provides formulation scientists various 
product options to choose from at each stage of clinical development while keeping 
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the critical component of the formulation constant. This allows for quick reaction to 
the development program’s changing drug product needs. For instance, to achieve 
rapid entry into clinical studies, a simple powder in a bottle concept can be employed 
to minimize product delivery time to the clinic while providing dosing flexibility for 
ascending dose studies. As the program moves into small patient studies, a portable 
easy-to-dose formulation may be required, e.g., for take-home studies. In this case, 
a powder in a capsule formulation can be rapidly developed from the ASDD 
formulation. Finally, as the program moves into phase IIb, a close-to-market tablet 
formulation could be required. This tablet dosage form could also be developed in a 
relatively short period from the ASDD formulation. Keeping the critical component 
formulation constant throughout the various phases of development ensures similar 
PK performance of the various delivery systems, thereby reducing risk of 
formulation-related issues in late-phase development. A more detailed discussion of 
key considerations for converting ASDD intermediates into these final dosage forms 
will be described in detail in the following section.

10.8.9  Final Dosage Form Development

After the formulation and processes have been developed, efforts are then focused on 
converting ASDD intermediates into final dosage forms. In this section, downstream 
processing of spray-dried intermediates for the facilitation of final dosage form man-
ufacturing is discussed. Common issues encountered when post- processing spray-
dried powders will be reviewed along with methods for overcoming these problems. 
Then, final dosage form development is discussed with focus on the most common 
systems along with strategies for utilization according to the stage of development.

10.8.9.1  Powder Densification

The particle morphology of spray-dried dispersions, as illustrated by Fig. 10.12, 
tends to resemble a hollow or shriveled sphere structures. This particle morphology 
leads to high surface area which is advantageous for dissolution enhancement; 
however, it also results in low bulk density of the spray-dried powder which can be 
problematic with respect to dosage form production.

The bulk density of spray-dried powder can vary significantly, depending on the 
scale of manufacturing, formulation, process parameters, and nozzle type. For 
typical amorphous solid dispersions, bulk densities can range from <0.1 g/cm3 up to 
about 0.4 g/cm3. Bulk densities of greater than 0.4 g/cm3 are rarely achieved by 
conventional spray drying alone. Typically, bulk densities of spray-dried powders 
fall in the range of 0.1–0.35 g/cm3. An example of the typical properties of spray- 
dried dispersions is provided in Table 10.13. It is typically the case that the powder 
must be further densified in order to enable capsule filling or tablet compression. 
Density is more critical with high-dose compounds where a large amount of spray- 
dried powder will be loaded into the final dosage form.
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The two primary options for downstream densification of spray-dried powder 
are: (1) dry granulation and (2) wet granulation. As discussed previously, FSD is 
another option for improving the density of spray-dried product and is particularly 
attractive because densification is achieved concurrently with the spray-drying pro-
cess. However, FSD has only just recently found application in the pharmaceutical 
industry and has the restriction of limited small-scale equipment availability. Hence, 
traditional spray drying is of primary interest and secondary powder densification is 
typically a requirement. In this section, the use of dry and wet granulation for the 
densification of ASDD powder is briefly reviewed.

Dry granulation is a process of agglomerating powders by the application of high 
pressure. The pharmaceutically relevant dry granulation processes include slugging 
and roller compaction. Owing to greater throughput, more precise process control, 
and minimal need for lubricants, roller compaction has emerged in recent years as 
the preferred dry granulation process in the pharmaceutical industry (Kleinebudde 
2004). Roller compaction is ideal for densifying ASDDs because the process does 
not require liquid that could destabilize the amorphous material. Additionally, many 

Fig. 10.12 Morphologies of spray-dried powder. Reproduced from Curatolo et al. (2009) and 
Friesen et al. (2008) with permission from Springer and the American Chemical Society, 
respectively

Table 10.13 Example 
properties of a bulk 
spray-dried dispersion

Bulk properties (after secondary drying)
Tray dried 
at 40 °C

Bulk specific volume (g/cm3) 0.2

Tapped specific volume (g/cm3) 0.313

Hausner ratio 1.56

Mean particle diameter (μm) 80

D10, D50, D90 (μm) 25, 73, 143

Span (D90 − D10)/D50 1.60

Residual Acetone (before secondary drying) 3.0 %

Adapted from Crew et al. (2007)

10 Spray-Drying Technology



482

spray-dried powders have manageable flow properties, tend not to be tacky, and 
bond well under pressure making them particularly amenable to the roller compac-
tion process.

Roller compaction with ASDDs can be accomplished without the inclusion of 
additional excipients; however, to improve processing and granulate performance 
typically lubricant(s), disintegrant(s) and filler(s) will be required. Following roller 
compaction, the densified ribbons are milled to form the granulate product. Ideally, 
this granulate will have a bulk density of greater than 0.3 g/cm3 to facilitate capsule 
filling or tablet compression.

Dry granulation in itself is a complex science; a detailed discussion of the pro-
cess is beyond the scope of this chapter. This section is included simply to make the 
reader aware of the options for densifying spray-dried powders to enable final dos-
age form production. The reader is refereed to Kleinebudde (2004) and Miller 
(2010) for detailed discussions on roller compaction technology.

In contrast to dry granulation which can be applied to most ASDDs, wet granula-
tion can only be applied to amorphous systems which are not sensitive to the granu-
lation fluid. If the drug and/or polymer has solubility in the granulation liquid, the 
properties of the amorphous dispersion can be disrupted leading to recrystallization 
of the drug. An example of a scenario in which wet granulation would be an option 
is one where the amorphous dispersion is stabilized with an ionic polymer such as 
HPMCAS, HPMCP, methacrylic acid copolymer, and ammonio methacrylate copo-
lymer; the granulation fluid is of a pH at which the polymer is not soluble. Even in 
this scenario, the drug must be highly stable in the dispersion for wet granulation to 
be viable. As a precursor experiment to performing wet granulation, it is recom-
mended to suspend the spray-dried material in the granulation fluid and monitor the 
morphology of the system periodically by a suitable analytical technique to deter-
mine the onset of drug crystallization. If the amorphous system remains unchanged 
for several hours in suspension, it is a good indication that the spray-dried powder 
will remain unchanged by wet granulation. Nevertheless, extensive process devel-
opment and evaluation is recommended at every scale to ensure that wet granula-
tion does not alter the properties of the ASDD.

Wet granulation of ASDDs can be conducted in a similar manner to traditional 
wet-granulation processes, either by low-shear, high-shear, or fluid-bed granulation 
techniques. As mentioned previously, it is important that the drug and the carrier 
system be insoluble in the granulation liquid to prevent alterations of ASDD 
properties. To achieve the desired granulate properties, additional excipients may be 
required, such as binder(s), disintegrant(s), and filler(s). As with any wet-granulation 
process, the granulate will need to be dried to remove excess moisture. This can be 
achieved by traditional drying methods as described previously. The granulate 
yielded from this process will ideally have a bulk density in excess of 0.3 g/cm3 to 
facilitate capsule filling or tablet compression.

The amorphous nature of ASDDs coupled with the high surface area of the pow-
ders can lead to unusual responses to wet granulation. Significantly more granula-
tion fluid may be required than with a traditional granulation to achieve the desired 
granulate. Also, uneven binder distribution owing to inadequate agitation of the 

D.A. Miller et al.



483

powder bed can lead to the rapid formation large agglomerates. Higher impeller 
speeds and lower spray rates are therefore recommended at the start of granulation 
to facilitate homogenous granule formation. Because of these challenges, the reader 
is encouraged to employ dry granulation methods for densification whenever 
possible. If wet granulation is selected, the formulations scientist should endeavor 
to thoroughly characterize the process at lab scales before utilizing for larger-scale 
drug product supply.

10.8.9.2  Powder in a Bottle Formulations

As discussed previously, ASDDs offer many unique benefits as drug product for 
pre-clinical safety studies. Without extensive (or any) additional downstream 
processing, ASDD formulations can be used directly in animal toxicology studies. 
Pre-weighed powder filled into an appropriate container can simply be constituted 
with the addition of the delivery vehicle, adequately mixed and then dosed. In this 
context, an ASDD powder in a bottle concept is ideal.

Similarly, this concept can be employed for early clinical studies as well. The 
ASDD powder can be pre-weighed in individual containers which can be combined 
with a specified volume of a suitable liquid by shaking to create a homogenous 
suspension ready for administration. Alternatively, the ASSD powder can be 
supplied in bulk to the dosing site to be weighed by the attending pharmacist and 
pre-suspended in a suitable liquid prior to administration. This approach offers 
significant benefits with respect to reducing time and resources spent on drug 
product development and manufacturing. Additionally, it allows for flexibility in 
dosing which can be beneficial in phase I ascending dose studies.

10.8.9.3  Powder in Capsule Formulations

To reiterate, in most instances, particularly for high-dose drugs, the ASDD must be 
densified by an appropriate granulation method to enable efficient filling of the 
required dose in a capsule of reasonable size. A standard size 1 capsule has a volume 
capacity of 0.5 mL. Assuming a density of 0.2 g/mL for typical bulk spray-dried 
powder, a size 1 capsule can hold a maximum of 100 mg of total powder. If a solid 
dispersion formulation contains only 30 % drug, the maximum capsule dose strength 
achievable is 30 mg. On the other hand, if by granulation the density of the ASDD 
powder is increased to 0.6 g/mL, then the theoretical maximum dose strength 
attainable in a size 1 capsule is a more reasonable 90 mg. It is then understood that 
for high-dose applications and/or limitations on the number of capsules per dose 
administration, densification of ASDD powder is required for capsule production. 
Additionally, increasing the density of the spray-dried powder will significantly 
improve flow, thereby enhancing the efficiency of the capsule-filling process.

Another issue to consider regarding capsule filling with ASDDs is plug forma-
tion on dissolution. Plug formation in this context refers to the phenomenon in 
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which the powder content of a capsule does not disperse following dissolution of 
the capsule shell. Rather, the powder is held together presumably by hydrophobic 
interactions to form a loose solid mass or plug. These plugs typically erode slowly 
in aqueous environments, thereby significantly retarding the release of the drug. It 
has been explained that slow dissolution of similar plugs stems from faster dissolu-
tion of the hydrophilic carrier at the surface of the plug leading to the formation of 
a hydrophobic drug-rich layer which acts as a barrier to drug release (Serajuddin 
et al. 1988).

To promote dispersion of capsule contents following dissolution of the shell, it is 
recommended that the ASDD granulate be blended with surfactants (Kennedy et al. 
2008), wetting agents, soluble fillers, insoluble fillers, disintegrants, etc. The 
addition of these external excipients promotes wetting, acts as a stearic barrier to 
hydrophobic interaction or gel formation, and physically pushes adjacent particles 
away, thus acting synergistically to facilitate dispersion of the powder from the 
capsule shell. The result is an immediate release, as opposed to an undesired 
sustained release capsule dosage form.

10.8.9.4  Tablet Formulations

Similar to capsules, powder density is also a critical factor for tablet compression to 
improve flow and ensure that the powder mass corresponding to the required drug 
dose can easily fit inside the die cavity. Densification of the ASDD by the appropriate 
granulation method is required to enable tablet compression in most cases. As with 
most granulations, external excipients are required to facilitate compression and to 
achieve the desired tablet properties. Fillers, disintegrants, flow aids, and lubricants 
will likely be required to ensure acceptable manufacturability, tablet hardness, 
friability, and to achieve the desired performance with regard to disintegration and 
dissolution.

For products where the ASDD is the principal component of the final dosage 
form, e.g., greater than 50 % w/w, carrier selection can dictate tablet performance 
with respect to disintegration and dissolution. Polymers which function as binders 
and/or gelling agents—such as hypromellose, povidone, and copovidone—tend to 
produce nondisintegrating tablets when external filler is limited by dosage form 
size. For example, Kaletra and Norvir tablets are principally composed of amorphous 
solid dispersions (<20 % drug loading) in copovidone (Berndl et al. 2008). With low 
drug loading in the solid dispersion and drug doses of 250 mg and 100 mg for 
Kaletra and Norvir, respectively, there is limited space in the formulations for 
external fillers to enhance disintegration while maintaining a reasonable dosage 
form size. As a result, both tablets are eroding systems. For many drugs, steady drug 
release from the tablet surface over the coarse of GI transit is suitable. However, in 
some cases, site-specific absorption in the duodenum for example, immediate 
release is required to maximize oral absorption. In these cases, a disintegrating 
tablet is usually required and therefore the previously mentioned polymers are not 
suitable as carriers for the solid dispersion. In these cases, anionic polymers such as 
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HPMCAS, HPMCP, and methacrylic acid copolymers tend to be better carriers. In 
summary, carrier polymer selection for the ASDD can have a significant influence 
on final dosage form performance. Consideration should be given to this issue at the 
early stages of amorphous solid dispersion development.

10.8.10  Examples from the Pharmaceutical Literature

In the previous sections, an overview of the spray-drying process, the development 
of an ASDD formulation, and final dosage form design and production has been 
discussed. In the following sections, examples from both the pharmaceutical 
literature and industry illustrating the use of spray-drying technology for 
enhancement of dissolution properties, oral bioavailability, and therapeutic efficacy 
of poorly water-soluble drugs will be reviewed.

10.8.10.1  B-Raf Inhibitor (G-F) with HPMCAS-M

In a study published by Cui et al., the authors demonstrated the ability to generate a 
spray-dried amorphous dispersion of G-F, a B-Raf inhibitor (Cui et al. 2013). 
However, prior to developing the spray dried composition, the feasibility of using an 
amorphous dispersion was evaluated. Initially, the pH solubility profile for G-F was 
produced across a range of 1.54–12.05, with pKa values obtained at 0.68 (base), 
7.46 (acid), and 11.42 (acid). The intrinsic solubility was poor, several μg/mL or 
less, across the pH range of 2–7. The authors identified this as problematic as a dose 
of at least 100 mg/kg was necessary for preclinical evaluation of efficacy and safety. 
Target solubility enhancement of at least 10-fold would be necessary to enable these 
studies. A prediction of amorphous solubility enhancement could be made from the 
free energy difference between the amorphous and crystalline states. This difference 
was calculated from determination of the isobaric heat capacities of each state. 
Analyzing the isobaric heat capacities presented a challenge as the plot was 
discontinuous at the Tg of G-F. To solve, the data was split into three intervals: 
below, at, and above the glass transition. These heat capacity equations, along with 
melting enthalpy/temperature, were plugged into integrated expressions from 
literature to obtain the theoretical amorphous solubility increase. The general 
expression for this relationship is: ΔGc→a = RT ln(Ca/Cc), where ΔGc→a is the differ-
ence in free energy between the amorphous and crystalline states, R is the gas con-
stant, T is the temperature of interest, and Ca/Cc are the solubilities of the amorphous 
and crystalline states. At 37 °C, experimental results were 194, 246, and 288 fold 
increases over crystalline state indicating the thermodynamic potential for an amor-
phous form of G-F to significantly increase solubility.

Initially, solubility enhancements of G-F were attempted with jet-milling, cosol-
vents and salt formation. These were unsuccessful as they were unable to meet the 
needs of the efficacy and safety preclinical studies. Therefore, an amorphous solid 
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dispersion by spray-drying was chosen as the method for improving drug solubility. 
G-F has a melting point between 190 and 228 °C, depending on the polymorph, 
with a Tg of 120 °C. Due to this high Tg, the authors selected HPMCAS-MF as the 
polymer for the amorphous dispersion as well as for its resistance to water absorp-
tion and capability to enhance bioavailability. A 25 % drug load was selected for the 
dispersion. Acetone was chosen as the solvent with a total solids load of 5 % (w/v). 
Pure amorphous G-F, used above, was created by the same process but without 
HPMCAS-MF. The spray-dried amorphous dispersion had a single Tg at 91 °C. The 
Tg value greater than 90 °C and the absence of a second Tg led the authors to predict 
good physical stability for the amorphous dispersion.

Performance testing was carried out on crystalline, amorphous, and amorphous 
dispersion G-F material. Non-sink dissolution was performed with pH 6.5 phosphate 
buffer as the media. The amorphous G-F only demonstrated a twofold increase over 
the crystalline form. While this result was initially surprising, optical microscopy 
revealed recrystallization of G-F which likely led to the reduction in solubility. 
Similar performance was observed when amorphous G-F was tested in media that 
had pre-dissolved HPMCAS-MF. By contrast, the amorphous dispersion containing 
HPMCAS-MF reached a 20-fold increase over the crystalline form. Additionally, 
the increase was sustained for 0.5 h before solubility began to decrease. The 
solubility was maintained above the crystalline level for over 2 h. These results 
demonstrated a solubility/dissolution benefit unique to the molecular interaction 
between G-F and HPMCAS-MF in the spray-dried amorphous dispersion. Next, the 
crystalline G-F and the spray-dried amorphous dispersion were performance tested 
in a rat model. At a dose level of 100 mg/kg, the exposure increased three-fold. 
However, at a dose of 300 mg/kg, the exposure was 10 to 20-fold higher. The authors 
attributed the supra-proportional increase to saturation of the clearance. Ultimately, 
there was good correlation between the in-vitro and in-vivo performance.

10.8.10.2  Sirolimus with HPMC-TPGS

In a study published by Kim et al., the authors generated and optimized formulations 
of sirolimus solid dispersions by spray-drying (Kim et al. 2013). Prior to spray- 
drying, the authors utilized small scale solvent casting to screen binary and ternary 
compositions of sirolimus with five polymers (HPC, HPMC, PVP VA64, PEG 8000, 
and PVP K30) and seven surfactants (SLS, TPGS, G50/13, M52, P 407, SE15, and 
G44/14). For the binary studies, test formulations were solvent cast at drug:excipient 
ratios of 50:50, 20:80, and 10:90, and analyzed after incubation times of 0.5, 1, 2, 
and 24 h in water media. Plots were generated of drug concentration versus 
incubation time. The surfactants demonstrated a higher capacity for solubility 
enhancement than the polymers. TPGS and SLS had the highest effect on both 
initial solubility and supersaturation maintenance. Also of note, SE15 had the 
slowest dissolution rate of the surfactants. Next, ternary studies were performed by 
solvent casting drug:polymer:surfactant ratios of 1:8:1 for all of the polymers/
surfactants examined in the binary study. These compositions were incubated in 
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water media for 1 and 24 h followed by drug concentration analysis. In the ternary 
compositions, TPGS, SE15, and P 407 were the most effective surfactants and 
HPMC was the most effective polymer. Particularly, HPMC-TPGS and HPMC-SE15 
were the most effective at both time points.

The results from the pre-formulation screening were used to select three siroli-
mus formulations for investigation as spray-dried compositions: HPMC, HPMC-
TPGS, and HPMC-SE15. HPMC-G44/14 was also chosen as a comparator. The 
solvent for spray-drying was a 50/50 (v/v) ethanol/dichloromethane mixture with 
solids concentration of 20 mg/mL. All four solid dispersions were analyzed by pow-
der X-ray diffraction and found to be amorphous with respect to sirolimus.

The four spray-dried compositions, an HPMC-sirolimus physical mixture, and 
raw siroliums were analyzed following a procedure similar to the pre-formulation 
studies. As expected from the pre-formulation study results, solid-dispersions with 
HPMC-TPGS and HPMC-SE15 presented the highest supersaturation maximum 
and 24-h concentration. The HPMC-G44/14 comparator released to a similar maxi-
mum value, but precipitated to levels similar to the physical mixture by the 8 h time 
point. A follow-up study in rats returned similar results. Statistical analysis (p < 0.05) 
determined that HPMC- TPGS = HPMC-SE15 > HPMC = HPMC-G44/14 > physical 
mixture. The in-vitro drug concentration data correlated well to the in-vivo rat data 
with R2 values of 0.9860 and 0.8616 for the AUC and Cmax, respectively. These stud-
ies show the viability of spray-drying as an option for improved sirolimus supersatu-
ration and bioavailability.

10.8.10.3  Telmisartan with Povidone K30 and a pH Modifier

In a study published by Marasini et al., the authors developed pH-modulated solid 
dispersions of telmisartan (TMS) by spray-drying (Marasini et al. 2012). TMS is 
targeted for the reduction of blood pressure as an angiotensin II receptor agonist. 
While it is practically insoluble in water, it has pH-dependent release as its free acid 
form is ionizable. To improve the solubility of TMS, the authors targeted the 
adjustment of microenvironmental pH to improve dissolution performance. During 
pre-formulation work, the authors examined carriers and alkalizers at 1 % level for 
their benefit to drug solubility. Among the carriers, PVP K30 provided the maximum 
solubility benefit. The authors also noted its advantages of a high melting point, low 
toxicity, tolerability, and precipitation inhibition. Among the alkalizers, three 
performed well: magnesium oxide, sodium hydroxide, and sodium carbonate. 
However, the authors discovered issues with magnesium oxide (insoluble in water) 
and sodium hydroxide (instability) that led them to select sodium carbonate as the 
alkalizer moving forward.

A spray-dried solid dispersion was developed using TMS, PVP K30, and sodium 
carbonate. To determine the optimum formulation, drug and sodium carbonate 
concentrations were constant at 2 and 3 g respectively while the K30 amount was 
varied. TMS has a melting point of approximately 268 °C. A 95/5 water/ethanol mix 
was selected as the solvent with 2 g of drug per 100 mL of spray-dried media. It was 
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noted that the use of significant water in spray-drying was unconventional and 
offered the advantages of lower environmental impact, reduced toxicity risk, and 
greater safety with respect to the manufacturing process.

After the development of spray-dried formulations, the resulting materials were 
tested for solubility performance. Equilibrium solubility testing in water revealed 
that drug solubility in the dispersions was substantially improved compared to TMS 
powder alone. Interestingly, the formulation with the greatest solubility enhancement 
was the one which contained the least amount PVP K30. It was suggested that the 
pH-modulation of the system was sufficient to enhance the release over any benefit 
of the added polymer. Interestingly, dissolution testing in water showed no difference 
between the formulations in release rate or magnitude. As the PVP K30 did not 
appear to provide significant solubility benefit, the formulation containing the 
minimum amount was selected for subsequent analysis. Additional dissolution 
testing of this formulation against TMS powder and the commercial product, 
Micardis®, was executed in pH 1.2, 4.0, 6.8, and distilled water. In pH 6.8 and water, 
both the commercial product and the pH-modulated dispersion performed similarly 
and far exceed the powder result. However, in pH 1.2 and 4.0, the new formulation 
surpassed the commercial product release profile while the TMS powder remained 
the lowest release. This result was further verified in a rat model with the new 
formulation having significantly higher Cmax (>6× improvement) and AUC (>2× 
improvement). Thus, a pH-modulated spray-dried dispersion of TMS with polymeric 
carrier and alkalizer demonstrated the potential superiority over the current 
commercial product approach.

10.8.10.4  MK-0364 with HPMCAS and Copovidone

In a study published by Sotthivirat et al., the authors developed solid dispersions of 
MK-0364 by spray-drying and hot-melt extrusion (Sotthivirat et al. 2013). MK-0364 
is targeted as a monotherapy in the treatment of obesity. It is a poorly water soluble 
drug (<0.4 μg/mL) with no discovered stable salt form. Pre-formulation evaluations 
of dispersions were carried out by solvent casting at a 10 % drug load with polymers 
Eudragit L100-55, HPMCP HP-55, and HMPCAS-LF, with the greatest solubility 
enhancement from HPMCAS. The effect of surfactants was also investigated in 
copovidone solvent cast dispersions where it was determined that polysorbate 80, 
sorbitan monooleate, and vitamin E TPGS provided the greatest benefit to 
supersaturation.

Formulations were prepared by hot-melt extrusion with copovidone as the poly-
meric carrier due to its thermal stability, lower Tg, and challenges with processing 
HPMCAS by hot-melt extrusion. PVP was also examined as a means to improve 
physical stability in the copovidone formulations. A Thermo Scientific twin-screw 
extruder was used with operating temperatures from 130 to 160 °C. The spray-
dried approach examined HPMCAS with HPMC samples as a comparator to deter-
mine the benefit of cellulosic polymers. Spray-drying was performed with a Niro 
SD-Micro™ spray dryer. Feed solution contained 5 % solids with acetone and 
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methanol used as the solvents for the HPMCAS and HPMC formulations respec-
tively. Additionally, the surfactants polysorbate 80/sorbitan monooleate and vita-
min E TPGS were examined in the hot-melt extrusion and HPMC spray-dried 
samples for their benefit to drug solubility. However, surfactant quantity was 
reduced by half compared to the solvent cast pre-formulation due to processing 
challenges with hot-melt extrusion. It was determined that this had no negative 
effects on supersaturation.

All samples prepared by both methods were found to be amorphous with respect 
to XRPD. Initial physical characterization of samples generated by hot-melt 
extrusion found that samples containing PVP were heterogeneous and not suitable 
for further analysis. While the dissolution profiles were similar for both the 
polysorbate 80/sorbitan monooleate and vitamin E TPGS melt-extruded samples, 
the polysorbate 80/sorbitan monooleate dispersion displayed slightly greater 
bioavailability in rhesus monkeys and was selected as the lead hot-melt extrusion 
candidate. For the spray-dried formulations, all of the HPMCAS and HPMC 
formulations had both good physical characterization with rapid sustained 
supersaturation by dissolution. Spray dried dispersions containing HPMCAS and 
HPMC/polysorbate 80/sorbitan monooleate were evaluated in the rhesus monkey 
model with both options performing similarly to the hot-melt extruded sample. 
HPMCAS was chosen as the lead spray-dried candidate due to its lower 
hygroscopicity compared to HPMC. Both the lead hot-melt extrusion copovidone 
formulation and the lead HPMCAS spray-dry formulation were evaluated in a 
54-week stability study with crystallinity detected in the hot-melt extruded sample 
while none was detected in the spray-dried candidate. Thus, the stability benefit of 
the HPMCAS spray-dried formulation was noted over the copovidone hot-melt 
extruded formulation. In the case of MK-0364, spray-drying demonstrated its ability 
to improve drug bioavailability while having better processing and stability 
characteristics over the hot-melt extruded dispersion of the drug.

10.8.10.5  Various Compounds with HPMCAS

Some of the most comprehensive research conducted to date on ASDD systems 
resulted from an extensive collaboration between Pfizer Inc. and Bend Research 
Inc. During this collaboration, in-depth investigations were conducted on all aspects 
of amorphous spray-dried dispersions, including formulation design, solid-state 
characterization, understanding physical stability, in vitro/in vivo performance 
assessment, and spray-drying process design. This work involved a vast number of 
compounds with more than 100 different drugs formulated as SDDs and tested in 
animal models and 21 different drugs formulated as SDDs and tested in humans 
(Friesen et al. 2008). By investigating amorphous spray-dried dispersion systems 
with such a large number of compounds, these researchers were able to identify 
general trends for amorphous dispersion systems with regard to identifying optimal 
polymer carriers, determining optimal drug loading with regard to performance and 
stability as a function of key physiochemical properties, properties of amorphous 
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dispersions in supersaturated aqueous media, and correlating in vitro and in vivo 
performance. Comprehensive research articles summarizing this work were 
published by Friesen et al. (2008) and Curatolo et al. (2009) presenting several 
example molecules to illustrate key concepts.

The article by Friesen et al. (2008) thoroughly describes the attributes of 
HPMCAS that makes it a superior carrier for ASDD systems and provides various 
examples demonstrating its benefits (Friesen et al. 2008). The specific properties of 
the polymer identified as being amenable to amorphous spray-dried dispersions are 
as follows:

 1. High Tg in the unionized state reducing drug mobility and enhancing physical 
stability of the system. Also, the hydrophobicity of the polymer in the unionized 
state prevents absorption of ambient moisture, further improving physical 
stability.

 2. Soluble in volatile organic solvents, e.g., acetone and methanol, making it ame-
nable to spray drying.

 3. The formation of small stable colloids in aqueous media above pH 5 as a result 
of polymer ionization resulting in greater drug available for absorption in the 
intestinal tract.

 4. Greater interactions with insoluble molecules in aqueous media resulting from 
the amphiphilic nature of the polymer that produces greater apparent solubilities 
and maintenance of supersaturation.

The article demonstrates the formation of XRD amorphous spray-dried HPMCAS 
systems for various compounds and discusses the use of DSC to further characterize 
these systems as being single phase (single Tg). Also, described is the use of 
calculations based on Flory-Huggins theory in combination with experimental data 
for the construction of phase diagrams for amorphous systems with HPMCAS. These 
diagrams aid in the understanding of the dispersed state of the drug in the polymer 
and provide valuable insight into the physical stability of the system. Accelerated 
stability studies are also described to aid in the prediction of long-term physical 
stability. Examples of systems showing physical stability at ambient conditions on 
the order of years is presented.

Solution properties of amorphous spray-dried dispersions are discussed at length 
with emphasis on distinguishing free drug from particulates and further delineating 
the particulate species. It is contended that understanding solution behavior of 
ASDDs is critical to distinguishing between formulations in vitro and predicting 
in vivo performance. Vastly improved dissolution performance with amorphous 
HPMCAS spray-dried dispersions over crystalline or neat amorphous API is 
exemplified with a number of molecules. This includes enhancement of dissolution 
rate as well as extent and duration of supersaturation. Most importantly, significant 
enhancement of exposure in humans with HPMCAS spray-dried dispersions is 
demonstrated for two compounds, as shown in Fig. 10.13.

Similar to the article by Friesen and coworkers, Curatolo et al. (2009) demonstrate 
the benefits of HPMCAS ASDDs to the formulation of insoluble drugs, using 
examples of various compounds to illustrate key aspects. In this article, significant 
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discussion is done on screening of precipitation inhibitors and data are presented 
demonstrating the superiority of HPMCAS in this capacity. The superior perfor-
mance of the polymer in this regard stems from the attributes mentioned earlier—
specifically, the ionizable and amphiphilic nature of the polymer. Also, shown is an 
example demonstrating the effect of drug loading on dissolution performance of 
ASDDs. Shown in Fig. 10.14, these results clearly demonstrate the reduction of 

Fig. 10.13 Comparison of human in vivo exposure for crystalline drug (or crystalline drug in 
gelatin capsule) and SDDs: (a) 25 wt% compound 1/HPMCAS-M SDD (dosed at 30 mg fasted) 
and (b) 25 wt% compound 3/HPMCAS-M SDD (dosed at 300 mg fasted). Reproduced from 
Friesen et al. (2008) with permission from the American Chemical Society
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Fig. 10.14 Effect of drug loading on dissolution performance of ASDDs made with compound 3 
and HPMCAS-MF. Reproduced from Curatolo et al. (2009) with permission from Springer
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drug in solution resulting from increased drug loading in the formulation. Finally, 
the authors present human pharmacokinetic data demonstrating greater than sixfold 
increase in exposure of “compound 3” versus the crystalline drug (Table 10.14). 
With this example, this article also demonstrates the benefit of spray-dried amor-
phous dispersions, particularly those containing HPMCAS, to the formulation of 
poorly water-soluble drugs.

10.8.10.6  Simvastatin with Povidone

In a study published by Ambike et al., the authors demonstrated the use of spray 
drying to produce amorphous compositions of simvastatin (SIM), a cholesterol low-
ering agent (Ambike et al. 2005). These authors found that by co-spray-drying SIM 
with colloidal silica (Aerosil 200) and polyvinylpyrrolidone (PVP K30), the amor-
phous form of the low Tg (~35 °C) compound could be maintained for at least three 
months when stored at 40 °C and 75 % relative humidity. The stability of amor-
phous SIM at accelerated storage conditions was attributed to decreased molecular 
mobility of the amorphous drug resulting from the anti-plasticizing effect of the 
polymer (composition Tg = 115 °C) as well as hydrogen bonding between SIM and 
PVP. The presence of colloidal silica also improved stability by acting as a moisture 
scavenger to prevent disruption of drug–polymer hydrogen bonding. Spray drying 
is key to these drug–excipient interactions because the process is crucial to the for-
mation of a molecularly disperse system. In such a system the drug has greater 
opportunity to interact with the polymer, thereby decreasing drug–drug interactions 
and, consequently, the likelihood for SIM recrystallization.

With respect to performance enhancement, a fivefold increase in saturation 
solubility of SIM as well as a substantial increase in the rate and extent of SIM 
dissolution was achieved from an ASDD containing SIM, Aerosil 200, and PVP 
in a 1:2:2 (w/w/w) ratio. An in vivo study in rats revealed that the more soluble 
spray- dried SIM formulation performed substantially better than pure SIM with 
respect to the lowering of total cholesterol and triglyceride levels while increas-
ing HDL cholesterol (Fig. 10.15). This example therefore demonstrates the use 
of spray drying to improve the solubility and consequently the efficacy of a 
cholesterol lower agent.

Table 10.14 Compound 3 pharmacokinetics in fasted humans after dosing a 25 % compound 3: 
HPMCAS-MF spray-dried dispersion (n = 4)

Formulation
Dose 
(mg) Cmax (μg/mL) Tmax (h) AUC0-24 (μg h/mL)

SDD suspension 300 8.4 ± 1.1 2.5 ± 0.6 46 ± 7.6

Crystalline drug in suspension 300 1.3 ± 0.3 2.3 ± 1.3 7.4 ± 3.3

Adapted from Curatolo et al. (2009)
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10.8.10.7  Protease Inhibitor with Eudragit L100-55

In a study published by De Jaeghere et al., amorphous formulation technologies 
were utilized to improve the bioavailability of a poorly water-soluble (0.12 μg/mL) 
HIV-1 protease inhibitor known as CGP 70726 (De Jaeghere et al. 2000). Amorphous 
microparticles and nanoparticles of the API (~20 % w/w) with the stabilizing poly-
mer, Eudragit L100-55, were produced by spray drying and an emulsion–diffusion 
method, respectively. The spray-dried microparticles were produced by spray dry-
ing from a methanol solution using a Buchi Model 190 spray drier. Further details 
regarding the method are provided in Method Capsule 1.

Both the spray-dried and nanoparticle formulations showed a substantial 
improvement in the oral absorption of CGP 70726 in dogs over the pure drug which 
did not generate quantifiable blood plasma levels (Table 10.15). The authors attrib-
uted the improvement in bioavailability to rapid dissolution of the amorphous API 
from the high-surface-area particles that was specifically targeted to the primary site 
of absorption by the use of a carrier polymer with pH-dependent solubility. 
Interestingly, despite having a substantially greater mean particle diameter (9.7 μm 
vs. 286 nm), the spray-dried microparticles produced greater mean Cmax and AUC 
values when orally administered to dogs in both the fed and fasted states. Owing to 
statistical insignificance, the authors offered no explanation as to the difference. 
This result indicates that microparticles produced by spray drying can provide 
equivalent, if not greater, improvements in the oral absorption of poorly water- 
soluble drugs than nanoparticles produced by seemingly more sophisticated particle 
engineering methodologies. When also considering the relative simplicity and 
proven scalability of the spray-drying process, it is clearly a much more viable 
technology for the production of amorphous formulations in most cases.

Fig. 10.15 (a) Percent changes in serum total cholesterol levels of experimental groups at different 
time intervals. (b) Percent increase in serum HDL-cholesterol levels of experimental groups at 
different time intervals. Reproduced from Ambike et al. (2005) with permission from Springer
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10.8.10.8  Ternary Systems of Itraconazole, Copovidone, and a Surfactant

Spray-dried amorphous dispersions of a poorly soluble antifungal drug, itraconazole 
(ITZ), with copovidone were described in articles by Janssens et al. (2008a, b). 
Copovidone was determined to be an effective carrier polymer for ITZ with regard to 
miscibility and enablement of molecular dispersions with high drug loading. As is 
common to most solid dispersion systems, it was found that increasing drug loading 
reduced the rate and extent of dissolution. To overcome this issue, a surfactant, Inutec 
SP1, was incorporated into the formulation and ternary solid dispersions were pro-
duced by spray drying (Janssens et al. 2008a). The addition of the surfactant was 
found to improve the dissolution properties of the high drug loading solid dispersions. 
However, ITZ and Inutec SP1 were determined to be sparingly miscible, and thus a 
crystalline ITZ phase was observed in compositions with high drug loading and sur-
factant content. It was therefore necessary to reduce drug loading and optimize the 
polymer-to-surfactant ratio in the carrier to yield a single-phase dispersion. Ultimately, 
the optimum balance of drug loading and surfactant content was established and a 
high-drug-loading solid dispersion with improved dissolution properties was achieved.

This paper by Janssens et al. illustrates some key issues regarding formulation of 
ASDDs: first, the critical aspect of selecting a polymer in which the drug has 
adequate miscibility to achieve the desired drug loading; second, the negative 
impact of increasing drug loading on the dissolution properties of the system; third, 
the benefit of incorporating a surfactant into a high drug load system with regard to 
enhancing wettability of the system, increasing drug solubility, and ultimately 
improving dissolution performance; and finally, optimizing drug loading and 
balancing carrier composition to achieve a single-phase, stable amorphous 
dispersion. Each of these aspects should be carefully considered when formulating 
an amorphous spray-dried dispersion with high drug loading.

10.8.10.9  AMG-517 with HPMCAS and HPMC

AMG-517 is a VR1 antagonist indicated for the treatment of acute and chronic pain 
(Kennedy et al. 2008). The free base form of the drug is poorly soluble in aqueous 
media, having an inherent solubility of <7.0 μg/mL in the physiologically relevant 

Table 10.15 Pharmacokinetic parameter of GCP 70726 incorporated in Eudragit L100-55 
pH-sensitive particles after oral administration in dogs

Formulation Cmax ± SEM (μmol/L) Tmax (h) AUC0-8 h ± SEM (μmol/L)

Fasted state

Nanoparticles 1.62 ± 0.04 2 5.83 ± 0.77a

Microparticles 1.59 ± 0.32 2 7.83 ± 1.55

Fed state

Nanoparticles 0.86 ± 0.21 1 2.00 ± 0.50*

Microparticles 0.88 ± 0.33 2 4.40 ± 1.38

Mean ± SEM (n = 4). Adapted from (De Jaeghere et al. 2000)
*Statistically different (Student test, P < 0.01)
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pH range. To overcome the solubility limitations of AMG-517, the authors investi-
gated the application of ASDD technology toward the end of developing a solid 
dosage form with adequate bioavailability. Specifically, the authors investigated 
HPMCAS-MF and HPMC-E5 as carriers in the ASDD formulations. A list of the 
spray-dried formulations with corresponding properties is provided in Table 10.16.

Dissolution screening of the four solid dispersion formulations was conducted at 
supersaturated conditions in pH 6.8 phosphate buffer compared to the micronized 
AMG-517 free base as a control. The results revealed a two- to fivefold increase in 
drug concentration with the solid dispersion formulations compared to the crystalline 
drug. Also, the HPMCAS-MF formulations exhibited superior dissolution 
performance over the HPMC formulations, and the 15 % drug loading compositions 
performed better than the 50 % loading counterparts. It was noticed during these 
dissolution studies that wetting of the solid dispersion powder was poor, resulting in 
gel formation and poor dispersion in the media. The authors resolved this issue by 
blending the ASDD powder with a surfactant, sodium dodecyl sulfate (SDS), at a 
concentration of 5 % by weight. The result was a 12-fold increase in dissolution 
over the powder not containing surfactant.

In vivo performance of the AMG-517:HPMCAS-MF (15:85) ASDD blended 
with SDS dosed in a capsule was evaluated in cynomolgus monkeys against an 
“OraPlus” crystalline suspension form of the drug which produced the greatest 
exposures in preclinical studies. The results of this PK study are provided in 
Table 10.17. From this study, the exposure of AMG-517 from the SDD capsule was 
found to be 163 % of that provided by the OraPlus suspension formulation. 
Therefore, the SDD capsule oral dosage form was selected for use in clinical studies. 
For additional information regarding the methods used in the development of the 
HPMCAS-MF ASDD system, see Method Capsule 3.

Table 10.16 Characterization summary for ASDD formulations of AMG 517 prepared from 
HPMCAS-MF and HPMC E5 by spray drying

Formulation 
ID Polymer

Drug 
(wt %)

Yield 
(%)

LEa 
(%)

d50
b 

(μm)
% wt. loss 
by TGA

Tg (°C) by 
MDSC

A, Lot 1 HPM 
CAS-MF

15 76 34.2 2.39 106

A, Lot 2 15 86 98.8 35.3c 0.32c 101c

B 50 55 97.5 40.7 2.84 98

C HPMC 
E5

15 61 99.1 34.6 1.94 117

D, Lot 1 50 12d 99.0 34.6 1.88 106

D, Lot 2 50 60 28.7 1.44 107

Adapted from Kennedy et al. (2008)
aLoad efficiency (LE)
bParticle-size diameter at 50 % cumulative volume %
cFor “A, Lot 2”, results are provided for material after secondary drying in a vacuum oven
dInlet drying temperature was 45 °C
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This example not only illustrates, once again, the superiority of HPMCAS as a 
carrier for SDD formulations but also describes the common wetting problem with 
these systems. The hydrophobic nature of HPMCAS and similar polymers in the 
unionized state often leads to gel formation in acidic aqueous media. In capsules, 
this phenomenon can lead to plug formation in which the powder does not disperse 
from the capsule shell. As in this study, the result is a substantial reduction in the 
dissolution of the API from the ASDD system. Externally blending the ASDD with 
surfactants such as SDS or docusate sodium, as was done in this study, is a highly 
effective solution. Incorporating surfactants directly into the ASDD formulation is 
another strategy often employed. Ultimately, this article demonstrates the use of 
ASDD technology, with proper downstream processing, for improving the exposure 
of a poorly water-soluble molecule and enabling development of a highly bioavailable 
solid oral dosage form for use in clinical studies.

10.8.10.10  Albendazole with HPMCP and HPMC

As demonstrated by previous examples, anionic polymers can be particularly effec-
tive as carriers in ASDD systems owing to their ability to target supersaturation to 
the neutral pH environment of the intestinal tract and maintain elevated free drug 
concentrations for the duration of intestinal transit. An early example of this concept 
was provided in a paper by Kohri et al. (1999) in which the authors demonstrated 
the use of a dual polymer carrier system consisting of HPMCP and HPMC for 
improved oral delivery of albendazole, a poorly water-soluble, weakly basic drug.

Amorphous solid dispersions of albendazole:HPMCP:HPMC (2:1:1 w/w) were 
produced by the solvent evaporation method from an ethanol–dichloromethane solvent 
system. Using a gastric transfer dissolution method, these authors were able to demon-
strate that according to its weakly basic nature, albendazole dissolves extensively in 
acid, but then rapidly precipitates following the transition into neutral pH. Conversely, 
the amorphous dispersion with the HPMCP:HPMC carrier showed minimal dissolu-
tion in acidic media followed by rapid release in neutral media and prolonged super-
saturation. The results of this dissolution study are shown in Fig. 10.16.

The in vivo performance of the dual polymer solid dispersion system was then 
evaluated in two groups of rabbits: (1) rabbits of normal gastric acidity (pH approxi-
mately 1) and (2) rabbits with low gastric acidity (pH > 5). Crystalline albendazole 
physically mixed with lactose was used as a control for this study. The results are 

Table 10.17 AMB 517 PK parameters and summary statistics following oral administration at 
12.5 mg/animal to male cynomolgus monkeys

Formulation Tmax (h) Cmax (ng/mL) AUC0-inf. (ng h/mL) Frel (%)

AMG 517 Ora-Plus Suspension 1.5 (1.0–2.0) 1020 (189) 40,800 (10,300) 100

AMG 517 ASD in Capsule 2.0 (1.0–2.0) 1480 (309) 66,600 (13,200) 163

20.9

Adapted from Kennedy et al. (2008)
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provided in Table 10.18. In both groups, the solid dispersion yielded higher exposures 
versus the control; however, the difference was most pronounced in the group with 
low gastric acidity where the AUC from the solid dispersion formulation was greater 
than three times that of the physical mixture. Considering the dissolution results, it 
was concluded that crystalline albendazole dissolved moderately well under normal 

Fig. 10.16 Dissolution behavior or albendazole from solid dispersions in media of pH 1.2–6.5; 
(filled square), physical mixture; (filled circle), solid dispersion with HPMC and HPMCP; (open 
circle), solid dispersion with HPMC; (open square), solid dispersion with HPMCP. Adapted from 
Kohri et al. (1999)

Table 10.18 Pharmacokinetic parameters after administration of albendazole (5 mg/kg) to rabbits 
in a cross-over study

Parameter

Normal gastric acidity Low gastric acidity

Physical 
mixture

Solid 
dispersion

Physical 
mixture Solid dispersion

Cmax (μg/mL) 2.1 ± 0.2 2.4 ± 0.4 0.5 ± 0.2 1.4 ± 0.2*

Tmax (h) 40 ± 0.8 3.7 ± 0.7 6.3 ± 1.6 6.7 ± 1.1

AUC0-24 h (μg h/mL) 22.4 ± 3.5 31.8 ± 4.7* 6.4 ± 2.6 24.8 ± 5.8*

t½ (h) 2.8 ± 0.4 5.8 ± 1.7 4.8 ± 1.6 4.6 ± 0.8

MRT (h) 7.7 ± 1.1 10.6 ± 2.0* 12.0 ± 3.2 13.3 ± 2.3

Bioavailability (%) 67.6 ± 17.9 94.9 ± 12.9* 21.3 ± 9.9 68.8 ± 13.2*

*P<0. 05 compared with corresponding values using the physical mixture
Adapted from Kohri et al. (1999)

10 Spray-Drying Technology



498

gastric conditions, but minimally when gastric acidity was reduced. On the other 
hand, the amorphous dispersion formulation was able to generate relatively high 
levels of dissolved albendazole irrespective of the gastric conditions. Therefore, 
exposure was much lower for the physical mixture when gastric acidity was reduced, 
whereas exposure was less affected by the change in gastric conditions for the solid 
dispersion formulation. Hence, bioavailability enhancement from the amorphous 
albendazole:HPMCP:HPMC system was a result of the carrier’s ability to generate 
and maintain supersaturated concentrations of albendazole in neutral pH environ-
ments. These authors thus demonstrated a delivery system for albendazole that is 
unaffected by fluctuations in the gastric environment. This represents a significant 
improvement to therapy with albendazole as the variability inherent to oral delivery 
was substantially reduced.

This example aptly demonstrates the utility of HPMCP in amorphous solid dis-
persion systems as a concentration enhancer in neutral pH environments. It also 
illustrates the corresponding improvement to the oral absorption of poorly water- 
soluble drugs. This is an early example of perhaps the most widely used ASDD 
formulation approach for oral delivery of poorly soluble molecules today. Since 
HPMCP is thermally labile, spray drying is perhaps the best process to apply to the 
manufacture of amorphous systems containing this polymer as exposure to thermal 
stress is minimal.

10.8.10.11  Cyclosporine with a Nonpolymer Carrier

In a study conducted by Lee et al. (2001), a spray-dried solid dispersion formulation 
utilizing a nonpolymeric carrier was developed for cyclosporine A (CsA) and 
evaluated against the commercial product Sandimmune®, a microemulsion-based 
soft gelatin capsule formulation. Microspheres of CsA with dextrin and sodium 
lauryl sulfate (SLS) were produced by spray drying and optimized in terms of drug–
excipient ratio by dissolution testing. The optimum CsA/SLS/dextrin ratio with 
respect to in vitro drug release was found to be 1/3/1 (w/w/w). This formulation was 
selected for comparative evaluation of in vivo performance against pure CsA powder 
and Sandimmune in a single dose oral administration study in dogs. The pharmaco-
kinetic data from this study are provided in Table 10.19.

Table 10.19 Pharmacokinetic parameters of CsA after oral administration of CsA products to 
dogs

Parameters Ca
max (μg/mL) Ta

max (h) AUCa (μg h/mL)

CsA powder alone 0.46 ± 0.15 2.13 ± 0.48 2.81 ± 1.16

Sandimmune® 0.72 ± 0.27* 1.50 ± 0.45 3.62 ± 1.63

CsA-microspheres 0.71 ± 0.08 1.88 ± 0.48 4.85 ± 0.98*

Adapted from Lee et al. (2001)
*P < 0.05 by Duncan method of ANOVA when compared to CsA powder
aData are expressed as mean ± SD (n = 4)
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These results revealed that both the spray-dried dispersion and commercial CsA 
formulations produce substantial improvements in oral absorption over the pure 
drug powder. Improved absorption from the spray-dried formulation versus 
Sandimmune was also observed, although the differences were not statistically 
significant. The similarity in oral absorption produced by the spray-dried formulation 
versus the commercial formulation represents a significant potential benefit to CsA 
therapy as the spray-dried formulation is in a preferred solid form and produced by 
a more straightforward process. Owing to the inherent disadvantages of liquid 
versus solid formulations and the complicated nature of the soft gelatin encapsulation 
process, spray drying is a more viable means of improving CsA therapy via 
formulation. Hence, this study exemplifies the potential opportunities to simplify 
existing commercial products and their corresponding processes by applying spray- 
dried solid dispersion technology.

10.8.11  Examples from Industry

Currently, there is only one pharmaceutical product on the market formulated as 
a spray-dried amorphous dispersion. However, there are several examples of 
drug molecules formulated by this technology which have reached late stage 
development. It is important to note that the increase in the number of poorly 
water-soluble molecules in development pipelines is a relatively recent event, 
and thus amorphous drug-delivery systems, particularly in commercial use, are 
also in their infancy. Also, considering the lengthy drug development process 
and the frequency at which programs are halted, it is not surprising that few 
spray-dried amorphous formulations have been commercialized. The absence of 
commercialized products is certainly not an indication of the limited commercial 
viability of spray drying or amorphous delivery systems. In this section, the com-
mercial and late-stage clinical success of ASDD systems is highlighted by 
reviewing a few key examples.

10.8.11.1  Ledipasvir

Ledipasvir (LED) is a hepatitis C virus (HCV) NS5A inhibitor developed by Gilead. 
The drug was FDA approved on October 10, 2014 as a fixed-dose combination 
product with sofosbuvir (SOF), an NS5B polymerase inhibitor, under the trade 
name Harvoni®. The product contains 90 mg LED and 400 mg SOF in a single table 
dosage form. Harvoni is indicated for the treatment of chronic HCV genotypes 1, 4, 
5, or 6 and represents a breakthrough in the treatment of the disease as the first 
combination oral product approved to treat chronic HCV without co-administration 
of interferon injections or ribavirin (Harvoni 2015).

Harvoni contains LED in the form of an ASDD (Martin 2015). LED is a poorly 
water soluble, weakly basic molecule that is slightly soluble (1.1 mg/mL) below 
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pH 2.3 and practically insoluble (0.1 mg/mL) in a pH range from 3.0 to 7.5 
(Harvoni 2015). The pH solubility profile of the molecule limits the available free 
drug for absorption in the intestinal environment; hence, an ASDD approach was 
employed to achieve adequate bioavailability. US patent application 14/168,264 
describes an ASDD of LED and copovidone in a 1:1 (w/w) ratio produced by 
spray drying (Chal et al. 2014). The patent specification also indicates that spray 
drying of the LED:copovidone (1:1 w/w) composition is most efficient from solu-
tion in ethanol, generating high product yields (>88 %) over a wide range of outlet 
temperatures (30–90 °C). It was also noted that LED exhibited good chemical 
stability in ethanol. Substantially lower process efficiency was observed when 
spray drying this ASDD formulation from dichloromethane with reported yields 
as low as 44 % and with presumably poor chemical stability of the drug in solu-
tion. The LED ASDD formulation was reported in the above referenced patent 
application as providing “improved in vivo and in vitro performance and manu-
facturability/scalability relative to the other formulation approaches”. The 
improvement of LED bioavailability via an ASDD approach was critical not only 
with respect to the efficacy of the drug, but also with regard to enabling a single-
tablet fixed dose combination with the high-dose SOF; providing excellent conve-
nience to the patient with a single-tablet, once daily dosing schedule. Hence, the 
LED example is one that illustrates enablement of a breakthrough cure for a wide-
spread disease with optimum patient convenience via the application of an ASDD 
formulations approach.

10.8.11.2  Velpatasvir

Velpatasvir (VEL) is an investigational pan-genotypic NS5A inhibitor that is being 
developed by Gilead as a fixed-dose combination with SOF for the treatment of 
chronic genotype 1–6 HCV (Gilead 2016). The US FDA granted priority review of 
the VEL/SOF NDA on January 4, 2016 based on its designation as a “Breakthrough 
Therapy”. VEL is incorporated into the single-tablet fixed-dose combination product 
in the form of an ASDD (Martin 2015). US patent application 14/168,313 describes 
an amorphous composition of VEL and copovidone in a 1:1 (w/w) ratio produced 
by spray drying from an ethanolic solution at 20 % dissolved solids content (Gorman 
et al. 2015). The application further describes the in-vitro dissolution performance 
of the ASDD formulation as being “the fastest and most complete dissolution of all 
of the formulations that were tested”. While no pharmacokinetic comparisons 
between the ASDD formulation and a crystalline control were provided in the 
application, it is assumed that the exceptional dissolution performance correlates to 
improved oral bioavailability; hence, justifying the utilization of an ASDD approach 
for VEL. Much like the LED example, the VEL ASDD demonstrates the criticality 
of spray drying technology to the advancement of HCV drug therapy in its 
enablement of efficacious oral delivery of NS5A inhibitors.
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10.8.11.3  Everolimus

Everolimus (EVE) is a macrolide immunosuppressant indicated for the prophy-
laxis of organ rejection in adult patients receiving kidney or liver transplants 
(Zortress 2015). EVE was developed and commercialized by Novartis under the 
trade name Zortress® and approved by the FDA on February 15, 2013. US 
6,004,973 is an FDA Orange Book listed patent for Zortress that describes a solid 
dispersion of EVE:HPMC E3:lactose in an approximate weight ratio of 1:9:1 
(Guitard et al. 1999). Per Example 1 of the patent specification, the composition 
is formed by dissolving the active with the carrier medium in an absolute ethanol/
acetone co-solvent mixture in a 1:1 ratio by weight with subsequent evaporation. 
The resulting dried solids are further milled and processed into tablets with dose 
strengths of 0.25, 0.5, and 0.75 mg. The patent document provides results of a PK 
study in rats comparing the above composition to three other formulations that dem-
onstrateup to a tenfold increase in oral exposure (AUC) by this formulation 
approach. These results thus signify the substantial bioavailability enhancement of 
EVE achieved by the application of ASDD technology which enabled commercial-
ization of Zortress.

10.8.11.4  Doravirine

Doravirine (MK-1439) is a non-nucleoside reverse transcriptase inhibitor under 
development by Merck & Co. indicated for the treatment of HIV/AIDS. Development 
of this product is in Phase 3 clinical trials at the time of this writing. As described in 
WIPO filing WO/2015/077273, a MK-1439:HPMCAS (1:4 w/w) amorphous solid 
dispersion formulation was produced by spray drying from a solution of acetone/
water (Lowinger et al. 2015). The resulting drug products demonstrated good 
physical stability with no recrystallization for up to a 30 % drug load. The “wet hold 
time” between initial spray-drying and secondary drying was evaluated for impact 
on physical characteristics. From physical characterization data, it was determined 
that a difference of greater than 20 °C between wet Tg and storage conditions was 
critical for maintaining amorphous stability of the product. Thus, it was important 
that the resulting spray-dried material had an initial wet Tg at least 20 °C higher 
than the highest storage temperature. Biopharmaceutical evaluation of a tableted 
form of the spray-dried product was conducted in fasted beagle with AUC24 and 
Cmax both approximately doubled over encapsulated crystalline MK-1439 with the 
Tmax remaining the same at 4 h. These results demonstrate the potential viability 
for a spray-dried amorphous MK-1439 product with improved bioavailability and 
sufficient physical stability.
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10.8.11.5  Etravirine

Etravirine (TMC125) is an HIV-1 specific, non-nucleoside reverse transcriptase 
inhibitor indicated in combination with other antiviral agents for the treatment of 
HIV-1 infection. Etravirine was granted accelerated approval by the U.S. Food and 
Drug Administration in January 2008 followed by traditional approval in December 
2009. The product is marketed by Tibotec Pharmaceuticals under the brand name 
Intelence® and is available in tablets of 100 and 200 mg strengths. Additional 
approval was granted in March 2012 for treatment-experienced patients and made 
available 25 mg tablets for weight dosing.

Etravirine is poorly water soluble and exhibits low to moderate permeability and 
hence is classified as a BCS IV compound (Kakuda et al. 2008). The dose selected 
based on phase IIb trials was 800 mg twice daily delivered from a tablet formulation 
produced by conventional granulation (Kakuda et al. 2008). Concurrent to phase II 
studies, a formulation development program was conducted with the aim of reducing 
dose and corresponding pill burden (Kakuda et al. 2008). From this program, a 
spray-dried amorphous solid dispersion formulation was developed, the details of 
which are provided in patent application WO2007141308 (Kiekens et al. 2007). 
This patent application describes a spray-drying process in which etravirine is spray 
dried with HPMC 2910 5 mPa s from solution in a co-solvent system of 
dichloromethane and ethanol. Also, described is the inclusion of micro-crystalline 
cellulose suspended in the feed solution, presumably for the purpose of increasing 
the bulk density of the powder.

The tablet developed from this solid dispersion formulation was found to yield a 
ninefold increase in exposure over the phase II formulation in a single-dose 
pharmacokinetic study in healthy subjects (Scholler et al. 2005). In HIV-1-infected 
patients, tablets of 100 and 200 mg strength were evaluated against 800 mg of the 
phase II formulation with twice daily administration (Kakuda et al. 2008). The 
pharmacokinetic parameters generated from this study are shown in Table 10.20. 
From these results, it was determined that 200 mg twice daily of the spray-dried 
tablet formulation produced exposures in the range of the 800 mg twice daily dose 
with the phase II formulation. This represented a fourfold decrease in dose with 
corresponding decrease in pill burden. Based on this study, the spray-dried tablet 
formulation was selected for phase III clinical trials. Eventually, the amorphous 
spray-dried tablet formulation of etravirine became the final marketed formulation 
(EMA 2008). This example demonstrates the commercial viability of amorphous 
spray-dried dispersions and the potential enhancement of therapies with poorly 
water-soluble drugs with respect to reduction of dose and pill burden.

10.8.11.6  Telaprevir

Telaprevir, also known as VX-950, is a hepatitis C virus protease inhibitor being 
developed by Vertex Pharmaceuticals in association with Tibotec and Mitsubishi 
Tanabe Pharma. It was approved by the FDA in May 2011 under the brand name 
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Incivek® and is given as two 375 mg tablets three times daily. Owing to insolubility 
of the molecule in water, oral formulations of telaprevir containing a crystalline 
form of the API do not provide sufficient exposure to achieve therapeutic efficacy. 
Absolute bioavailability following oral administration of micronized crystalline 
telaprevir in rats is less than 0.5 % (Cui et al. 2006).

In order to improve the solubility characteristics and oral bioavailability of telapre-
vir, an ASDD formulation strategy was evaluated. United States Patent Application 
2006/0089385 describes compositions in which telaprevir is dispersed in an amor-
phous state in a pharmaceutically acceptable polymer by spray drying. Examination of 
the application reveals that the preferred compositions contain the amorphous drug in 
a single-phase system with a cellulosic polymer, i.e., hypromellose or hypromellose 
acetate succinate, along with a solubility enhancing surfactant, i.e., sodium lauryl sul-
fate or Vitamin E TPGS. Figure 10.17 shows results of a formulation screening study 
conducted in rat models which appears to indicate that the HPMC/Vitamin E TPGS 
formulation yields the greatest exposure. This patent application claims enhanced bio-
availability with the amorphous dispersion composition relative to the crystalline drug, 
and although the extent of this improvement is not known, the progression of the mol-
ecule into phase III clinical trials is a good indication that the formulation has enabled 
therapeutically effective oral delivery of telaprevir.

Additionally, United States Patent Application 2010/0011610 describes FSD of 
telaprevir solid dispersions. The FSD process produced dry material with signifi-
cantly greater particle sizes and bulk powder densities over traditional spray drying, 
thus enabling direct compression of the end product (Bittorf et al. 2010). For further 
discussion of the FSD processes used in this example, see Method Capsule 4 of 
Chap. 11. With the application of FSD technology to the spray-dried formulation of 
telaprevir, significant improvement in manufacturing efficiency of the final tablet 
dosage form is achieved. Thus, in the case of telaprevir, spray-drying technologies 
improved not only bioavailability but also drug product manufacturing.

Table 10.20 Pharmacokinetic parameters of etravirine after a single (day 1) administration of 
phase III formulation at doses of 100 and 200 mg (test) and phase II formulation at a dose of 
800 mg (reference)

Parameter

Phase II Formulation 
800 mg twice daily 
(reference)

Phase III 
formulation 100 mg 
twice daily (test)

Phase III 
formulation 200 mg 
twice daily (test)

Number of patients, n 32 33 27

Median tmax, h (range) 4 (2–8) 4 (2–6) 4 (3–8)

Mean Cmax, ng/mL (±SD) 70.6 (±72.7) 54.9 (±54.0) 125.9 (±96.0)

Mean AUC0-12h, ng h/mL 
(±SD)

434 (±437) 312 (±331) 745 (±660)

LSM

Cmax (90 % CI) – 0.81 (0.65–1.00) 1.97 (1.59–2.45)

AUC0-12h (90 % CI) – 0.72 (0.59–0.88) 1.91 (1.54–2.36)

Adapted from Scholler et al. (2005)
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10.8.11.7  Ivacaftor

Ivacaftor (VX-770), developed by Vertex Pharmaceuticals, is indicated for the 
treatment of cystic fibrosis and was approved by the FDA under the name Kalydeco®. 
The molecule exhibits solubility-limited absorption with an oral bioavailability of 
only 3–6 % in rats when administered in a crystalline form (Hurter et al. 2011). 
A solubility enhanced form of ivacaftor is therefore required to achieve therapeutic 
efficacy at a reasonable dose.

A series of formulation approaches were evaluated to enhance the bioavailability 
of ivacaftor, including a spray-dried amorphous dispersion concept. Solubility stud-
ies conducted in FaSSIF media revealed that amorphous ivacaftor produced a solu-
bility value of 67.4 μg/mL, which marks a significant solubility improvement over 
crystalline polymorph form B (1 μg/mL). The ASDD concept utilizing HPMCAS as 
a carrier was then developed to employ the solubility improvement provided by the 
amorphous compound in a stable and viable formulation. As shown in Table 10.21, 
the solubility enhancement provided by the amorphous form of the molecule 
resulted in a substantial increases in oral bioavailability over the crystalline API in 
aqueous and PEG vehicles. The ASDD formulation of ivacaftor in HPMCAS gener-
ated exposures in excess of 100 % relative bioavailability at both 25 and 100 mg/kg 
doses. This marked a significant improvement in oral absorption over the crystalline 
compound in both vehicles and a moderate improvement over amorphous drug, 
particularly at higher doses. This study revealed that the ASDD formulation concept 
substantially increased exposure of ivacaftor and enabled therapy at lower doses 
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with a stabilized amorphous form of the drug. The successful commercialization of this 
molecule demonstrates yet again the value of spray drying with respect to generating 
viable drug products from poorly water-soluble molecules.

10.8.11.8  Torcetrapib

Torcetrapib is another example of a developing drug molecule whose therapeutic 
efficacy was enabled by formulation as an amorphous solid dispersion system by 
spray drying. Torcetrapib is a cholesterylester transfer protein inhibitor which was 
being developed by Pfizer Inc. before the program was terminated during phase III 
clinical trials. As described in Example I of WIPO filing WO/2005/011636, a 
torcetrapib:HPMCAS (1:3 w/w) amorphous solid dispersion formulation was pro-
duced by spray drying from solution in acetone (Beyerinck et al. 2005). This “solu-
bility improved” form of torcetrapib was incorporated into an osmotic 
pump- controlled release tablet and coated with an immediate release layer of atorv-
astatin, as described in WIPO filing WO/2006/082500 (Berchielli et al. 2006). This 
combination therapy was found to be effective in lowering cholesterol levels during 
clinical trials; however, due to increased mortality rates and cardiovascular events, 
the program was halted late in development.

10.9  Spray Drying for Inhalation

Pulmonary drug delivery has long been employed for the treatment of respiratory 
diseases. It is generally accepted as the default route of administration for the 
treatment of asthma and chronic obstructive pulmonary diseases. The lung is very 
attractive for drug delivery due to its large surface area (up to 100 m2) and low 
enzymatic activity which provides a controlled environment for systemic absorption 
of medications (Labiris and Dolovich 2003). This is especially relevant for proteins 

Table 10.21 Pharmacokinetic parameters of various forms of ivacaftor in rats

Drug form Dose (mg/kg) AUC (μg h/mL) Tmax (h) %F

85 % Amorphous drug 50 135.5 ± 27.6 6.05 ± 0.0 95.05 ± 20.0

200 371.95 ± 46.1 6.05 ± 0.0 61.05 ± 7.0

Crystalline drug in 
aqueous vehicle

50 8.05 ± 1.2 4.05 ± 0.0 5.55 ± 0.8

200 16.95 ± 3.0 4.75 ± 1.2 3.15 ± 0.3

Crystalline drug in PEG 50 135.15 ± 43.0 5.55 ± 1.0 74.05 ± 23.0

200 431.55 ± 101.1 14.55 ± 11.0 67.05 ± 16.0

Solid dispersion 25 90.15 ± 8.1 6.05 ± 0.0 111.05 ± 10.0

100 260.85 ± 28.4 6.05 ± 0.0 109.05 ± 12.0

Adapted from Hurter et al. (2011)
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that are often subjected to rapid enzymatic degradation. Therefore, research in this 
field has attracted many pharmaceutical companies, and many advances have been 
made in all areas of development related to this field, i.e., particle engineering, 
formulation technologies, and delivery devices. Despite the lack of commercial suc-
cess of Pfizer’s product Exubera® (inhalable insulin), its development was a major 
breakthrough with respect to particle engineering and formulation for inhalation 
products. This section will be focused on particle/powder characteristics that are 
important to inhalation and how spray drying can be a useful technology with 
respect to particle design.

The performance of powders for inhalation is related mainly to (1) aerodynamic 
particle size and (2) powder dispersibility (Weiler et al. 2010). Product performance 
can be assessed by in vitro determination of fine particle fraction (FPF), for instance, 
by the use of an Andersen Cascade Impactor. The typical particle size for inhalation 
products is in the range of 1–5 μm. However, more important than the absolute 
particle size is the aerodynamic diameter which takes into account particle density 
and shape. For further details on particle design for inhalation and the application of 
spray-dried particles, see Vehring (2008).

Particles produced by spray-drying possess inherently better properties than 
particles produced by common top-down technologies (micronization processes). 
They tend to be sphericalm, having less points of contact between particles when 
compared to the flat surfaces of micronized particles. Therefore, with spray-dried 
powders cohesive forces are lower, dispersibility is better, and free particle fractions 
(FPF) are greater (Weiler et al. 2010). Also, spray-dried powders tend to present 
densities less than 0.5 g/mL and, in some cases, even lower than 0.1 g/mL which 
improves the aerodynamic diameter. Given that low density or hollow particles are 
advantageous for inhalation, several formulation technologies were developed to 
produce such materials by spray drying. Among those, Pulmosphere® is of particular 
interest. This technology involves spray drying a fluorocarbon-in-water emulsion 
stabilized by a long chain phospholipid, e.g., dipalmitoylphosphatidylcholine—
pulmonary endogenous surfactant (DPPC) (Tarara et al. 2007; Weers 2000). The 
sudden removal of the fluorocarbon constituent leaves a hole in the particle surface. 
In this way, perforated hollow particles are formed as depicted in Fig. 10.18. Their 
density is very low (less than 0.05 g/mL) and their aerodynamic properties are quite 
amendable to inhalation (Vehring 2008; Weers 2000).

Besides particle size, spray drying also enables the formation of different par-
ticle morphologies, namely by tuning the corrugation of the particle surface. By 
tuning particle corrugation, a smaller radius of curvature in the contact zone 
between particles can be achieved, thereby reducing cohesion forces and improv-
ing powder dispersibility (Weiler et al. 2008). This optimization may be per-
formed by adjusting some spray-drying process parameters such as drying 
temperature and feed concentration that have a direct impact on the Peclet number 
(namely, on the evaporation rate). An increase in both parameters will accelerate 
the evaporation rate and shell formation which will lead to a more spherical and 
less corrugated particle.
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In order to control particle size, density, and morphology by spray drying, all 
components must be in solution. This typically forms an amorphous product; thus, 
the use of stabilizing excipients (e.g., sugars, polymers) is required in many cases. 
The spray-dried particles of Exubera® exemplify such a case. They consisted of insu-
lin and a buffered composition of stabilizers comprising sodium citrate, glycine, and 
mannitol (Vehring 2008). Therefore, the concepts of spray-dried solid dispersion 
stabilization are also applicable to spray-dried particles for inhalation. However, the 
selection of stabilizers must take into account the specificities of lung delivery, 
namely approval for this mode of administration and safe dosing levels.

The most challenging aspects in the development of a spray-drying process for an 
inhalable powder are: (1) the generation of very fine particles and (2) process yield. 
Regarding the former, the use of two-fluid nozzles or even high pressure two- fluid 
nozzles with very high atomization ratios (in many cases above 10) is usually neces-
sary. In this respect, pressure nozzles are unable to produce the required droplet size 
distribution, even for very high pressures (200 bar). However, in many cases even 
using high atomization ratios, the particle-size distribution obtained is too coarse and 
feed concentration must be tuned. It is not uncommon to use feed concentrations 
between 1 and 2 % w/w in spray-drying processes for inhalable products. Obviously, 
the throughput will be reduced with such low feed concentrations, but that is an 
unavoidable compromise.

The collection of these small and low-density particles is also a challenge with 
traditional cyclone systems as yields lower than 60 % are common. For high-value 
products, namely proteins, this is unacceptable from a commercial perspective. 
Therefore, optimized cyclone designs, or even the use of filter bags as a collection 
system, are required.

Fig. 10.18 PulmoSpheres™ solid foam particles. Reproduced from Vehring (2008) with 
permission from Springer
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10.10  Emerging Applications

10.10.1  Spray Congealing

Spray congealing consists of atomizing a molten mixture into fine droplets followed 
by contact with a cold gas to force rapid solidification. The process is similar to 
spray drying and, in fact, the equipment required to perform both processes is basi-
cally the same. The advantage of the spray-congealing process over spray- drying 
one is that it is solvent free and provides higher throughputs. The final product also 
presents clear advantages. The absence of solvent evaporation results in nonporous, 
smooth spherical particles, as seen in Fig. 10.19. Consequently, the product typi-
cally contains large particles (250–2000 μm) and high densities resulting in free 
flowing powders suitable for downstream processing, such as direct compression 
(Patel and Chen 2001).

Spray congealing consists of preparing a molten mixture comprising the drug and 
suitable excipients in a vessel by homogenization at temperatures at least 10 °C 
above the melting point or glass transition temperature. The molten material is then 
fed to a congealing chamber where it is atomized into fine droplets by a suitable 
atomizer similar to those used in conventional spray drying (e.g., rotary, two-fluid or 
pressure nozzle). The molten droplets are then solidified on contact with a co-current 
cold process gas stream. The solid particles are separated from the gas using a 
cyclone or filter bag in a similar manner to spray drying.

The melt may be prepared by: (1) dissolving the drug in the molten excipients, 
(2) suspending the drug in the molten excipients, (3) dissolving the excipients in the 
molten drug, or (4) suspending the excipients in the molten drug. Amorphous solid 

Fig. 10.19 Spray-congealed particles obtained in a pilot-scale equipment. Reproduced with 
permission from Hovione FarmaCiencia SA
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dispersions are only formed in the case where the drug is in the liquid state, either 
dissolved in the excipients or melted (cases 1 and 3).

The preparation of the melt is one of the most challenging aspects of the spray- 
congealing process. The solubility of drugs in polymers is often limited which leads 
to low drug loads. Moreover, their stability at relatively high temperatures is, in 
many cases, insufficient. In order to overcome this issue for heat-sensitive products, 
melting and homogenization of the molten feed may be performed in line and in a 
continuous manner by using a screw extrusion system (single screw or twin-screw) 
and feeding directly to the atomization nozzle (Appel et al. 2005). In this way, the 
drug is subjected to high temperatures for a much shorter duration.

Spray congealing offers a key advantage over a typical hot-melt extrusion process 
with respect to downstream processing. Specifically, solidification of the melt and the 
production of spherical particles with a defined particle-size range that is achieved in 
a single step unit operation. In this way, secondary processing is avoided like sphe-
ronization or milling that are often required following the melt extrusion process.

A challenge of spray congealing is the requirement for atomization of high- 
viscosity feeds into fine droplets. In order that atomization can be performed, the 
viscosity of the melt should be below 20,000 cP, preferably less than 10,000 cP. The 
feeding line and atomizing nozzles should be kept at a temperature equal to or above 
the melt point to prevent clogging. All atomizing nozzles suitable for spray drying are 
theoretically suitable for spray congealing; however, due to higher viscosities, rotary 
nozzles are preferred.

Regarding the particular aspects of the formulation, all excipients that are solid 
at room temperature and melt without degradation may be used in spray congealing. 
However, those with relatively moderate glass transition temperatures or melting 
points are preferred. Excipients used in hot-melt extrusion are also well suited for 
spray congealing: polymers like Eudragit E100, PEGs; surfactants like Gelucire 
44/14, polyethylene glycol fatty acid esters, and poloxamers; solubilizers such as 
alcohols like benzyl alcohol, sorbitol, mannitol; and esters like ethyl oleate and 
ethyl caprylate (Patel and Chen 2001). The function of the solubilizers is to increase 
the drug solubility in the melt, thereby increasing the drug load in the formulation.

10.10.2  Spray Drying for Micro-encapsulation

Micro-encapsulation can be defined as the entrapment of an active ingredient by a 
protective wall. The wall may be designed to protect the active ingredient from 
oxidation, light, pH, enzymatic degradation, etc. The wall can also be used for taste 
masking, to improve powder attributes (e.g. flowability) or to produce controlled 
release particles (Ré 1998; Shaidi and Han 1993). It has been widely applied in the 
food and pharmaceutical industries mainly for protective or controlled release 
formulation applications.

There are several methods to produce micro-encapsulated materials, such as coac-
ervation, molecular inclusion, emulsification, and in situ polymerization among others. 
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Spray drying can be used with several of these techniques as a micro- encapsulation 
method or merely as drying/isolation process. As a continuous and gentle process ame-
nable to heat-sensitive materials, spray drying is particularly useful as a physical 
method for micro-encapsulation. It is therefore the most common and cost-effective 
way to produce micro-encapsulated materials in the pharmaceutical and food indus-
tries (Gharsallaoui et al. 2007).

In terms of process, micro-encapsulation by spray drying is achieved by sus-
pending or emulsifying the active ingredient in a solution/emulsion containing the 
dissolved wall materials. This solution may then be homogenized to decrease the 
suspension/emulsion particle size before feeding to the spray drier. The feed is then 
atomized in the nozzle and during drying the dissolved materials precipitate to form 
a shell around the active ingredient. In this section, wall materials and the spray-
drying process parameters that impact micro-encapsulation efficiency will be 
discussed.

10.10.2.1  Wall Materials

The selection of wall materials depends on the objective of the micro-encapsulation 
process and the physico-chemical properties of the active ingredient. They play an 
important role in flowability, mechanical stability, and shelf-life (Ré 1998). They 
should be highly soluble in the process solvent and have adequate film-forming 
ability. The most common wall materials used in micro-encapsulation by spray 
drying are the following:

• Carbohydrates (starches, maltodextrins, and sucrose)
• Gums and gelatins (arabic gum, xanthine, and gelatin)
• Cellulose based polymers (hydroxypropylmethylcellulos acetate succinate, 

cellulose acetate phthalate, and hydroxypropyl methyl cellulose)
• Polylactic acid (PLA) and polylactide-co-glycolide (PLGA) (biodegrable 

polymers)
• Acrylate-based polymers (polymethacrylate and poyethylmethacrylate)

These materials are chosen to provide high solubility in the spray-drying solvent, 
emulsification properties, film-forming ability, good performance during spray- 
drying process (related to glass transition temperature and stickiness), and low to 
moderate viscosities at relatively high concentrations (close to 50 % w/w).

Carbohydrates

Among the carbohydrates, maltodextrins and modified starches constitute good 
candidates for micro-encapsulation by spray drying. They are highly soluble in 
water and yield solutions with low viscosity. They also have good spray-drying 
properties, namely, high glass transition temperatures, little tendency to stick to 
equipment walls, and produce relatively dense powders. However, carbohydrates 
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have poor film-forming capacity which is important for encapsulation efficiency 
and especially in the retention of volatile constituents. This can be solved by adding 
gums (e.g. gelatins, arabic gum) to the solution. The mass ratio between carbohydrate/
gum varies, but it is typically greater than 1 (Bayram et al. 2005). Another benefit 
of using gum is the improvement of emulsification properties in the formulation 
which can lead to enhanced bioavailability (Bruschi et al. 2003).

Gums and Gelatins

Spray-drying pure gums may be challenging due to their poor drying behavior 
associated with low glass transition temperatures. They are typically used together 
with other wall materials, namely carbohydrates, as discussed previously.

PLGA/PLA

Poly(lactic-co-glycolic acid) is a biodegradable and biocompatible copolymer. 
It degrades in the body to form lactic and glycolic acid monomers which are 
 by-products of natural metabolic pathways. This biodegradable polymer has been the 
subject of intense research in drug delivery in recent years (Langer 1990; Putney and 
Burke 1998). The use of PLGA/PLA and associated micro-encapsulation techniques 
are well described in the scientific literature (Wischke and Schwendeman 2008).

Examples of marketed PLGA micro-encpasulated drugs produced by spray dry-
ing are Bucerelin acetate marketed as Suprecur MP® (Japan) from Mochida 
Pharmaceutical (licensed fomo Aventis), and Bromocriptine marketed as Parlodel® 
from Sandoz (Wischke and Schwendeman 2008).

10.10.2.2  Particular Features of the Spray-Drying Process 
for Micro-encapsulation

Micro-encapsulated particle formation depends on the balance between the solvent 
evaporation rate and the diffusion rate of wall materials in the liquid phase during 
the drying process. This balance can be quantified by the Peclet number (Vehring 
2008). According to their influence on this balance, spray-drying process parameters 
effect particle size, density, morphology, residual moisture, and micro-encapsula-
tion efficiency.

A study on micro-encapsulation of lycopene (Shu et al. 2006) demonstrated that 
feed and spray-drying temperatures influenced encapsulation efficiency. The authors 
found that there was an optimum temperature for the micro-encapsulation process. 
Increasing the solution temperature was found to improve the atomization process 
by decreasing the solution viscosity. The use of very high drying temperatures led 
to the breakage of the particle shell due to the increase in vapor pressure of the 
entrapped solvent. This ultimately resulted in poor encapsulation efficiency. 
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Therefore, the selection of drying conditions, namely temperatures, is of critical 
importance not only for process performance (yield) but also for product quality and 
encapsulation efficiency. In the latter aspect, the visualization of particles by 
scanning electron microscopy provides a fast and reliable method to assess the 
effect of the drying process on the integrity of the microparticles.

Another important feature when spray-drying suspension for micro-encapsulation 
purposes is the ratio between the particle size of the suspended material and the 
droplet size generated in the atomization process. Obviously, the droplet needs to be 
larger than the material to be encapsulated. In this particular case, the increase in 
solution viscosity due to the use of polymers maybe beneficial because it enables 
the generation of larger droplets (Shu et al. 2006).

It is important to note that the presence of suspended solid particles must be 
taken into account when selecting the atomization nozzle. For obvious reasons, the 
dimension of the suspended particles or agglomerates must be smaller than the 
minimum passage of the nozzle. Given that nozzle blockage may have a catastrophic 
effects on the spray-drying process, in-line filters are usually employed. Their pore 
size is designed to be smaller than the orifice, but sufficiently large to allow passage 
of a great majority of the suspended particles.

Another important aspect is abrasion of the nozzle caused by the expulsion of 
suspended particles at high velocities. This causes additional erosion of the nozzle 
and a corresponding decrease in atomization efficiency over time. Therefore, 
careful selection of nozzle type and material of construction is recommended 
along with routine verification of nozzle performance. In this particular situation, 
two-fluid nozzles represent a more robust solution than pressure nozzles and are 
preferred in cases where the suspended particles are large or very abrasive. The 
pressure nozzle is also used in some cases for suspensions; however, the material 
of construction must be sufficiently hard, such as tungsten carbide. The compati-
bility of the suspension with the associated high-pressure pump must also be 
assessed.

10.11  Summary

Spray drying is a mature technology that has been used industrially since the mid- 
nineteenth century and long used in the pharmaceutical industry for API and 
excipient manufacturing. In this chapter, the process fundamentals, process 
components, and equipment options have been reviewed to provide the reader with 
the fundamental understanding necessary to begin practicing this technology. The 
application of spray-drying technology to the formulation of poorly water-soluble 
drugs was reviewed with particular focus on ASDD systems. The development 
process for ASDD formulations was discussed along with considerations for final 
dosage form production pertinent to the various stages of new drug development. 
Examples of ASDD systems from the pharmaceutical literature were reviewed 
along with industrial examples of marketed or close-to-market products. These 

D.A. Miller et al.



513

examples not only provide the reader with practical case studies to consider 
regarding the use of spray drying for the formulation of poorly water-soluble drugs 
but also illustrate the commercial viability of the process. Finally, the application of 
spray-drying technology to inhaled drug delivery was discussed, as well as emerging 
applications of the process pertinent to poorly soluble compounds, i.e., spray 
congealing and micro-encapsulation. In conclusion, this chapter has demonstrated 
the applicability of spray-drying technology to the formulation of poorly water- 
soluble drugs at all development stages. The recent market and late-stage clinical 
success of drug products based on spray drying described herein indicate the 
increasing importance of the technology to the pharmaceutical industry with regard 
to enhancing therapies with poorly water-soluble drugs.
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Method Capsule 1
Preparation and Characterization of Spray-Dried Microparticles

Based on the method reported by De Jaeghere et al. (2000).

Objective

• Produce and characterize amorphous spray-dried microparticles of CGP 70726 
with Eudragit L100-55 for enhanced oral absorption

Equipment and Materials

• CGP 70726
• Eudragit L100-55 (methacrylic acid copolymer)
• Methanol
• Büchi Mini Spray Dryer, Model 190
• Malvern Mastersizer® 2000
• PW 1729 X-ray generator

Method

• Feed preparation: In 300 g of methanol, dissolve CGP 70726 (1 % w/w) and 
Eudragit L100-55 (4 % w/w) with stirring.

• Spray-drying parameters:

 – Nozzle type: pneumatic two-fluid
 – Nozzle diameter: 0.5 mm
 – Collection system: cyclone
 – Drying gas: nitrogen
 – Feed: methanolic solution, 5 % (w/w) solids
 – Feed rate: 4 mL/min
 – Inlet temperature: 50 °C
 – Outlet temperature: 37–42 °C
 – Aspirator setting: 15
 – Morphology assessment: PXRD
 – Particle-size analysis: laser light diffraction
 – In vivo performance: single dose, oral administration in beagle dogs (n = 4)

Results

• The average production yield of the spray-dried micro-particles for two runs 
was 67 %

• The spray-dried microparticles were determined to be amorphous by PXRD
• The mean particle diameters of two spray-dried microparticle batches were 

10.0 ± 1.5 and 9.2 ± 1.3 μm as determined by laser light diffraction.
• The amorphous spray-dried microparticles substantially enhanced the oral absorp-

tion of CGP 70726 over the crystalline drug (plasma levels not quantifiable).
• The amorphous spray-dried microparticles produced exposures that were greater 

than twofold that of nanoparticles produced by an emulsion–diffusion method in 
the fed state.
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Method Capsule 2
Polymer Selection for an ASDD System by Supersaturated In Vitro Dissolution 
Screening

Based on the method reported by Curatolo et al. (2009).

Objective

• Employ a supersaturated in vitro dissolution test (micro-centrifuge method) to rank 
order the performance of polymers as carriers for compound 5 in ASDD systems

Equipment and Reagents

• Compound 5 (API), pure crystalline and amorphous
• Polymers: HPMCAS-MF, CAP, CAT, HPMC, HPMCP, PVP
• Phosphate buffered saline, pH 6.5
• Mobile phase: 60/40 1.7 % ammonioum ascorbate/acetonitrile
• Controlled temperature box at 37 °C
• Micro-centrifuge tube (polypropylene, Sorenson Bioscience Inc.)
• Vortex mixer (Fisher Vortex Genie 2)
• Micro-centrifuge, Marathon, Model Micro A
• Pipette (Gilson Pipetman P-100)
• HPLC (Hewlett Packard 1090 HPLC, Phenomenex Ultracarb ODS 20 analytical 

column, absorbance measured at 215 nm with a diode array spectrophotometer)

Method

• Amorphous solid dispersion formulations of compound 5 (10 % w/w) and the 
various polymer carriers were produced by spray drying from organic solution.

• In a controlled temperature box at 37 °C, 4.0 mg of each ASDD powder was 
weighed into an empty micro-centrifuge tube. Then, 2.0 mL of phosphate 
buffered saline (pH 6.5) was added to the tube (theoretical maximum drug 
concentration 200 μg/mL).

• The tube was then closed, timer started, and the tube was mixed continuously for 
60 s with a vortex mixer on the highest speed.

• The tube was transferred to the centrifuge and allowed to stand for 6 min; then 
centrifuged at 13,000 × g for 60 s.

• A 25 μL sample was removed from the supernatant using a pipette at 10 min 
after the timer was started.

• The solids in the centrifuge tube were then re-suspended by vortex mixing 
for 30 s.

• The centrifuge tube was returned to the centrifuge and allowed to stand undisturbed 
until the next sample time point.

• At each time point (5, 10, 20, 40, 90 min) the tube was centrifuged, supernatant 
sampled, and solids re-suspended as described.
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Results

• All ASDD formulations showed significant initial supersaturation relative to the 
pure crystalline and amorphous compound 5. The rank order of Cmax was as 
follows: HPMCAS-MF > CAP > CAT > HPMC > HPMCP > PVP > pure API 
(crystalline and amorphous).

• Subsequent precipitation of supersaturated compound 5 was seen for all ASDD 
formulations. The rank order of extent of supersaturation for the formulations 
was as follows: HPMCAS-MF > CAP > CAT > HPMC > HPMCP > PVP.

• From this study, HPMCAS-MF was identified as the optimum polymer carrier in 
an ASDD system with compound 5 with respect to in vitro dissolution 
performance.

D.A. Miller et al.
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Method Capsule 3
Spray Drying of AMG-517 with HPMCAS-MF

Based on the method reported by Kennedy et al. (2008).

Objective

• To prepare amorphous solid dispersions of AMG-517 in HPMCAS-MF at 15 and 
50 % drug loading.

Equipment and Reagents

• AMG-517, micronized free base (API)
• HPMCAS-MF (AQOAT AS-MF, Shin-Etsu Chemical Company)
• Ethyl acetate (99.5 % minimum)
• Büchi Mini Spray Dryer, Model B290
• Malvern Mastersizer 2000 equipped with a Hydro 2000 μP wet dispersion cell
• Phillips automated X-ray powder diffractometer, X’Pert PRO
• Modulated DSC, Q1000 by TA Instruments
• 40 °C/75 % RH stability chamber

Method

• Feed preparation: HPMCAS-MF was dissolved in ethyl acetate at a concentra-
tion of 2 % (w/w). AMG-517 was then dissolved in the polymer solution to a 
concentration of 0.353 % or 2 % (w/w) to produce drug:polymer ratios of 15:85 
and 50:50.

• Spray-drying parameters:

 – System: Open cycle
 – Nozzle type: 48 KHz ultrasonic atomizing nozzle, 2 W power supply
 – Atomizing air: focusing nitrogen at 30 SLPM
 – Collection system: cyclone
 – Drying gas: nitrogen
 – Drying gas flow rate: 300 SLPM
 – Feed: ethyl acetate solution, 2.353 % and 4 % (w/w) solids
 – Feed rate: 0.75 mL/min
 – Inlet temperature: 75 °C
 – Aspirator setting: Bypassed

• Morphology assessment: PXRD
• Determination of Tg’s: Modulated DSC
• Particle-size analysis: laser light diffraction
• Stability assessment: accelerated storage at 40 °C/75 % RH
• In vivo performance: single dose, oral administration in cynomolgus monkeys 

(n = 6)
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Results

• Powder yields for the 15 % and 50 % drug load AMG-517:HPMCAS-MF 
formulations were 80.5 % and 50 % respectively.

• Median particle size (volume based diamber d50) was 34.75 and 40.7 μm for the 
15 % and 50 % drug load ASDDs, respectively.

• At both drug loadings, the ASDD formulations were determined by PXRD to be 
amorphous and found by MDSC to be single-phase systems with Tg’s of 106 and 
98 °C for the low and high drug load formulations, respectively.

• The ASDD systems were found to remain PXRD amorphous after 6 months 
storage at 40 °C/75 % RH.

• The 15 % drug load ASDD formulation in a capsule (with 5 % SDS) yielded 
163 % greater exposure in monkeys as compared to micronized crystalline AMG- 
517 in aqueous suspension.

D.A. Miller et al.
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Method Capsule 4
Fluidized Spray Drying of VX-950 (Telaprevir) with HPMCAS

Based on the method reported by Bittorf et al. (2010).

Objective

• Employ fluidized spray drying (FSD) to produce an ASDD product composed of 
VX-950 and HPMCAS suitable for direct compression, i.e., greater average 
particle size and bulk density versus traditional spray drying.

Equipment and Materials

• VX-950 (telaprevir)
• HPMCAS (Aqoat, Shin-Etsu)
• Dichloromethane
• 8000 L stirred tank reactor
• Niro PSD-4 spray dryer (Drying capacity 1250 kg/h) configured in FSD mode 

(closed cycle)
• Pressure nozzle (Spraying Systems MFP (Maximum Free Passage) SK Series 

SPRAYDRY® Nozzles Series variety, orifice 52 with core 27)

Method

• Feed preparation: Charge VX-950 (85 % w/w) and HPMCAS (15 % w/w) to the 
stirred tank reactor. Then add sufficient dichloromethane to achieve a solids content of 
20 % (w/w). Stir until a clear solution is obtained while keeping the reactor at 20 °C.

• Fluidized Spray-drying parameters:

 – Drying gas: nitrogen, co-current
 – Feed: dichloromethane solution, 20 % (w/w) solids
 – Feed rate: 151 kg/h
 – Feed pressure: 22 bar
 – Inlet temperature: 75 ± 3 °C
 – Outlet temperature: 35 ± 5 °C
 – ∆Pcyclone :10–12 mm H2O
 – Fines return position: middle
 – Fluid Bed 1 temperature set point: 40 °C
 – Fluid Bed 2 temperature set point: 35 °C
 – Fluid Bed 3 temperature set point: 30 °C

Results

• Product properties:

 – Bulk density: 0.32 g/mL
 – Tap density: 0.41 g/mL
 – d10: 16.47 μm
 – d50: 60.03 μm
 – d90: 151.05 μm
 – Span 2.24
 – Distribution: unimodal
 – Product obtained was suitable for direct tablet compression.
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Method Capsule 5
Spray Congealing of Vitamin E

Objective

• Employ spray congealing to produce amorphous Vitamin E

Equipment and Materials

• Vitamin E
• Büchi Mini Spray Dryer, Model B290 equipped with spray congealing features

Method

• Feed preparation: Charge Vitamin E in a thermo regulated vessel and heat up to 
60 °C (keep temperature above at least 10 °C).

• Spray congealing:

 – Drying gas: nitrogen, co-current
 – Feed: Vitamin E melted
 – System: Open cycle
 – Nozzle type: two-fluid nozzle
 – Collection system: cyclone
 – Drying gas: nitrogen
 – Drying gas flow rate: fan at 100 %
 – Inlet temperature: −5 °C
 – Morphology assessment: SEM
 – Particle-size analysis: laser light diffraction

Results

• Powder yields 80 %.
• Median particle size (volume based diamber d50) was 40 μm.
• Smooth spherical particles

D.A. Miller et al.
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Method Capsule 6
Micro-encapsulation of Itraconazole

Objective

• Micro-encapsulation of itraconazole by spray drying

Equipment and Materials

• Milled itraconazole (Dv90 < 10 μm)
• Gelatin
• Sucrose
• Deionized water
• Niro Mobile Minor

Method

• Feed preparation: a solution of Gelatin was prepared in hot water (60 °C) at a 
concentration of 2 % w/w. Sucrose was added (Sucrose:Gelatin 4:1). After 
sucrose dissolution itraconazole (10 % of total solids) was added.

• Spray drying:

 – Drying gas: nitrogen, co-current
 – Feed: suspension of itraconazole
 – System: closed cycle
 – Nozzle type: two-fluid nozzle
 – Collection system: cyclone
 – Drying gas: nitrogen
 – Drying gas flow rate: 80 kg/h
 – Atomization gas flow rate: 2.6 kg/H
 – Feed flow rate: 1.3 kg/h
 – Inlet temperature: 150 °C
 – Outlet temperature: 80 °C

• Morphology assessment: SEM
• Particle-size analysis: laser light diffraction

Results

• Powder yield: 85 %.
• Median particle size (volume based diamber d50) was 25 μm.
• Particle morphology: corrugated spheres
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11.1  Introduction

11.1.1  Therapeutic Shortfalls of Poorly Water-Soluble Drugs

In modern drug discovery processes, routine use of high-throughput screening, 
combinatorial chemistry, and computer-aided drug design appear to result in a 
higher prevalence of lead compounds of increased molecular weight and lipophilicity, 
despite the high efficiency of the automated processes. About 60 % of these drug 
candidates exhibit poor aqueous and nonaqueous solubility (Gao et al. 2008). 
Among which, for those with high permeability through biomembranes, classified 
as Biopharmaceutical Classification System (BCS) Class II drugs, the poor 
dissolution rate limits drug molecules released into biological fluid contacting the 
absorbing mucosa (Rasenack and Muller 2002). Basically, it is in the form of an 
aqueous solution that a drug can be absorbed into the systemic circulation and exert 
its therapeutic effect. Consequently, the poorly water-soluble drugs often result in 
low and highly variable bioavailability, and sub-optimal therapeutic effects in 
patients, particularly when delivered via the oral administration (Muller et al. 2001; 
Patravale et al. 2004).

11.1.2  Solid Dispersion/Solution, Supersaturation

To improve the bioavailability of poorly water-soluble drugs, defined as the rate and 
extent of the drug that reaches systemic circulation, new technologies and innovative 
formulations and drug delivery systems were explored to improve dissolution 
properties of poorly water-soluble drugs throughout the past decade. These include 
more conventional techniques such as the use of surfactants, cyclodextrin inclusion 
complexation, emulsification processes, co-solvency, salt formation, powder 
milling, and spray drying. However, these attempts have been of limited success, 
and each was found with inherent problems of their efficacy or stability of the final 
product.

The increased amount of excipients required to formulate the poorly water- 
soluble drugs may potentially increase side effects, resulting in low patient 
compliance. Alternatively, invasive dosage forms such as parenteral formulations 
have to be developed to address the challenges being presented. However, with even 
less pharmaceutically acceptable excipient options, solubilization of drug is 
practically limited (Liu 2000).

Salt formation is one of the commonly used means to increase aqueous solubility 
of poorly water-soluble drugs. Despite the unionized form being much less soluble 
than its salt, of further interest, therapeutically, it is the unionized form that more 
readily penetrates biological membranes to exert therapeutic effects (Martin et al. 
1993). Salt forms can improve wettability and bioavailability of drugs. For example, 
albendazole salts exhibited better wettability due to the hydrophilic and ionic nature 
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of their crystals. Microenvironmental pH changes also affect the solubility of the 
salt forms therefore some salt forms are superior to others. Particle size reduction 
typically helps increase solubility of the drug. However, in some cases, this is not 
possible due to the poor wettability (Paulekuhn et al. 2013).

Mechanical milling was generally used to reduce particle size. However, it 
generates particles with irregular shape and a wide range of size distribution. 
Moreover, thermo-degradation is another issue associated with milling process. 
Spray drying is also not an ideal method of choice due to only 50 % dry product 
recovery (Esclusa-Diaz et al. 1996). Leleux and Williams (2014) recently 
reviewed mechanical reduction methods regarding particulate systems. There are 
various bottom-up and top-down techniques utilized to produce crystalline drugs 
in the micron size range. The pros and cons of both approaches were discussed in 
terms of their contribution to the pharmaceutical field. However, the top-down 
methods have demonstrated greater efficiency in the industrial scale. The authors 
stated that micronization of some extremely low solubility drugs did not have a 
substantial impact on their solubility. However, size reduction to the nanoscale 
particle size range was possibly an effective method to enhance solubility of 
poorly soluble drugs.

To overcome these shortcomings, novel technologies such as hot-melt extrusion, 
particle engineering by use of supercritical fluid, nanomilling, and solution-based 
micro-/nanoparticle precipitation (Betageri and Makarla 1995; Mawson et al. 1997; 
Rogers et al. 2001; Sarkari et al. 2002; Hu et al. 2004b; Matteucci et al. 2007) have 
been developed to enhance saturation solubility of poorly water-soluble drugs. It 
may be practical to increase apparent solubility and/or the dissolution rate via 
alteration of the solid-state form.

Solid dispersion typically refers to systems in which drug particles are 
homogeneously distributed throughout a solid matrix of excipient(s). This system 
provides the possibility of reducing the particle size of drugs to nearly a molecular 
level in order to transform the drug from the crystalline to partially amorphous 
morphology. A solid solution results when the drug is molecularly dispersed 
throughout a solid matrix, i.e., complete amorphous morphology (Kapsi and Ayres 
2001), in which the particle size of the drug has been reduced to its absolute 
minimum without any crystalline drug domains (Leuner and Dressman 2000). The 
amorphous form of a drug has a higher thermodynamic chemical potential than its 
crystalline counterpart.

Additionally, exposure area of drug to the dissolution media was also greatly 
enhanced due to significantly increased surface areas of drug compositions obtained 
in this way. Therefore, poorly water-soluble drugs in the solid solution/dispersion 
exhibit higher dissolution rates and higher saturation concentration than their 
intrinsic solubility of crystalline form of drug, i.e., they can produce supersaturated 
solutions (Betageri and Makarla 1995). Generation of supersaturation provides 
higher number of free drug molecules in the solution available for absorption, 
thereby leading to enhanced bioavailability.
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11.1.3  Solubility Advantage of Nanoparticles

Production of drug-loaded nanoparticles for the poorly water-soluble drugs is an 
alternative and promising approach to overcome their low aqueous solubilities and 
the consequential low bioavailabilities (Muller et al. 2001). Nanoparticles are 
currently defined as single particles with a diameter less than 100 nm. Agglomerates 
of nanoparticles can be larger than 100 nm in diameter but may be de-agglomerated 
either with weak mechanical forces or by dispersing in a solvent.

Although micronization can increase dissolution rate of the poorly water-soluble 
drugs by reduction of particle size and thereby increased surface area, it does not 
increase equilibrium solubility. Often, for drugs with very low aqueous solubility, 
the achieved increase in dissolution rate is limited and insufficient to provide 
significant enhancement of bioavailability (Muller et al. 2001). However, when the 
drug particle sizes were deducted in the 100-nm range, they dissolve more quickly 
and achieve supersaturation versus the micronized drug particles, as described by 
the Noyes–Whitney and Ostwald–Freundlich equations (Grant and Brittian 1995). 
Both particle dissolution kinetics and solubility are size dependent. Thus, the 
dissolution of drug nanoparticles in vivo is usually accompanied by an increase in 
bioavailability (Hintz and Johnson 1989; Borm et al. 2006).

Furthermore, novel investigation of supersaturation levels of drug nanoparticles 
in aqueous media demonstrated significantly higher values than the much larger 
microparticles of drug composition, which have the potential to crystallize during 
slow dissolution (Matteucci et al. 2007). Amorphous nanostructured formulations 
of poorly water-soluble drugs have also been developed to enhance therapeutic 
effectiveness (Yang et al. 2008a). 

An emulsion-freeze-drying technique was used to prepare nanoparticles of 
poorly water-soluble drugs. In situ formation of poorly water-soluble drug 
nanoparticles within a porous hydrophilic polymer (PVA) scaffold by freeze-drying 
o/w emulsions has been accomplished. The pore structure maintained the drug 
nanoparticles and prevented agglomeration. The nanoparticles of the model poorly 
water-soluble drug loaded in porous polymer rapidly dissolved in water (Grant and 
Zhang 2011).

He et al. (2013) reported that the dissolution of a model poorly water-soluble 
drug, indomethacin, was significantly improved due to the resulting nanoparticles 
prepared by a cryogenic technique. However, preventing nanoparticles from 
aggregation and agglomeration is also challenging. Nanosuspensions of 
indomethacin with food proteins as novel stabilizers were prepared by a 
nanoprecipitation–ultrasonication method following by freeze drying. The 
nanosuspensions were lyophilized, and the original particle size and particle-size 
distribution were maintained. The protein stabilizers physically stabilized 
indomethacin nanosuspensions via a combination of two mechanisms: electrostatic 
repulsion and steric stabilization.

Published literature reviews have discussed nanoparticle technologies. For 
example, a review of nanoparticle engineering processes for the enhancement of 
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dissolution rates of poorly water soluble drugs was published by Hu et al. (2004b, 
c). This overview focused on the commercially viable nanoparticle engineering pro-
cesses available for increasing the dissolution properties of poorly water-soluble 
drugs. Cryogenic spray processes and spray freezing into liquid (SFL) were 
proposed as alternative approaches to prepare nanoparticles of poorly water-soluble 
drugs. Examples using these techniques were also included. Besides, bottom-up 
technologies utilized to prepare nanosuspensions of poorly water soluble drugs 
were recently reviewed by Du et al. (2015). Spray freeze drying and freeze drying 
were used as the “solidification methods for the nanosuspension prepared by the 
bottom-up approach”. The article included other solidification techniques, 
advantages, manufacturing processes, the corresponding characterization methods, 
drug dosage forms, and limitations of commercial drug products.

11.1.4  Overview of Cryogenic Technologies

Cryogenic particle engineering technologies were developed to improve the 
solubility and dissolution properties by creating nanostructured amorphous particles 
with dramatically enlarged surface area at very low temperature conditions, in 
contrast to micronized crystalline form of poorly water-soluble drugs (Hu et al. 
2002, 2004a, b, c; Rogers et al. 2003a; Overhoff et al. 2007a). Cryogenic technologies 
basically can be categorized into micro-/nanoparticle precipitation technologies or 
the so-called “bottom-up” particle engineering technologies, with the mechanism of 
inducing a rapid change in solute solubility to generate solid particles.

Another example of novel bottom-up process using freeze drying to improve the 
dissolution behavior of poorly water soluble drugs was reported by De Waard et al. 
(2008). Nanocrystalline particles of fenofibrate produced by the “controlled 
crystallization during freeze drying” process significantly increased dissolution of 
the drug compared to tablets containing the physical mixture. The freeze-dried 
formulation contained fenofibrate, a drug with low Tg, and mannitol as a carrier 
since it crystallizes. Freezing rate and the ratio of water-to-tertiary butyl alcohol 
(TBA) affected the nucleation rate that controlled the size of crystals and dissolution 
performance. The challenge is how to apply the process to high Tg drugs.

There are some recently reported examples of the bottom-up particle engineering 
based upon cryogenic technologies. For example, Yasmin et al. (2014) successfully 
utilized lyophilization to prepare silica–lipid hybrid (SLH) microparticles from sub-
micron o/w emulsions stabilized by silica nanoparticles. The authors reported that 
the performance of microparticles fabricated from this technique were comparable to 
those produced using spry drying. Hence this technology is another alternative 
method to manufacture SLH formulations of poorly water-soluble drugs which are 
thermally labile and also other challenging drugs to process through spray drying.

To the contrary, a comparison of two processing approaches (spray- and freeze- 
drying) to manufacture solid phospholipid nanoparticles of celecoxib, a BCS Class 
II drug, was reported. Celecoxib with phospholipid E80 and trehalose was 
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formulated in various drug-to-excipients ratios. Spherically shaped, amorphous 
nanoparticles (average diameters <1 μm) were produced by spray-drying; while 
larger particles of the matrix-like structure of solid amorphous phospholipid 
dispersion were prepared by freeze-drying. Both products significantly improved 
the dissolution of the drug. The apparent and molecular solubility of the drug from 
the spray-dried formulation in phosphate buffer (pH 6.5) and in biorelevant fasted 
state simulated intestinal fluid (pH 6.5) were considerably higher than the freeze- 
dried powder. This probably resulted from the difference in particle size and surface 
morphology (Fong et al. 2015).

As well known, solubility is largely determined by the bonding interactions 
between the solute and solvent on a molecular level; it is also heavily influenced by 
external factors including temperature, pressure, polarity of the solvent, and 
pH. Sudden shift of one of these factors can generate strong driving forces to induce 
nucleation leading to particle formation. Cryogenic technologies utilize cryogens, 
such as liquid nitrogen, to induce abrupt temperature change of a system containing 
solubilized poorly water-soluble drug molecules alone or along with excipient 
molecules. The rapid cooling rates of up to 1.0 × 106 K/s may produce stable 
amorphous nanostructured particles with significantly enlarged surface areas to 
facilitate rapid and higher-level dissolution in biological fluids, thereby enhancing 
bioavailability.

Generally, cryogenic technologies involve the rapid freezing of single solvent or 
co-solvent-based solution containing drug alone or alone with stabilizer or solubility 
enhancer. The generated frozen material is then lyophilized to remove the solvent 
by sublimation like traditional lyophilization and atmospheric freeze drying 
(ATMFD) (Derle et al. 2010), thus yielding a dry powder of high surface area. 
Cryogenic processes are defined by the type of injection device (capillary, rotary, 
pneumatic, and ultrasonic nozzle), location of nozzle (spraying onto or into a 
cryogenic liquid, or applying the solution onto a cryogenic substrate), and the 
composition of cryogenic liquid, such as liquid hydrofluoroalkanes, liquid nitrogen, 
liquid argon, compressed fluid carbon dioxide, and organic solvents.

In this chapter, spray freeze drying (SFD), SFL, and thin film freezing (TFF) 
cryogenic technologies for pharmaceutical applications will be discussed in detail. 
Examples of recent studies using the cryogenic technologies with step-by-step 
procedures to engineer poorly water-soluble drugs for improved in vitro and in vivo 
performance will be provided and analyzed. It can be readily recognized that 
applications of these cryogenic technologies may be applied to other freezing 
processes.

11.1.5  Commonly Used Cryogens

The most commonly used cryogen in cryogenic processes is liquid nitrogen. Liquid 
nitrogen is a colorless, odorless, and nonflammable liquid that boils at a temperature 
of approximately −195 °C. Due to its natural abundance in the atmosphere, liquid 
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nitrogen is relatively cheap and is readily available in large quantities throughout 
the world. Compared to other liquid cryogens, it is relatively safe and is already 
accepted for use in certain medical applications. The primary disadvantages of 
liquid nitrogen are that it can pose a safety hazard as an asphyxiant and it also 
exhibits a behavior known as the Leidenfrost effect, which in some instances may 
actually result in decreased freezing rates for droplets that come into contact with 
the liquid nitrogen reservoir but are shielded by a vapor layer for some amount of 
time before direct contact can be made with the liquid nitrogen.

Liquid argon is the most common alternative to liquid nitrogen for use in SFD. It 
has many of the same advantages as liquid nitrogen and also suffers from some of 
the same disadvantages such as being an asphyxiating agent. It boils at nearly the 
same temperature as liquid nitrogen at −185 °C; however, it is typically more 
expensive than liquid nitrogen and less widely available.

Another group of alternatives are liquid hydrocarbons such as liquid propane, 
pentane, and hexane. They have relatively higher boiling point and wider availability 
than liquid argon. However, these systems are considerably more dangerous to work 
with due to their extreme combustibility. Additionally, these materials have not been 
accepted or tested in use with pharmaceutical products and could be a potential 
source of contamination when brought into direct contact with drug products.

11.2  Cryogenic Technologies

11.2.1  Spray Freeze Drying (SFD)

SFD has been used in pharmaceutical research for over 60 years and is likely the 
oldest of the cryogenic pharmaceutical processing technologies. One of the first 
published papers in the literature describing this technique was in 1948, which was 
used as a means to produce protein powders with varying surface areas for 
subsequent absorption isothermal analysis (Benson and Ellis 1948). SFD has 
historically been used as a method to process thermally labile compounds such as 
proteins and peptides as well as even larger biological molecules in both the 
pharmaceutical and food industries (Costantino et al. 2000, 2002; 
Anandharamakrishnan et al. 2010; Ishwarya et al. 2015) because, unlike spray 
drying, no heat is required to obtain the final powder formulation. In addition to 
proteins and peptides, SFD has also been applied to different poorly water soluble 
drugs in order to enhance their solubility and non-pharmaceutical applications such 
as food processing (Mumenthalera and Leuenberger 1991; Zijlstra et al. 2007; Tong 
et al. 2011; Niwa et al. 2012, Niwa and Danjo 2013; Wanning et al. 2015)

Spray-freeze drying was applied to fabricate kinetically stable, amorphous solid 
dispersions. Compared to the commercial tablet, the kinetically stable, amorphous 
solid dispersions of the BCS Class IV compound, oleanolic acid, with a stabilizer, a 
wetting agent and a penetration enhancer produced by SFD technique was superior 
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in terms of in vitro dissolution and uniform absorption. Inter-individual variability 
in oral absorption is common for the BSC Class IV drugs. This SFD-processed 
formulation not only improved drug absorption but also reduced the large variability 
of intestinal permeability, which is the critical problem of the compounds in this 
class (Tong et al. 2011).

A solution of the poorly water soluble drug, cyclosporine, with mannitol was 
processed through SFD technique to prepare a dry powder inhaler (DPI). Drug was 
in the amorphous state while mannitol crystallized during the freeze drying process. 
The hydrophilic property of mannitol promoted dissolution of the drug. Moreover, 
drug-mannitol co-formulation exhibited better aerosol dispersion since mannitol 
successfully improved adhesive and cohesive behavior between the drug particles 
(Niwa et al. 2012).

Niwa and Danjo (2013) also developed a method combining the wet milling and 
the SFD techniques to generate a novel product for poorly water-soluble drugs. The 
suspension was prepared by wet milling of drug in an aqueous medium of polymer 
as a dispersing agent and then sprayed via SFD to yield a dry nanosized powder. The 
drug in the porous network structure spontaneously released into the nano-scale 
suspension and rapidly dissolved in both acidic and neutral media. The SFD 
formulation exhibited a better dipersability and more efficient dispersing into a 
nanosuspension compared with the product prepared by spray drying (Niwa and 
Danjo 2013).

The formation of inhalable micronized porous particles containing the poorly 
water-soluble corticosteroid, budesonide, and mannitol using SFD technique was 
investigated. The excipients, hydroxypropyl beta-cyclodextrine and/or l-leucine, 
were used in the formulation. The results demonstrated that both excipients at a 
suitable ratio influenced the particle shape and morphology as well as improved 
aerosol performance and dissolution of the particles (Parsian et al. 2014).

Wanning et al. (2015) recently reviewed pharmaceutical SFDs. SFD not only 
enhanced solubility of poorly water soluble drugs but also exhibited advantages for 
pulmonary delivery, intradermal ballistic administration and vaccine delivery to the 
nasal mucosa as well. The authors summarized different studies using SFD technique 
to prepare both small molecules and biological products for various routes of 
administration.

11.2.1.1  Process of SFD

SFD is generally described as a three-step process involving the atomization of a drug 
feed solution or suspension, freezing the atomized droplets, and removal of solvent 
from the frozen material to obtain a final, typically amorphous, dry powder composi-
tion. The equipment and experimental set-up used in SFD are fairly straightforward; 
however, there are a few choices to consider at each of the three steps of the process.

In the first step of SFD, solutions or suspensions of drug alone or along with 
excipient(s) are prepared and atomized into small droplets using specialized fluid 
nozzles or vibrating orifice droplet generators, over a cryogenic vapor to achieve 
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rapid freezing. The primary aspect to consider is the type of nozzle and atomization 
parameters utilized. To achieve atomization, one of three different types of atomizing 
nozzles is typically used, including a two-fluid nozzle, an ultrasound or vibration 
nozzle, and a monodisperse droplet generator. The primary trade-off in these nozzles 
is particle-size control versus liquid processing rate.

The two-fluid nozzle allows for the highest processing rates up to 15 L/min, but 
the particle-size distribution created by these nozzles can easily span several orders 
of magnitude. The particle-size distribution of a given spray created using a two- fluid 
nozzle is primarily controlled by the properties of the liquid formulation (i.e., the 
surface tension and viscosity), nozzle geometry, and the flow rate of the liquid and 
atomizing gas. Two-fluid nozzles are preferred when fast processing is required but 
droplet-size distribution, hence final particle-size distribution, is not critical. Another 
disadvantage of the two-fluid nozzle system is that the large volume of atomizing gas 
utilized by the nozzle can decrease the efficiency and effectiveness of the cryogenic 
vapor into which the droplets and atomizing gas are being sprayed. This can increase 
the cost of the overall process and the rate at which cryogen is consumed.

Ultrasonic nozzles allow for relatively high processing rates, potentially up to 
100 mL/min, with a better control of particle-size distribution and more importantly 
do not utilize large volumes of atomizing gas to generate droplets. The particle-size 
distribution of a spray created using these nozzles is primarily controlled by the 
properties of the liquid formulation, the properties of nozzle (i.e., orifice size and 
atomizing surface area), and the frequency of nozzle vibration. Ultrasonic nozzles 
are preferred for applications where both control of particle size and reasonably 
high processing rates are needed.

Monodisperse droplet generators are used when extremely precise controls of drop-
let and particle-size distributions are required. These systems utilize the same technol-
ogy present in ink jet printing systems to create a controlled monodisperse droplet size; 
however, the primary disadvantage of these systems is that they have very low process-
ing rates of about 0.1 mL/min. In addition to slow processing rates, these systems are 
also more prone to clogging and can process only very low viscosity solutions.

The second step in SFD is the freezing of the atomized droplets of drug solution 
using a cryogenic vapor. In many cases, the cryogenic vapor is created over a cryo-
genic liquid reservoir. When the atomized droplets fall through the vapor phase, they 
then encounter the cryogenic liquid reservoir, which can further ensure that the freez-
ing process is completed. The most commonly used cryogen in SFD is liquid nitro-
gen vapor. When processing poorly water-soluble drugs using SFD, organic solvents 
are typically used to prepare the drug in solution/suspension. Very low vapor tem-
peratures are therefore required to ensure the freezing point of the solvents reached.

Once the droplets of drug in solution/suspension have been frozen, the final step 
is removal of the solvents by sublimation to obtain dry powder form of the engineered 
drug composition. Traditional lyophilization or ATMFD is typically employed to 
sublime the frozen solvents. In either case, process conditions during sublimation 
must be controlled precisely to ensure that no melting occurs, which could 
potentially undo any advantageous physical properties imparted during the rapid 
freezing of SFD process.
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11.2.1.2  Conventional Lyophilization

Conventional lyophilization is conducted at reduced pressure with vacuum level of 
few hundred millitorr and low shelf temperature to maintain the frozen SFD- 
processed material. The lyophilization is broken into two stages known as the 
primary and secondary drying stages. During primary drying, the temperature and 
pressure inside the lyophilizer are typically kept below that of the triple point of the 
solvent. This promotes the sublimation of the frozen solvent from the solid phase 
directly to the gaseous phase, without allowing any melting. After all or the majority 
of the bulk solvent has been removed, the process is then shifted to the secondary 
drying stage, where the shelf temperature is typically brought up to room temperature 
or higher to remove the molecularly bounded solvent. In most cases, convention 
lyophilization is utilized as it is well studied and accepted for pharmaceutical 
process.

The enhancement of dissolution rate and oral bioavailability of solid dispersions 
of valsartan, a poorly water-soluble drug, prepared by a freeze-drying technique 
was reported. The alkaline solution without organic solvent containing the API, 
hydrophilic polymers, an alkalizer, and a surfactant was lyophilized. Hydrogen 
bonds between drug and polymer were detected by FTIR. The resulting amorphous 
solid dispersions showed greater dissolution rate and significantly higher oral 
bioavailability as compared with the bulk drug substance (Xu et al. 2014).

11.2.1.3  Atmospheric Freeze Drying (ATMFD)

ATMFD is conducted at atmospheric pressure conditions and thus does not require 
a vacuum system. In this case, a cold desiccated gas (typically air or nitrogen) is 
circulated in and around a mass of frozen product in a fluid-bed-style configuration. 
For these systems to work properly, the circulation gas needs to be colder than the 
melting point of the solvent to ensure that no melting occurs. Besides low 
temperature, the circulation gas needs to have a very low partial pressure of the 
solvent vapor so that a mass transfer driving force is available to allow for sublimation 
of the frozen solvent. ATMFD has been utilized and well studied in the food industry 
(Meryman 1959; Boeh-Ocansey 1983; Rahman and Mujumdar 2012) but only 
recently, in the past 15–20 years, it has begun to gain some traction in the 
pharmaceutical literature (Mumenthalera and Leuenberger 1991; Rogers et al. 
2003a). Its use in the food industry has been entirely focused on the removal of 
water as a solvent and for this process it has shown great promise. In specific cases, 
especially with freezing processes that result in more porous or discrete ice chips/
particles (e.g., SFD, SFL, and TFF), ATMFD has actually been proven to be a much 
faster and more energy-efficient sublimation process due to the vastly increased 
heat and mass transfer afforded by the use of a fluid-bed configuration (Mumenthalera 
and Leuenberger 1991). However, in the case of poorly soluble compounds, the 
process is complicated by the use of cosolvent systems. As with traditional 
lyophilization techniques, cosolvent systems using organic solvents with lower 
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melting points may prove to be problematic due to the low processing temperatures 
required as well as the large volumes of gas separation that may be required. When 
removing water as a solvent, standard refrigeration techniques can be used on the 
large scale to dry and recirculate desiccated air to ensure that the partial pressure of 
water vapor in the air is low, but when the solvent phase is something other than 
water it may be more difficult to remove these vapors from the recirculated dry gas. 
Theoretically, it should be possible to utilize ATMFD for the sublimation and drying 
of drug products created using cosolvent systems, but currently very little research 
exists on this topic.)

Rahman and Mujumdar (2012) reported advantages and limitations of the 
ATMFD process, a comparison between vacuum freeze drying and ATMFD, a novel 
approach to ATMFD, types of ATMFD and their applications. In addition, 
mathematical models for ATMFD process optimization were also presented. The 
models were related to energy, heat and mass transfer of the drying process. Studies 
of the drying process sought to overcome the limitations of ATMFD.

11.2.1.4  Pros of SFD Process

One potential advantage of SFD over other cryogenic processes is that it typically 
results in the highest rate of freezing at around 106 K/s when appropriately small 
droplet sizes are prepared (Engstrom et al. 2007b). This rapid freezing can be useful 
when working with poorly water-soluble drugs that may have very rapid rates of 
recrystallization, or when very high surface area powders are needed.

The most common usage of SFD to date has been in the area of the preparation 
of proteins and peptides for inhalation as a competing and gentler alternative to 
traditional spray-drying approaches. In contrast to spray drying, SFD process lacks 
the usage of high and potentially damaging heat to dry powders, and provides very 
high production yields of more than 95 % versus about 50 % for spray drying (Maa 
et al. 1999).

Additionally, the SFD process allows for independent control over both the 
aerodynamic and geometric particle size of prepared powders, which are critical 
parameters in the development of formulations for inhalation delivery. This 
enhanced control is due to the fact that geometric particle size is fixed during droplet 
formation and subsequent freezing so that a specific final particle size can be 
selected by controlling the size of droplet that is produced during atomization, 
whereas with spray drying significant droplet shrinkage and deformation occur due 
to surface-tension forces imparted as the droplet dries. Aerodynamic diameter, on 
the other hand, is a function of both geometric particle size and density and, in this 
case, density can also be controlled independently from geometric size by controlling 
the solids loading and formulation parameters used to prepare the drug solution that 
is subsequently processed via SFD (Maa et al. 2004).
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11.2.1.5  Cons of SFD Process

Compared to other cryogenic techniques such as slow freeze drying in a vial, SFL, 
and TFF, SFD process can potentially lower biological activity in cases where pure 
biological compounds without added excipients. SFL and TFF actually result in 
even higher level of biological activity, because the large droplets used in these 
processes have relatively less air–water interface. Whereas SFD utilizes atomized 
fine droplets, a larger air–water interfacial region is created where absorption and 
denaturation of proteins can occur. However, several recent studies have shown that 
this effect can be minimized with the incorporation of excipient(s) (stabilizer, 
complexing agents, cryoprotectants, and surfactants) (Maa et al. 1999; Costantino 
et al. 2000, 2002; Yu et al. 2006).

11.2.2  Spray Freezing into Liquid (SFL)

SFL, one of the novel cryogenic particle engineering technologies, was developed 
and patented (Williams et al. 2003) and subsequently commercialized by The Dow 
Chemical Company.

11.2.2.1  Process of SFL

The SFL process involves preparation of a feed liquid, such as an aqueous, organic, 
or aqueous–organic cosolvent solution, aqueous–organic emulsion, or suspension 
containing a drug along with pharmaceutical excipient(s) or drug alone: Spray the 
drug feed liquid under pressure through a small diameter insulating nozzle directly 
into a liquid cryogen, such as compressed fluid carbon dioxide, helium, propane, 
ethane, liquid nitrogen, liquid argon, or hydrofluoroethers (Williams et al. 2003). 
The rapid cooling leads to immediate freezing of the atomized droplets of feed 
liquid upon contacting the cryogen. A schematic diagram of SFL process is shown 
in Fig. 11.1. Then the produced frozen materials were collected and subsequently 
dried by lyophilization or ATMFD as depicted above, to obtain dry and flowable 
powders of drug compositions.

The SFL-processed drug powders were generally characterized by micronized 
structure with amorphous morphology, high surface area, and improved wettability 
in aqueous media, indicating enhanced dissolution properties of the poorly water- 
soluble drugs (Hu et al. 2002, 2003; Rogers et al. 2003a, b).

The benefits of SFL process result from intense atomization in conjunction with 
high freezing rates. Liquid nitrogen has been typically employed as the cryogenic 
liquid due to nearly instantaneous freezing of the atomized feed liquid resulting from 
the low boiling point of liquid nitrogen. The nozzle that used to spray feed liquid in 
SFL process is composed of an insulating material such as poly-ether- ether-ketone 
(PEEK) tubing to prevent premature freezing of the feed liquid. As the liquid exits 
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the nozzle, liquid–liquid impingement occurs between the pressurized feed liquid 
exiting the nozzle and the cryogenic liquid, such as liquid nitrogen. The estimated 
cooling rates are strongly related to droplet particle size of feed liquid, with higher 
freezing rates observed with smaller droplet sizes due to higher surface area avail-
able for heat transfer (Maa and Prestrelski 2000; Engstrom et al. 2007a, b). The cool-
ing rates of SFL process for two different cryogens, iso-pentane and liquid nitrogen, 
were calculated to be 8.9 × 106 and 1.1 × 105 K/s, respectively (Engstrom et al. 2007a, 
b). SFL into iso-pentane produced faster cooling rates despite having a higher tem-
perature (−160 °C) compared to liquid nitrogen (−196 °C). This was attributed to the 
boiling of liquid nitrogen around the inserted spray nozzle and/or sprayed feed fluid 
formed an insulating layer, known as the Leidenfrost effect (Sitte et al. 1987).

11.2.2.2  Pros of SFL Process

The advantages of the SFL process result from intense atomization of drug feed 
liquid and the high freezing rates. SFL process used liquid nitrogen nearly 
exclusively as the cryogen. A very high degree of atomization is achieved by 
spraying directly into the cryogenic liquid as in contrast to spraying into the vapor 
phase above the cryogenic liquid, because liquid–liquid impingement occurs 
between the pressurized feed solution exiting the nozzle and the cryogenic liquid 
(Rogers et al. 2002b). Thus, high freezing rates can be achieved in SFL process due 
to the low intrinsic temperature of liquid nitrogen and the high surface area of atom-
ized droplets of the drug feed liquid.

Solution
Cell

Piston

Digital
Syringe
Pump

Liquid
Cryogen

Frozen SFL
Particles

PEEK Tubing
Spray Nozzle

Fig. 11.1 Schematic diagram of spray freezing into liquid (SFL) process. Reproduced from 
Rogers et al. (2002b) with permission from Elsevier
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Consequently, amorphous morphology of drug compositions can be formed by SFL 
process, as a result of the ultra-rapid freezing-induced simultaneous vitrification of the 
feed solution. The high degree of atomization and ultra-rapid freezing (URF) rates led 
to the formation of amorphous highly porous nanostructured particles (Hu et al. 2002).

Moreover, it is advantageous to use SFL process to make stable submicron pro-
tein drug particles. As discussed previously, SFD has the potential to cause protein 
aggregation due to the large gas–liquid interface in the spraying step. On the other 
hand, slow cooling by lyophilization (about 1 K/min) can produce stable protein 
particles; however, the particle size was found to be a minimum of a few microns in 
diameter with surface areas less than 1 m2/g. The SFL process can minimize expo-
sure to the gas–liquid interface of droplets containing protein, as the spray nozzle 
was immersed under the surface of the cryogenic liquid. Thus, the SFL process can 
reduce protein adsorption, denaturation, and aggregation, and, consequently, lead to 
higher enzymatic activities than that processed by SFD (Yu et al. 2006; Engstrom 
et al. 2007a, b). Although the cooling rate in SFL is about 103 K/s, three orders of 
magnitude less than that in SFD, it is sufficiently fast to arrest the growth of submi-
cron protein particles (Engstrom et al. 2009).

11.2.2.3  Cons of SFL Process

Increase in the drug/excipient(s) concentrations of feed liquid normally leads to 
increases in viscosity of the feed liquid. The relatively high viscosity of the feed 
liquid can limit the application of SFL, as it can inhibit liquid jet breakup, result-
ing in slower cooling rates and larger particle sizes and eventually fibers (Barron 
et al. 2003).

Moreover, removal of solvent from the collected frozen materials by lyophiliza-
tion is costly for the equipment (lyophilizers) and is a time- and energy-intensive 
process that could take days or even weeks to finish (Franks 1992).

11.2.3  Thin Film Freezing (TFF)

TFF, also known as cold metal block freezing, initially was used to cool approxi-
mately 100-μm-thick tissue samples at rates between 100 and 10,000 K/s (Gilkey 
and Staehelin 1986) for nonpharmaceutical application. Impingement and solidi-
fication of liquefied droplets onto a cold solid surface have also been used in the 
electrical and semi-conductor industries to add thin layers of frozen material onto 
a surface. TFF was also referred as ultra-rapid freezing (URF), spray forming, 
thermal spray coating, splat cooling, slat quenching solidification, plasma or pow-
der spray deposition, etc. (Overhoff et al. 2009). Recently, TFF has been used as 
a particle engineering technique to improve the dissolution profiles of poorly 
water-soluble drugs.
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11.2.3.1  TFF Process

In a similar manner to the SFD and SFL processes, the first step in TFF process is 
preparation of a feed liquid containing a drug along with pharmaceutical excipient(s) 
or drug alone. Then, droplets of the feed liquid that released from a funnel or a 
pump/dripper system with a controlled flow rate fall from a given height and impact, 
spread, and freeze on a cooled surface of a cryogenic substrate, as depicted in a 
schematic diagram in Fig. 11.2. A cryogenic substrate is selected commonly from 
materials with a thermal conductivity k between 10 and 20 W/(m K). A rotating 
cylindrical stainless-steel drum approximately 17 cm in length and 12 cm in 
diameter with mirror-polished surface was employed to serve as the cryogenic 
substrate. The drum is hollow with 0.7-cm-thick walls and was filled with cryogen 
such as dry ice or liquid nitrogen on the inside. As a result of thermal conductivity 
through the steel, the equilibrium drum surface temperatures were measured to be 
223 K or 133 K for dry ice and liquid nitrogen, respectively (Engstrom et al. 2009). 
The exposure of the cold drum to the atmosphere allowed a thin layer of ice to 
condense on the drum surface, which may affect the conductivity of the cryogenic 
substrate, and consequently may affect the freezing rates of the droplets fallen on 
the drum. To minimize the formation of water-vapor condensation and ice on the 
steel surface, it is better to place the TFF apparatus in a dry box or humidity- 
controlled environment with relative humidity less than 15 %. Moreover, a blade 
made by stainless steel or Teflon is mounted along the rotating drum surface to 
remove the ice immediately before the droplets of feed liquid impacting the drum.

Organic Drug
Solution

Pump
API
Excipient(s)
Solvent

Cryogenic
Substrate

Solvent
Removal

Nano-Structured
Drug Particles

Fig. 11.2 Schematic diagram of thin film freezing (TFF) process. Reproduced from Overhoff 
et al. (2007a) with permission from Elsevier
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The surface temperature of the drum can be monitored by using a surface moving 
probe thermocouple attachment. When the temperature on the steel surface reached 
a proper level, various feed liquids can be applied to the rotating steel drum drop- 
wise from a height of approximately 10 cm. Upon impacting on the cryogenic sur-
face, the feed liquid droplets (about 2–4 mm in diameter) deformed into thin films 
(about 100–400 μm in thickness) of disk shape and rapidly cooled until frozen on 
timescales of 70–1000 ms, which corresponds to a cooling rate of about 102 K/s 
(Fukai et al. 2000; Pasandideh-Fard et al. 2002), as illustrated in Fig. 11.3 (Engstrom 
et al. 2009). The frozen disk is scraped off the stainless-steel surface with a blade 
prior to one full revolution and falls in a collecting pan that filled with dry ice or 
liquid nitrogen to maintain the frozen disk. After processing a batch, the collecting 
pan containing the frozen disk is transferred to a lyophilizer where the solvent is 
removed by sublimation (Overhoff et al. 2007a). The cooling rates in TFF and SFL 
processes are comparable. Because of rapid conductive heat transfer, resulting in 
high supersaturation and nucleation rates, TFF process can create powders with high 
surface area and enhanced dissolution properties, similar to those produced by other 
rapid freezing technologies. As in other freezing technologies, the rapid freezing of 
the feed liquid is critical in preventing phase separation of solute and solvent during 
freezing, allowing for the compositions to molecularly disperse with each other.

Surface Area/Volume
17 cm–1

Surface Area/Volume
46 cm–1

T = 223 K

a

b

c

T = 298 K

Freezing Front Unfrozen Liquid
t < 10 ms

12 mm

216 µm

3.6 mm

Fig. 11.3 Diagram of the thin film freezing process displaying the falling droplet (a), spreading 
after impact on the stainless-steel surface (b), and during cooling and freezing as a thin film (c) 
(drawn to scale). Reproduced from Engstrom et al. (2008) with permission from Springer
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To tailor the respirable brittle matrix powder, the processing parameters must be 
taken into consideration. The processing parameters used in the TFF process poten-
tially affected the physicochemical and aerodynamic properties of the resulting 
matrix powders. Product with improved properties (greater specific surface area, 
higher porosity and lower density) was prepared at a higher freezing rate by 
controlling the cryogenic surface temperature. Besides, the lower initial solids 
content formulation gave the better FPF result possibly due to the increased fragility 
(Wang et al. (2014a)).

A combination of TFF and another technique (i.e., template emulsion technique) 
was also used to produce amorphous form of poorly water-soluble drug. The hydro-
phobic drug was encapsulated into the internal phase of the emulsion through the 
template emulsion method before rapid freezing through TFF process. Formulation 
prepared using the TFF-template emulsion technology showed significant improve-
ment of wetting and dissolution properties of the drug (Lang et al. 2014).

11.2.3.2  Advantages of TFF Process

Although the cooling rate in TFF (102 K/s) is lower, compared to those of SFD 
(106 K/s) and SFL (103 K/s), it is still sufficient to produce rapid nucleation and to 
prevent significant particle growth during freezing. In TFF process, the size of the 
unfrozen channels was sufficiently thin and the increase in the viscosity of the 
unfrozen solution was sufficiently fast to be able to achieve similar particle sizes 
and morphologies as for the moderately faster process, SFL, and the much faster 
process, SFD (Engstrom et al. 2008).

TFF on a cold metal surface bypasses the need to maintain aseptic conditions of 
a liquid cryogen, for example, liquid nitrogen (Gosselin et al. 2003). The cooling 
rate of the thin films in TFF may be controlled readily by varying the temperature of 
the metal surface. Also, the surface temperature of the cryogenic substrate may be 
measured directly. For SFL and SFD, the complex geometry of the turbulent spray 
in the liquid nitrogen combined with the Leidenfrost effect can be somewhat difficult 
to control and monitor (Sitte et al. 1987). In TFF, more concentrated and thus more 
viscous solutions may be processed, as the droplets are not atomized. However, the 
thickness profile of the film along the radius of the frozen disk may change with 
viscosity (Overhoff et al. 2009).

TFF process can provide a high yield of products. In TFF, collection of the frozen 
thin films of the feed liquid droplets leads to nearly 100 % yields, whereas in SFD 
process yields were about 80 % because of the result of entrainment of uncaptured 
particles in the atomized aqueous stream, particles attaching to the walls of collection 
vessels, and inefficient separation of the cryogen from the 10–100-μm frozen 
particles (Johnson 1997; Overhoff et al. 2009).

TFF process offers flexibility of the amount of drugs to be processed. By using 
TFF, it is feasible to accommodate either small quantities (<1 mL) of drug feed solu-
tion due to the high efficiency in collection of frozen films or large-scale production 
by adding multiple drippers to make droplets in parallel and increasing the length of 
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the drum. The rotating drum of TFF apparatus offers scale-up advantages over other 
cryogenic particle engineering technologies by becoming more of a continuous 
freezing process. Thus, TFF process is not limited by the amount of drug to be pro-
cessed. It is feasible from the early-stage screening of drug in milligram quantity to 
commercial product manufacturing at a scale of kilograms to tons.

In addition to the advantage of being a simple, efficient, and robust process for 
freezing, TFF also renders improvement in the stability of the protein product due 
to the minimized gas–liquid interface of the feed liquid, in comparison to SFD and 
SFL. It was found that minimizing gas–liquid interface can improve protein stability 
by limiting the amount of protein that can absorb to the interface. The surface area 
to volume ratio of the gas–liquid interface in TFF was 2 orders of magnitude lower 
than in SFD, leading to much less protein adsorption and aggregation (Engstrom 
et al. 2008).

11.2.3.3  Disadvantages of TFF Process

First, maintenance of a low humidity for TFF process increases costs for facility 
design, equipment, and operation, especially for commercial productions.

Second, with all freezing processes, the quantities and quality of cryogen required 
for manufacturing production-scale batch sizes could also add to production costs. 
To date, it is not sure which of the aforementioned cryogenic processes is the most 
cryogenically efficient (Overhoff et al. 2009).

Additionally, similar to the SFL process, removal of solvent from the collected 
frozen films by lyophilization is costly, for both equipment (lyophilizers) and energy 
consumption.

11.2.4  Storage of Dried Powders

If the frozen materials were dried by lyophilization, after the lyophilization cycle was 
complete, the lyophilizer was filled with dried nitrogen gas upon releasing the vacuum 
to reduce the exposure of the lyophilized powders to moisture in the ambient air 
before transfer to packaging area, where the humidity is controlled, commonly to less 
than 15 % RH. The obtained dry powders of the cryogenically processed drug compo-
sitions were packaged into hermetically sealed glass containers under dry nitrogen.

11.2.5  Mechanism of Rapid Freezing-Induced Particle 
Formation

Solubility is heavily influenced by external properties, including temperature, pH, 
polarity of the solvent, and pressure. Sudden shift of one of these properties can induce 
nucleation, leading to particle formation. Nanoparticles may be formed by maximizing 
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the supersaturation to induce precipitation instantaneously and then arresting growth 
(Matteucci et al. 2007). Generally, faster nucleation relative to particle growth leads to 
a smaller median particle size and more uniform particle- size distribution.

Rapid freezing can be categorized as a precipitation technology, where most of 
the solvent is separated from the solutes to form ice and the solute phase becomes 
highly concentrated. Upon initiation of freezing a homogeneous solution, the 
formation of frozen solvent particles and a drug/polymer-rich phase begin to appear 
(Tang and Pikal 2004). The rate of cooling in conjunction with other factors, such 
as solute concentration, plays a key role in determining the final particle size and 
structure of the solid powders (Overhoff et al. 2007a). The rate of growth and 
number of solvent crystals in a freezing solution are determined by the degree of 
supercooling. Higher supercooling results in more/smaller ice crystals and larger 
ice-specific surface area (Jiang and Nail 1998). As different freezing methods can 
produce different supercooling effects, freezing with liquid nitrogen basically can 
provide the highest supercooling, while solutions subjected to slow cooling rates, 
for example, freezing with the precooled shelf method, give the lowest supercooling. 
The solvent in the supercooled solution nucleates and forms crystalline solvent 
particles which grow during freezing. Increased supercooling, in turn, increases the 
nucleation rate of frozen solvent particles while minimizing the time for frozen 
solvent particle growth. When the supercooling is extremely high (rapid freezing 
rate), the formation of a vitrified solution may occur in which the nucleation of 
crystals may be minimized or fully prevented, leading to an amorphous material (Yu 
2001; Overhoff et al. 2009). 

During freezing, the supersaturation of the solute in the unfrozen domains as a func-
tion of the phase diagram establishes a driving force for precipitation to occur. Particle 
growth under this condition can occur through condensation of individual molecules 
onto a growing nucleus, coagulation of two growing particles, or Ostwald ripening, 
which is the growth of larger structures at the expense of smaller structures (van de 
Witte et al. 1996). Rapid nucleation at high supersaturation all at one time period will 
produce uniformly sized particles and lower Ostwald ripening (Overhoff et al. 2009).

As depicted in Fig. 11.4, a greater rapid cooling rate will produce a larger num-
ber of nuclei and more solid particles separated by thinner ice domains than in the 
case of slow cooling and slow nucleation. As the cooling domains vitrify, the high 
viscosity inhibits the further growth of the particles (Engstrom et al. 2007a, b).

11.3  General Guidelines for Cryogenic Technology

11.3.1  Selection of Solvent/Cosolvent Systems for Cryogenic 
Processes

The first step in the cryogenic processes is to make feed liquids. Despite the diversity 
of feed liquids (solution, suspension, and emulsion) that can be employed for the 
cryogenic processes, a complete solution of poorly water-soluble drug alone or 
along with pharmaceutical excipient(s) was mostly reported.
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11.3.1.1  Solubility

Solubility may be defined as the maximum concentration of a substance that may be 
completely dissolved in a given solvent at a given temperature and pressure. Solute 
molecules are held together by certain intermolecular forces (dipole–dipole, induced 
dipole–induced dipole, ion–ion, etc.), as are the molecules of the solvent. In order 
for dissolution to occur, these cohesive forces of like molecules must be broken and 
adhesive forces between solute and solvent must be formed. The dissolution process 
of solids in liquids involves three steps: (1) the removal of a molecule from the 
solute; (2) creation of a hole in the solvent; and (3) insertion of the solute molecule 
into the solvent (i.e., solute–solvent interaction) (Hildebrand and Scott 1950). This 
interaction between the solute and the solvent is obviously dependent on the physical 
and chemical nature of the participating molecules. The dissolution of hydrophobic 
materials, which can dissolve readily in nonpolar organic solvents, differs from that 
of hydrophilic excipient(s) which tend to dissolve in polar aqueous phase.

Fig. 11.4 Frozen morphologies of dilute solution with high supercooling (a), concentrated 
solution with high supercooling (b), dilute solution with low supercooling (c), and concentrated 
solution with low supercooling (d). Amorphous ice particles are represented as white domains 
and solute precipitate as solid dots or gray regions. Reproduced from Engstrom et al. (2007b) 
with permission from Elsevier
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Generally, hydrophilic excipient(s) would be incorporated into compositions 
containing poorly water-soluble drug to improve its wettability. To make a feed 
solution accommodating both hydrophobic API and hydrophilic excipient molecules 
in a fully dissolved state, it is critical to choose a proper solvent system. One 
approach is to mix solvents of different polarities to form a solvent system of 
optimum polarity to dissolve the solutes of different polarities. This method is 
referred to as solvent blending or cosolvency. When talking about liquids, the term 
miscibility rather than solubility may be used to describe the affinity between the 
liquids (Conventional 2000). Liquids that form a homogenous system when mixed 
in any proportion are said to be miscible (e.g., water and ethanol). Those in which 
only certain volume ratios produce homogenous mixtures are said to be miscible in 
certain proportions (e.g., water and chloroform). Immiscible liquids will not produce 
a homogenous solution in any proportion (e.g., water and olive oil). For the cosolvent 
used to make feed solution, the solvents must, obviously, be miscible. For example, 
tetrahydrofuran/water co-solvent was used to form feed solutions for SFL process, 
because of the ability to dissolve both a poorly water-soluble drug and hydrophilic 
excipients (Hu et al. 2002; Rogers et al. 2002b). Some poorly water-soluble drugs 
have relatively low solubility in the tetrahydrofuran/water co-solvent; later on, 
acetonitrile, acetone, methanol, methylene chloride, 1,3-dioxolane, tert-butanol, 
and 1,4-dioxane were used to greatly increase the solubility of drugs. However, the 
percentage of methylene chloride in cosolvent should be less than 1 % to be miscible. 
Worthy to note is that for the use of low-melting-point solvents, a liquid nitrogen 
cold trap is necessary to capture the solvent vapor before sucked into vacuum pump 
during lyophilization.

11.3.1.2  Fluid Dynamics

For SFL process, viscosity of the solvent is an important factor that needs to be con-
sidered for preparation of the feed solution to be sprayed through the nozzle into 
liquid cryogens. Additionally, the melting point of the solvent(s) used in SFL process 
is better not higher than 0 °C; otherwise, the feed solution may freeze prematurely 
within the atomizing nozzle before sprayed into cryogens. Examples of case are tert-
butanol and 1,4-dioxane, in which many poorly water-soluble drugs show good solu-
bility. However, due to their relatively high viscosity, 3.62 and 1.54 cP, respectively, 
compared to other organic solvents, and high melting point for liquid, 25 and 12 °C, 
respectively (see Table 11.1), they are not proper candidates for SFL. Because the 
TFF technology applies the droplets directly onto the cryogenic substrate, premature 
freezing is not a concern and solvents with high melting point may be used.

Nevertheless, TFF process also requires consideration of the fluid dynamics for 
the solvent during spreading and freezing. The ability of an impinging droplet on 
the cryogenic substrate to spread into a thin large-diameter disk prior to freezing 
influences the cooling rate of the thin disk. Danazol/polyvinylpyrrolidone (PVP) 
powders were produced under the same TFF process except for using acetonitrile 
and tert-butanol, respectively, as the solvent. It was observed that the powder from 
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acetonitrile solution exhibited more uniform nanostructured surface morphology 
compared to the powder from tert-butanol solution. The morphological difference 
was attributed to the cooling rate of the two solvents (Overhoff et al. 2007a, 2009). 
Moreover, solvents of the feed solution with greater thermal diffusivities are more 
desirable for rapid heat transfer. The rapid heat transfer in TFF process is the result 
of intimate contact between the solution and cryogenic substrate.

11.3.1.3  Ease of Lyophilization

Freeze drying, i.e., lyophilization, is the commonly used means to obtain dry powder 
from the cryogenically generated materials by removing the solvent(s). The ideal 
solvent for freeze drying has the following properties: a high vapor pressure, a 
melting point either below or slightly above room temperature, a high viscosity, and 
a low toxicity. It must provide a stable environment for freeze drying and be rapidly 
and completely removed to produce dry material (Ni et al. 2001).

A variety of different types of organic solvents were used in cryogenic processes, 
as mentioned in Table 11.1. Most of these water-miscible organic solvents have 
freezing points below −75 °C. The frozen disk made by the low-melting-point 
solvents tends to melt during lyophilization and it makes a very challenging task for 
the lyophilizer condenser to catch the sublimed vapor of these solvents. A cold trap 
between lyophilizer sample chamber and vacuum pump is necessitated to prevent 
the solvent vapor from being sucked into the vacuum pump.

Accordingly, organic solvents with higher melting point are of great interest for 
selecting proper solvent for cryogenic process. Acetonitrile, having a melting point 
of −45 °C, viscosity of 0.34 cP, good heat transfer, and the unique ability to dissolve 
both a hydrophobic drug and hydrophilic excipient(s), was widely employed for 
many compositions containing poorly water-soluble drug in both SFL and TFF 
processes to increase drug loading with reduced risk of liquid–liquid phase 
separation. More importantly, the high vapor pressure of 73 mmHg at 25 °C eases 
the removal of the solvent by lyophilization. 

Subsequently, high-melting-point solvents 1,4-dioxane and tert-butanol were 
often employed in studies of TFF process, which has less concern of premature 
freezing compared to SFL. Tert-butanol was often used in combination with low- 
melting- point solvent system for its easy-to-freeze and good lyophilization 
characteristics. As a result of its high vapor pressure (Table 11.1) and its crystal 
morphology, the sublimation rate of tert-butanol is greater than 2.5 times that of 
water. 1,4-dioxane/water co-solvent was extensively used to make feed solutions for 
TFF process (Overhoff et al. 2007a, b; DiNunzio et al. 2008; Yang et al. 2008a, b), 
mainly due to its relatively high freezing point and vapor pressure which make the 
freezing and lyophilization processes easily manageable. These solvents prove 
beneficial by reducing the lyophilization time (Ni et al. 2001) or eliminating the 
solvent-removal process altogether as some of these solvents sublime at ambient 
conditions or higher (Tesconi et al. 1999). Moreover, they have low biological 
toxicity and basically no harmful impact to the environment.
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According to these criteria, a solvent with these ideal properties may not exist for 
cryogenic processes.

Formation of co-solvent systems can mitigate limitations of certain solvents 
(solubility) while maintaining some of the ideal fluid dynamics and lyophilization 
characteristics. Combinations of 1,3-dioxolane (solubility enhancer) and tert- 
butanol (ideal freezing and lyophilization properties), tetrahydrofuran and water 
(both are solubility enhancers), acetonitrile (solubility enhancer and freezing and 
lyophilization properties) and water, and 1,4-dioxane (solubility enhancer and 
freezing and lyophilization properties) and water have been used to generate 
nanostructured poorly water-soluble drug compositions using cryogenic 
technologies.

11.3.2  Selection of Excipients, Concentrations for Drug 
Formulations Using Cryogenic Processes

The ultimate goal of cryogenic particle engineering technologies is to improve the 
dissolution properties of poorly water-soluble drug by making an amorphous 
nanoparticulate form of the drug. However, a primary concern of the formed 
amorphous material is the inherent instability, due to the higher energy state. 
Amorphous material may automatically convert back to a low-energy crystalline 
state. Recrystallization of the amorphous drug may be avoided by inclusion of 
stabilizing hydrophilic excipients in the composition. Principally, stabilizing 
excipients combat recrystallization of amorphous drug particles by steric hindrance 
and/or the formation of hydrogen bonds with drug molecules (Khougaz and Clas 
2000; Vasanthavada et al. 2005). These stabilizing excipients must be hydrophilic 
for improving the wetting properties of drug particles; however, the hydrophilic 
excipients should not be hygroscopic. Otherwise, they absorb moisture easily when 
exposed to ambient environment, which can lead to morphological instability of the 
excipient-stabilized amorphous drug particles by either displacing drug molecules 
from hydrogen-bonding sites or plasticizing polymeric stabilizers (Forster et al. 
2001; Vasanthavada et al. 2004).

As morphological instability and poor wettability are the substantial limitations to 
particle engineering of poorly water-soluble drugs, concessions need to be made in 
selecting appropriate stabilizing excipient(s), with respect to rigidity for steric hin-
drance or hydrophilicity. Many readily soluble and/or wettable excipients do not 
provide adequate steric hindrance of recrystallization due to low melting points or 
glass transition temperature (Tg). On the contrary, excipients with high melting points 
or Tg’s typically have relatively poor wetting properties. Therefore, polymers with 
high glass transition temperature (Tg) and hydrophilicity, such as PVP and hydroxy-
propylmethylcellulose (HPMC), are popular candidates to formulate poorly water-
soluble drugs for improved aqueous dissolution. To expand the choices of polymers, 
combinations of rigid and malleable excipients such as surfactants  (e.g., poloxamer, 
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sodium dodecyl sulfate, and Tween 80) often can be used to achieve reasonable sta-
bility and wettability. Other commonly used polymers include polyvinyl pyrrol-
idone-covinyl acetate (PVP/VA), hydroxypropylmethylcellulose acetate succinate 
(HPMCAS), high-molecular-weight polyethylene glycol (PEG), polyvinyl alcohol 
(PVA), polylactic acids (PLA) and polylactic-co-glycolic acid (PLGA), etc. Catalytic 
pretreated softwood cellulose (CPSC) isolated from pine wood (Pinus sylvestris) 
was recently used as a stabilizing carrier polymer of the cryogenic co-ground spray-
dried formulation of poorly water-soluble drug (Penkina et al. 2015).

Besides polymers, nonpolymeric natural products (e.g., lecithin) and small- 
molecule hydrophilic excipients (e.g., sugars) can also be employed to enhance 
wettability and solubility of poorly water-soluble drugs, with better safety profiles. 
Sugars such as lactose, sucrose, trehalose, and, recently, fructose oligomer inulin 
were frequently used as an excipient to stabilize amorphous drugs, peptides, and 
proteins during drying and subsequent storage (Davies and Feddah 2003; Van 
Drooge et al. 2004). The addition of sugars has been shown to extend the shelf life 
of amorphous systems by preventing crystallization (Eriksson et al. 2003).

On the contrary, drugs with low Tg were important for freeze-drying of poorly 
soluble drugs. To fabricate nanocrystals, fenofibrate, a low Tg, poorly water soluble 
drug, was mixed with mannitol. Excipient such as mannitol was selected for this 
process since it was susceptible to crystallize. The produced nanocrystalline 
particles of poorly water soluble drug also drastically enhanced dissolution of the 
poorly water-soluble drugs (De Waard et al. 2008).

Worthy to note is that excipient to drug ratio is also an important consideration 
in formulation design. First, excipient to drug ratio may affect the morphology of 
the engineered drug composition. The Tg of the overall drug composition is a 
function of the fraction of each component. If there is more amorphous material 
present in the drug composition, more stabilizing polymer would be needed to be 
present; otherwise, it may lead to a greater risk of recrystallization. Second, excipient 
to drug ratio affects hydrophilicity of the engineered drug compositions. It has been 
demonstrated that as the potency of a poorly water-soluble drug composition 
increased, the wettability is often decreased, particularly for the matrix system of a 
drug composition where drug and excipient molecules distribute randomly. 
Hydrophilic excipients act at the surface of drug composition particles to reduce the 
solid–liquid interfacial tension between the hydrophobic drug and aqueous media 
(Sinswat et al. 2005). As potency is increased, a greater proportion of the particle 
surface area is occupied by drug molecules; hence, the surface is rendered more 
hydrophobic, i.e., less wettable. Thus, it is often difficult to achieve high-potency 
drug particles with acceptable wetting properties. However, by carefully selecting 
excipient(s) and controlling the proportions of drug and excipient(s) in the 
cryogenically processed drug compositions, it was also possible to achieve high- 
potency drug compositions with improved wettable surface and high stability 
against recrystallization. An SFL-processed danazol/PVP K-15 composition with 
high potency of 91 % was reportedly maintained in its amorphous structure and 
rapid dissolution characteristics after 1 month of cycled stability conditions (−5 to 
40 °C every 3 h) (Hu et al. 2004a, b, c).
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In addition to the considerations for characteristics and stability of drug 
composition, formulation design also needs to comply with regulatory requirements 
for final dosage forms. It is important to judiciously select excipients that have been 
accepted/approved by FDA for specific administration routes. Especially for 
parenteral and pulmonary deliveries, only very limited excipients are approved for 
use, mainly including biocompatible and biodegradable materials.

Moreover, the total solid loading (drug plus excipients), particularly the excipient 
to drug ratio in the feed solution for cryogenic processes, affects morphology and 
surface area of the cryogenically engineered drug compositions. Typically, a higher 
solid loading infers denser engineered drug composition powder, accordingly, the 
lower the surface areas of the powder. Itraconazole and hydroxypropylmethyl 
cellulose phthalate (HP-55) at 2.0 % solid loading demonstrated a porous matrix 
structure as seen from Fig. 11.5a, b, while decreasing the solid loading to 0.2 % 
formed discrete nanoparticles, as shown in Fig. 11.5c, d. At 0.2 % solid loading, low 
polymer loading showed amorphous string-like structures (Fig. 11.5c), whereas 
increasing the polymer ratio resulted in more spherical nanoparticles (Fig. 11.5d), 

Fig. 11.5 Scanning electron micrographs of TFF-processed powders containing ITZ and 
hydroxypropylmethyl cellulose phthalate (HP-55) at various solid loading and drug polymer 
ratios: (a) 4:1HP55 (2 %), (b) 1:4HP55 (2 %), (c) 4:1HP55 (0.2 %), (d) 1:4HP55 (0.2 %). 
Reproduced from Overhoff et al. (2007b) with permission from Elsevier
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indicating that the surface morphologies are strongly influenced by the percentage 
of polymer in the composition. By manipulating the solid loading and polymer 
portion in the feed solution for cryogenic processes, drug compositions with desired 
characteristics may be tailored. For example, low-density powders of drug compo-
sitions intended for pulmonary delivery can be produced from a feed solution with 
drug loading commonly in the range of 0.5–1 % (w/v). To make drug composition 
powders to be further processed into tablets or capsule dosage forms, the feed solu-
tion may be made to above 5 % (w/v) if solubility permitted, so that much denser 
powders can be obtained to press into tablets or fill into capsules.

11.3.3  Properties of Pharmaceutical Powders Made 
by Cryogenic Processes

11.3.3.1  Engineered High Surface Area Powder for Oral Drug Delivery

Based on the extensive studies of the cryogenic particle engineering technologies, 
drug compositions processed by these technologies have been shown to create 
nanostructured amorphous particles with dramatically enlarged surface area and 
improved dissolution properties, in contrast to crystalline bulk drug. Additionally, 
these processes allow molecular incorporation of hydrophilic pharmaceutical 
excipient(s) to drug compositions, leading to improvement of the wetting character-
istics of the bulk poorly water-soluble drug powder (Hu et al. 2002, 2004a, b; 
Rogers et al. 2003a, b; ; Overhoff et al. 2007a; Purvis et al. 2007; Yang et al. 2008b). 
The cryogenic technologies are primarily precipitation, i.e., “bottom-up,” processes, 
allowing for a reduction in the particle size of drug particles without degradation 
that induced by heating or mechanical process. As discussed in Sect. 12.2.5 amor-
phous morphology and uniform small particle size result from the very rapid freez-
ing rates of these processes. Both the spray of drug feed solutions to produce tiny 
droplets and impinging of the feed solution drop on a solid substrate to form a 
spreaded very thin layer of liquid enable dramatic enlargement of surface area, 
which, in turn, enhance the rapid freezing process. According to the Noise–Whitney 
equation

 
dM dt AD C C hs/ / ,= -( )

 

where dM/dt is the rate of dissolution, A is the surface area available for dissolution, 
D is the diffusion coefficient of the compound, Cs is the solubility of the compound 
in the dissolution medium, C is the concentration of drug in the medium at time t, 
and h is the thickness of the diffusion boundary layer. With dramatically increased 
surface area and decreased particle size, the dissolution rate can be increased. 
Furthermore, the formation of metastable amorphous form yields higher energy 
states for the drug and thus a greater thermodynamic driving force for dissolution. 
Therefore, both dissolution rate and the extent of dissolution are improved, i.e., 
achieved supersaturation of the drug.
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The very rapid freezing of the cryogenic processes enables production of amor-
phous nanostructured pharmaceutical powders with relatively small amounts of 
excipient(s) to achieve high drug loadings of commonly 50–86 % drug/total solids, 
while maintaining high dissolution rates.

Besides the excellent performance of the cryogenically engineered pharmaceutical 
powders in pulmonary delivery, rapid-release tablet formulation containing 
 SFL- processed danazol micronized compositions by direct compression was also 
reported (Hu et al. 2004a, b, c). The high surface area, high porosity, and amorphous 
structure of the SFL-processed danazol compositions contribute to their significantly 
enhanced dissolution profiles. However, these properties may be changed during the 
process of incorporation of other tablet excipients and tableting compression. By 
selection of suitable excipients and direct compression without involving water in 
the tableting, it was found that over 90 % of danazol released in only 10 min from 
tablets containing SFL-processed danazol composition (danazol/PVP K-15/
SLS = 4:1:1), similar to the dissolution profiles of the SFL composition itself. The 
amorphous morphology was also maintained. Utilizing high Tg excipient in the 
SFL-processed composition was contributed to prevent recrystallization of the SFL- 
processed danazol during the tableting process.

An alternative means is to fill the cryogenically engineered pharmaceutical 
powders into capsules for oral delivery. A solid solution of itraconazole (ITZ) and 
enteric polymer cellulose acetate phthalate (CAP) (ITZ:CAP = 1:2, w/w) was 
created by TFF process (DiNunzio, Miller et al. 2008). In vitro supersaturated 
dissolution results demonstrated significantly lower levels of supersaturation in 
acidic media and greater extents of supersaturation in neutral media compared to 
Sporanox pellets, the marketed product of itraconazole. Both the ITZ:CAP = 1:2 and 
Sporanox pellets were filled into size-9 capsules and dosed to rats. The 
pharmacokinetics study indicated that ITZ:CAP = 1:2 achieved 2 times higher oral 
bioavailability and more rapid onset of action versus Sporanox® pellets. The 
amorphous nature of TFF-engineered ITZ:CAP = 1:2, the intestinal targeting, and 
the increased durations of supersaturation rendered by enteric polymers were 
needed to contribute to the improved bioavailability.

A novel way recently patented is utilization of hot-melt extrusion process to 
prepare extrudates employing relatively low-melting/softening-temperature 
polymer or a blend of polymers as carrier and cryogenically engineered 
pharmaceutical powders (Miller et al. 2008). It is critical to conduct the extrusion at 
a temperature approximating or above the softening or melting temperature of the 
carrier polymer and below the point of solubilization of drug-containing particles in 
the carrier system, and below the recrystallization point of amorphous drug in the 
drug-containing particles. Therefore, high Tg excipient(s) need to be employed in 
the preparation of cryogenically engineered pharmaceutical powders. The obtained 
extrudate containing the cryogenically engineered pharmaceutical powder particles 
can be milled for further tableting or capsule filling for oral administration.

Compared to the conventional dosage forms, the lower amount of excipients and 
drug in cryogenically processed drug compositions to be delivered to patients can 
provide increased patient compliance, safety, and therapeutic efficacy of the poorly 
water-soluble drugs (Yang et al. 2008b).
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11.3.3.2  Brittle Matrix Powder for Pulmonary Drug Delivery

In addition, cryogenically engineered pharmaceutical powders with the properties 
described above also offer the versatility of being further assembled into diverse 
dosage forms for application, such as oral, parenteral and pulmonary delivery. The 
most extensively explored application is pulmonary delivery, including application 
of the engineered pharmaceutical powders directly in powder form to various dry 
powder inhaler (DPI) devices, making aqueous dispersion of the pharmaceutical 
powder for nebulizers, and dispersing the pharmaceutical powders in propellants 
such as hydrofluoroalkanes (HFA) for pressurized metered dose inhalers (pMDI).

Pulmonary drug delivery is of great interest due to its targeted delivery of drug to 
the pathological sites. However, for inhalation delivery, particle-size distribution 
and morphology of the drug-containing particles have pronounced effects on drug 
deposition in the respiratory tract and therapeutic effects. There are some drawbacks 
of nebulization of tacrolimus such as reconstitution, long dosing times, and 
inefficiently targets the lung. Moreover, drug lost during patient exhalation of more 
than 50 % resulted in a low efficient therapeutic of drug delivery via vibrating mesh 
nebulizer and lead to the development of dry powder inhalation formulation (Watts 
et al. 2013). Unpublished data from our laboratory showed that TFF-engineered dry 
powders containing tacrolimus and nonpolymer excipient (e.g., sugars) featured 
with low-density (0.01–0.03 g/mL), high-surface-area amorphous brittle matrices 
composed of sub-500-nm primary structures. The aerodynamic profiles of the 
tacrolimus dry powders indicated that they are suitable for deep lung delivery by 
filling the powders into size-3 capsules and used in Handihaler® and Easyhaler® DPI 
devices. Shear stress from the Handihaler® DPI device affected the diameter of the 
respirable brittle powders.

The brittle matrix powders for pulmonary drug delivery of various drugs were 
prepared using TFF. Formation of the tremendously low-density (<0.01 g/cm3) mic-
roparticles of tacrolimus were generated by in situ high shear velocity in a passive 
commercial pMDI device. The formed particles were delivered to the deep lung.

Lactose and raffinose exhibited better properties than mannitol which showed 
similar performance to the pure drug formulation. However, both saccharides were 
hygroscopic materials so, the formulations required a moisture barrier package. On 
the other hand, mannitol based formulation was less sensitive to humidity (Watts 
et al. 2013).

The in vitro and in vivo performance the TFF brittle powder and crystalline 
micronized formulations of tacrolimus were reported by Wang et al. (2014b). Miat® 
monodose inhaler was used to deliver the low-density particles of tacrolimus to the 
deep lung. The mass median aerodynamic diameter (MMAD) of 2.26 μm and a fine 
particle fraction (FPF) of 83.3 % were achieved. Pharmacokinetic results revealed 
that the brittle powder exhibited higher pulmonary bioavailability but lower 
systemic concentration than the crystalline dry powder formulation. Moreover, 
perhaps due to the decreased clearance, the TFF powder retained in the lung longer 
than the other.
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Inhaled rapamycin was also prepared as amorphous brittle matrices using TFF 
process. The optimized TFF formulation with lactose monohydrate was selected to 
compare to the milled microparticles of the physical mixture. In terms of 
aerosolization performance, both formulations were appropriate for pulmonary 
delivery. The in vitro aerodynamic properties of the brittle matrix powder were 
superior to the micronized crystalline powder. However, the in vivo study of the 
single-dose administration showed the lower lung deposition, higher systemic 
concentration of the fine low-density particles as compared with the crystalline 
powder. These resulted from the enhancement of drug solubility in the amorphous 
formulation and the FPF at a more distal part of the lungs (Carvalho et al. 2014).

A fixed-dose combination of two drugs, salmeterol xinafoate and mometasone 
furoate, were prepared as a brittle matrix powder. The composite particles were 
studied using a marketed DPI device for inhaled drug delivery. The NGI data 
indicated that brittle matrix powder enhanced aerodynamic properties as compare to 
the micronized powder blend. Both drugs co-deposited when they were together in 
the composite particles. On the other hand, the deposition and dose uniformity of 
the blend of two micronized drugs were not consistent. Regarding the respirable 
dose delivered and stability results, the formulation without stabilizing materials 
was chosen for the in vivo study. Pharmacokinetic study showed that the lung 
concentration of both drugs from the brittle matrix formulation was greater than the 
crystalline drugs blend. The systemic drug levels of the TFF processed powder were 
also higher than the physical mixture due to the rapid absorption and the higher lung 
tissue exposure (Liu et al. 2015).

Similarly, beclomethasone dipropionate dry powders that were engineered by 
TFF process demonstrated proper aerodynamic profiles for inhalation when applied 
to Handihaler® device, suggesting that TFF-generated low-density, nanostructured 
micron-sized pharmaceutical powders are suitable for application in DPI.

Pulmonary drug delivery targeted to the alveoli for systemic absorption has become 
an increasingly attractive route of administration for poorly water-soluble drugs 
(Courrier et al. 2002). The concept of improving bioavailability of poorly water-solu-
ble drugs by pulmonary delivery of nanostructured aggregates was reported in a 
murine model. An amorphous nanostructured composition containing 
itraconazole:mannitol:lecithin (1:0.5:0.2, w/w/w) made by TFF process illustrated 
dramatically enhanced supersaturation dissolution profile and aerodynamic properties 
suitable for deep lung delivery in vitro. Inhalation of the nebulized colloidal disper-
sion of this composition by mice for 20 min produced significantly high drug deposi-
tion in lung and effective therapeutic concentration in blood. The observed dramatic 
improvement in bioavailability of the TFF-processed itraconazole was mainly attrib-
uted to the amorphous nature, smaller nanoscaled particle size, and the presence of 
lecithin, which is biocompatible to lung and acts as a permeation enhancer to facilitate 
ITZ to permeate through the lung epithelium (Yang et al. 2008b).

Another promising application of cryogenically engineered pharmaceutical 
powders is their incorporation into pMDIs. Suspension stability in pMDIs is a 
significant challenge because surfactants that have been approved by FDA for 
inhalation are insoluble in propellants of pMDI. Commercial pMDI products are 
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therefore perplexed by poor suspension stability with settling observed within 
minutes. Consequently, it requires patients to shake the pMDI device right before 
inhalation. A novel rod-shaped nanoparticle (nanorods) of bovine serum albumin 
that was used as a model protein drug, created by TFF process, was found capable 
of forming stable suspensions in HFA against settling for 1 year and produced 
optimal aerodynamic properties (Engstrom et al. 2009). The excellent suspension 
stability of the protein particles in HFA was attributed to their anisotropic geometry. 
Spherical particles pack together in a more efficient manner than anisotropic 
particles, such as rods [86]. Therefore, open flocs composed of nanorods take up a 
larger volume and have lower density, compared to flocs containing spherical 
particles. TFF process is applicable to a wide variety of drugs to make nanorods for 
pMDI without the need of stabilizing the primary particles.

11.3.4  Analytical Methods Used to Characterize 
Pharmaceutical Powders Made by Cryogenic Processes

11.3.4.1  Solid-State Characterization

The solid state of the drug and excipient are important aspects of the physical and 
chemical stability, as well as pharmaceutical and therapeutic performance of the 
drug product.

Amorphous state, a disordered phase, having similar mechanical and physical 
properties of a supercooled liquid existing at temperatures below its thermodynamic 
crystallization temperature but has not been given sufficient time to anneal and 
crystallize to its thermodynamically stable ordered phase, inherently has a higher 
degree of molecular mobility (Hancock et al. 1995). Even a small amount of 
crystalline form of the drug can significantly affect the in-vivo performance of the 
amorphous drug (Hancock and Parks 2000). Therefore, it is important to monitor 
and characterize the extent of crystallinity or disorder during formulation 
development, manufacturing, and over the intended shelf life of pharmaceutical 
product to ensure a robust and safe formulation by understanding the behavior of 
these amorphous systems.

Various analytical techniques have been reported for quantifying amorphous or 
crystalline phase in solids. The classical methods of evaluating the solid state are 
powder X-ray diffractometry (Newman and Byrn 2003; Shah et al. 2006) and 
thermal analyses (Clas et al. 1999).

Powder X-ray Diffractometry (PXRD)

Diffraction techniques are perhaps the most definitive method of detecting and 
quantifying molecular order in any system. Conventional, wide-angle and small- 
angle diffraction techniques have all been used to study order in systems of 
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pharmaceutical relevance (Salekigerhardt et al. 1994). Diffraction is defined as a 
scattering phenomenon in which the incident X-rays, depending upon the phase dif-
ference, are reinforced to form diffracted beams (Suryanarayan 1995).

PXRD is one of the most widely used quantification techniques because of its 
simplicity and it measures differences in periodicities of atoms/molecules in a 
powder sample (Stephenson et al. 2001). It provides important insight, based on the 
degree of long-range order present, into the extent and nature of the crystallinity and 
microstructure. PXRD patterns of crystalline forms show strong diffraction peaks, 
whereas amorphous states exhibit diffuse and halo diffraction patterns.

X-ray procedures for the estimation of degree of crystallinity are based upon the 
measurement of X-ray scattering from the entire sample including the crystalline 
and amorphous region of the sample. The experimentally measured crystalline and 
amorphous intensities are proportional to the crystalline and amorphous fraction of 
the sample. Quantification of amorphous material by PXRD can be achieved by 
three methods: (1) measuring the characteristic crystalline peak intensities, (2) 
measuring the integrated peak areas of the principal crystalline peaks, and (3) 
measuring the intensity of characteristic region of amorphous scattering; of physical 
mixtures of known crystallinity to yield a calibration curve which is used for further 
quantification studies (Shah et al. 2006).

Limit of detection (LOD) of crystallinity in amorphous drug compositions of 
X-ray diffraction is 5–10 %, and the limit of quantitation (LOQ) is 2–5 % (Nagapudi 
and Jona 2008). The specificity and accurate quantitative nature of this nondestructive 
technique make it the first line choice for studying crystallinity of pharmaceutical 
materials.

Thermal Analysis

Analyses based on thermal energy principle have been widely employed to 
characterize amorphous pharmaceutical systems.

Crystallization from the amorphous state can be induced by the thermo-analytical 
techniques to produce an exothermic change whose magnitude is then quantitatively 
related to the extent of crystallization occurring. This can then be used to determine 
the crystallinity of a partially amorphous sample provided total crystallization of 
this sample is known to occur (Salekigerhardt et al. 1994). Differential scanning 
calorimetry (DSC) in both conventional and modulated modes has been used to 
quantify the extent of crystallinity.

Amorphous materials can be characterized by their glass transition temperature 
(Tg). By DSC, Tg is characterized by a change in heat capacity, which is seen as a 
change in the baseline. The Tg may be important in determining the relative chemical 
and physical stability of formulations containing amorphous drugs (Yoshioka et al. 
1994).

From a pharmaceutical perspective, it was thought that below the Tg the molecular 
mobility was very low, and long-term product stability can be achieved by storing 
amorphous pharmaceuticals at sub-Tg temperatures. In the amorphous form of a 
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hypoglycemic agent for diabetes mellitus, with a glass transition temperature of 
71 °C, no recrystallization was found after a 4-month storage at room temperature 
in the absence of moisture. However, crystallization occurred after storage at 50 °C 
for 2 months. The extent of recrystallization increased with increasing storage 
temperature. Some amorphous drugs with high Tg can remain stable for extended 
times. For example, an API with a Tg of 125 °C does not crystallize from the solid 
state in the absence of moisture (Clas et al. 1999). By using scanning calorimetry 
and thermo-mechanical methods, it was found that in order for the average relaxation 
time constants to significantly exceed the projected shelf life for a pharmaceutical 
product (approximately 3 years), it was generally necessary to store the amorphous 
materials as much as 50 °C below the glass transition region (Hancock et al. 1995; 
Hancock 2002).

The LOD and LOQ of crystallinity often tend to be better using DSC, with levels 
of 1–5 % and less than 1 %, respectively (Nagapudi and Jona 2008). DSC also 
requires much less material than PXRD.

Spectroscopy

Spectroscopic methods such as Raman, infrared (IR), and near-infrared (NIR) have 
also been reported for crystallinity quantitation (Head and Rydzak 2003; Brown 
et al. 2007). They provide chemically resolved information with small amount of 
material requirements. However, data interpretation from spectroscopic methods 
can run into problems because of their inability to unambiguously separate peaks 
from different phases in the sample.

Solid-state nuclear magnetic resonance (ssNMR) is another powerful technique 
which as yet has not been widely applied (Lefort et al. 2004). The primary advantage 
of ssNMR lies in its selectivity and ability to probe a variety of nuclei. Among the 
above-mentioned methods, ssNMR is the only technique that does not require a 
pure reference standard for phase quantitation. LOQ down to 0.25 % can be achieved 
when 1H, 31P, or 19F nuclei are used for quantitation, while LOQ of about 3 % can be 
achieved when using 13C. In spite of the high sensitivity, the usage of ssNMR has 
been limited due to instrument availability and relatively large amount of material is 
required (60–200 mg) (Nagapudi and Jona 2008). In contrast, PXRD and DSC have 
been widely used, as these techniques are usually available in most pharmaceutical 
labs.

11.3.4.2  Surface Analyses

Scanning Electron Microscopy (SEM)

SEM is recognized as unique tool in the visual examination of solid-state drug 
compositions and their surfaces. The resolution is of the order of nanometers 
(magnifications in the range ×20–×100,000). A fine beam of electrons of medium 
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energy (5–50 keV) scans a gold–palladium-coated sample producing secondary 
electrons, backscattered electrons, light or cathodoluminescence, and X-rays. The 
latter allow for X-ray microanalysis for specific elements. SEM is routinely used for 
imaging particles in the micron and smaller size range and for examining the 
surfaces of larger particles. The resolution allows identification of specific surface 
geometric features that are indicative of structural phenomena.)

Atomic Force Microscopy (AFM)

AFM, a powerful surface and nanoimaging analytical technique, offers a unique 
opportunity to examine surface structure of a variety of materials with mesoscopic- 
scale resolution (10–6–10–9 m) and quantify the individual particle and excipient 
interaction by direct force measurement in a variety of environmental conditions 
(Jalili and Laxminarayana 2004). Especially for inhalation drug delivery, AFM is 
very useful to provide tailored investigations of particle–particle interactions within 
DPIs, particle–DPI wall interactions, and also perform in vivo simulations of 
inhaled particle–pulmonary surfactant interactions (Sindel and Zimmermann 2001).

AFM can also be used for phase imaging. Surface amorphous domains of sorbitol 
were reported to be identified and mapped by using both AFM and Raman 
microscopy (Ward et al. 2005). Also, AFM and Raman microscopy were utilized for 
screening of miscibility of drug-excipient and stability of solid dispersions. AFM 
assay technique is able to achieve the characterization of the miscibility and stability 
of molecularly disperse mixtures in just hours or a couple days instead of weeks or 
months. which is beneficial for product development (Lauer et al. 2011).

Weiss et al. (2015) recently reviewed the use of AFM as a powerful tool to 
characterize DPI formulations. This review included theories of adhesion and 
cohesion forces, summary of the AFM applications for drug particle and formulation 
characterization, and particularly emphasized its use as a colloidal probe. Assessment 
of interparticulate forces was also discussed.

Specific Surface Area Measurement

The surface area of a solid material is the total surface of the sample that is in 
contact with the external environment. It is expressed as square meters per gram of 
dry sample. Poorly water-soluble drugs are often rendered more available for 
absorption by reducing the particle size, i.e., increasing the surface area. Surface 
area is strongly related to the particle sizes, pore size, and the pore volume. The 
smaller the particle size and pore size, the higher the surface. The larger is the pore 
volume, the larger is the surface. The surface area results from the contribution of 
the internal surface of the pores plus the external surface of the pharmaceutical 
powders. The pharmaceutical powders generated by cryogenic technologies are 
generally fluffy and porous from visual and microscopic observations. For such 
porous systems, the contribution of the external surface to the total is very limited.
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Physical and chemical gas adsorption and mercury intrusion porosimetry are the 
most widely used techniques to characterize powders and solid materials. Gas 
adsorption porosimetry typically can be performed using the Brunauer–Emmett–
Teller (BET) theory (Brunauer et al. 1938) which allows for multilayer adsorption. 
With nitrogen gas adsorption, depending on the equipment used, pore diameter in 
the range of 0.3–300 nm, i.e., mesopores and macropores, can be determined. 

Mercury intrusion porosimetry is another commonly used method to measure 
surface area of pharmaceutical powders. The principle, based on the Washburn 
model, consists of registering the volume of pores penetrated at each intrusion 
pressure, which can be easily transformed into pore size via the Washburn equation 
(Washburn 1921) to give a complete pore-size distribution (Carli and Motta 1984).

Both of these techniques can provide reliable information about pore-size/
volume distribution, particle-size distribution, and specific surface area for porous 
solids regardless of their nature and shape. 

Contact Angle

Contact angle is a quantitative measure of the wetting of a solid by a liquid. It is 
defined geometrically as the angle formed by a liquid at the three-phase boundary 
where a liquid, gas, and solid intersect. Pharmaceutically, wetting is not an end in 
itself but is the preliminary step in another process, e.g., dispersion or dissolution, 
both in vitro and in vivo. The improvement in wettability of a hydrophilic character 
probably was responsible for the increased dissolution rate of hydrophobic drugs 
(Lerk et al. 1976). Contact angle is therefore often determined as a measure of the 
surface energetics of drug substances.

Optical tensiometry (goniometry) is a commonly used method to measure 
contact angles of drug substances, which are compressed to form smooth and flat- 
faced tablets. Analysis of the shape of a sessile drop of test liquid placed on the 
flat-faced tablets is the basis for optical tensiometry. Contact angle can be assessed 
directly by measuring the angle formed between the solid and the tangent to the 
drop surface, as shown in Fig. 11.6.

θ = 90� θ > 90� θ < 90�

Fig. 11.6 Contact angles formed by a liquid at the liquid, gas, and solid three-phase intersections. 
Contact angle can be assessed directly by measuring the angle formed between the solid plane and 
the tangent to the drop surface using optical tensiometry (goniometry)
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11.3.4.3  Other Techniques

Particle Size

Particle size is one of the physicochemical properties influencing the performance 
of drug product and its manufacturing processability and quality attributes (http://
www.ich.org/). The influence includes dissolution rate, drug release profiles, and 
bioavailability; in vivo particle distribution and deposition, absorption rate, and 
clearance time; aerosolization behavior and performance of respiratory formula-
tions; content and dose uniformity; and flow and packing properties, mixing and 
segregation of powders, etc.

There are various principles and techniques used for particle-size measurement. 
Among the techniques most commonly used in the pharmaceutical research and 
development, microscopy is often applied as an absolute particle-sizing method 
because it is the only method where the individual particles can be observed, 
measured, and their shape determined. Static and dynamic light scattering, Coulter 
counter (electrical zone sensing), time of flight (TOF), and cascade impactions are 
also widely used methods (Shekunov et al. 2007).

Pharmaceutical powders generated by cryogenic technologies were found 
suitable for pulmonary delivery (Vaughn et al. 2006; Yang et al. 2008b). The recent 
trend of systemic pulmonary drug delivery makes it very important to understand 
the correlation between the aerodynamic diameter, determined by in vitro 
measurements or in vivo lung deposition studies, and different geometric diameters 
measured by a variety of nonaerodynamic techniques. Andersen cascade impactor 
(ACI), next-generation impactor (NGI), and time-of-flight aerodynamic particle 
sizer (APS) are commonly employed to measure aerodynamic particle sizes.

Dissolution

It is well recognized that the low dissolution rate of poorly water-soluble drugs in 
biological fluids is the rate-limiting step to absorption. Amorphization of poorly 
water-soluble drugs can increase dissolution rates and achieve supersaturation, 
thereby the bioavailability (Yamashita et al. 2003). The amorphous forms, due to 
higher molecular mobility as compared to the corresponding crystalline form, may 
have enhanced dissolution rate and this difference can then be used to estimate the 
degree of amorphous content in a given sample. Although the amorphous form will 
have a higher dissolution rate because of higher free energy, and higher surface area 
after certain particle engineering processes, there is an inherent risk of 
recrystallization in the dissolution fluid. Nevertheless, the amount dissolved from a 
drug composition versus that from the pure crystalline drug, i.e., extent of 
supersaturation, has been used to quantify crystallinity in drug solid dispersion/
solution systems.
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Density Measurement

Solid density is a fundamental physical property of pharmaceutical powders. 
Generally, crystalline state of materials has a higher density than their amorphous 
counterparts because the atoms in the crystal lattice are located at a minimum 
possible distance from each other. An increase in lattice disorder (i.e., increase in 
amorphous phase) usually results in an increase in volume and therefore a decrease 
in density (Suryanarayan 1985). Hence, density can also be used as an alternative 
parameter for investigating the crystallinity of pharmaceutical powders. The 
cryogenic technologies discussed in this chapter can produce amorphous, low- 
density pharmaceutical powders. Bulk, tapped and true density measurements, as 
defined by US Pharmacopeia, are commonly used to characterize these 
pharmaceutical powders. 

Dynamic Vapor Sorption (DVS)

DVS provides accurate gravimetric data in conjunction with a control of humidity 
and temperature. It does this by varying the vapor concentration surrounding the 
sample and measuring the change in mass which this produces in a humidity- 
controlled microbalance system. Gas and vapor absorption occur into the disordered 
regions located at the surface, and absorption phenomenon is known to accelerate 
where disordered surface regions are present. Water vapor is most commonly used, 
though it is possible to use a wide range of organic solvents. Water vapor sorption is 
particularly a useful method to assess the presence of amorphous material either as 
a single component or in combination (Costantino et al. 1998; Stubberud and Forbes 
1998).

Inverse Gas Chromatography (IGC)

IGC is a vapor sorption technique for studying solids using gas chromatography prin-
ciples, in which the powder is packed into or coated onto a chromatography column 
and a series of known nonpolar and polar probe gases are eluted. Interactions between 
the gas molecules and the stationary phase (powder) result in a characteristic net reten-
tion volume, which is used in the determination of free energy of adsorption, powder 
crystallinity, and other thermodynamic surface parameters (Hickey et al. 2007a).

IGC is nondestructive and considers only the outermost layer of the sample 
(Feeley et al. 1998), i.e., the region of the substance directly involved during 
interactions. It is a sensitive technique and recently has found its use in 
pharmaceuticals, such as in characterization of DPI (Sethuraman and Hickey 2002) 
and pMDI (Traini et al. 2005) formulations, for which adhesional properties are 
considered crucial for their aerodynamic performance. IGC can be used for the 
determination of surface energy and surface acid/base properties which directly 
influence adhesional properties.
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11.4  Examples of Poorly Water-Soluble Drug Compositions 
Made by the Cryogenic Processes with Improved 
Dissolution Properties

In view of the above description of cryogenic technologies, step-by-step examples 
of using cryogenic technologies to engineer poorly water-soluble drug compositions 
to improve their dissolution profiles are provided below.

The majority of published research articles in the field of SFD focus on the 
preparation of water-soluble biological or proteinaceous materials for inhalation 
delivery, because of the processing constraints inherent in SFD. It is typically much 
easier to work with aqueous systems in SFD due to their low viscosity and low 
freezing point. Here, we provide two examples of poorly water-soluble drugs: 
cyclosporine A (CsA) and influenza vaccine processed using SFD. 

11.4.1  Example 1

CsA, a potent immunosuppressant, is a BCS Class II drug with aqueous solubility 
of 3.69 μg/mL at 37 °C and log P value of 3.0. Previous research studies have shown 
that the administration of CsA to the lungs in addition to base therapy can increase 
the overall survival rate of lung transplant patients (Iacono et al. 1997; Costantino 
et al. 2004). However, due to its poor solubility, previous studies have utilized 
nebulized CsA in propylene glycol solution for inhalation to increase its 
bioavailability (Burkart et al. 2003). The inhalation of propylene glycol resulted in 
the removal of a number of patients from the study due to extreme irritation of the 
airways despite the use of local anesthesia. The use of rapidly dissolving, amorphous 
dry powder of CsA would alleviate the issues associated with the use of propylene 
glycol while still allowing for improved dissolution and bioavailability. Additionally, 
the higher deposition efficiency obtained by using a DPI would also allow for lower 
metered doses and lead to improved patient compliance. SFD-processed amorphous 
dry powders of CsA and inulin were prepared to examine its viability as a pulmonary 
delivery formulation.

11.5  Summary

Significant advances have been made in the past few decades toward understanding 
and tackling the poor bioavailability issues associated with poorly water-soluble 
drugs. Among various novel methods developed to improve dissolution properties 
for poorly water-soluble drugs, creation of amorphous pharmaceutical materials 
holds a lot of promise/demonstrated macroscopic performance advantages versus 
crystalline counterpart.
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Cryogenic particle engineering technologies are “bottom-up” precipitation 
processes to generate amorphous nanostructured aggregates with significantly 
enlarged surface area, higher dissolution rates, and supersaturation, by rapidly 
inducing nucleation followed by particle growth arrest through stabilization via 
polymers and solidification of the solvent. The improved dissolution properties of 
poorly water-soluble drugs were achieved by (1) reducing particle size, thereby 
increasing surface area; (2) creating amorphous morphology; and (3) intimately 
mixing the drug with hydrophilic excipients. Moreover, without introducing 
mechanical force and heat, cryogenic processes are specifically suitable for thermal- 
labile drugs. Compared to SFD and SFL, TFF in particular has been shown to create 
stable amorphous compositions of poorly water-soluble drugs with significantly 
improved bioavailability and protein nanoparticles with high activity. Additionally, 
TFF process is more cost effective and scalable for manufacturing production.

By selecting proper excipient(s) and drug-to-excipient ratio in formulation and 
appropriate packaging and storage, cryogenic technologies can be used to 
manufacture stable amorphous drug dosage forms for diverse routes of administration, 
such as pulmonary, parenteral, and oral, with potentially reduced drug dose and side 
effects.
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Method Capsule 1
Preparation of a Cyclosporine A Solid Dispersion for Inhalation by SFD

Based on the method reported by Zijlstra et al. (2007).

Objective

• To obtain a dry powder formulation of CsA for pulmonary delivery with enhanced 
chemical and physical properties, such as wetting, dissolution rate, and 
aerodynamic performance.

Equipment and Reagents

• Liquid nitrogen
• CsA, inulin and tert-butyl alcohol
• SFD apparatus equipped with a heater two-fluid nozzle (0.5 mm orifice)
• Christ model Alpha 2–4 stage lyophilizer

Method

• CsA and inulin were first dissolved into tert-butyl alcohol and water, respectively, 
and then mixed at a 40/60 volume ratio with a constant 5 % (w/v) solid loading.

• Formulations with CsA to inulin ratios of 10, 20, 30, 50, and 100 % were 
prepared.

• After mixing, solutions were sprayed into liquid nitrogen vapor at a flow rate of 
6 mL/min with an atomizing airflow of 500 L/h.

• After spraying, frozen droplets were then collected and placed into a precooled 
(−35 °C) stage lyophilizer.

• Primary lyophilization was conducted with a stage temperature of −35 °C and a 
vacuum pressure of 165 mTorr for 24 h.

• Secondary lyophilization was conducted with a stage temperature of −20 °C and 
a vacuum pressure of 37.5 mTorr for 24 h to obtain the final dry powder 
formulation.

Results

• After SFD processing, both pure CsA and CsA/inulin formulations showed high 
specific surface areas ranging from 145 to 185 m2/g for CsA/inulin formulations 
and 40 m2/g for pure CsA.

• Analysis of the secondary structure of the SFD-processed CsA formulations 
using FTIR confirmed the amorphous nature of these formulations.

• Cascade impaction studies revealed that SFD-processed CsA formulations had 
high respirable (>75 %) and fine particle fractions (50 %), making them ideal 
candidates for inhalation delivery.

• Dissolution testing showed that SFD-processed CsA formulations had superior 
wetting and dissolution performance compared to physical mixtures of bulk CsA 
and inulin.

This study highlighted the use of SFD as a method to prepare an amorphous dry 
powder formulation of CsA and inulin for pulmonary delivery. By utilizing SFD a 
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high surface, wettable, and rapid dissolving formulation was prepared that had 
superior aerosol performance and enhanced dissolution. Based on these results, 
SFD process is a viable alternative to prepare CsA formulations for pulmonary 
delivery in lung transplant patients, compared to the propylene glycol-based CsA 
formulation. 

11.5.1  Example 2

Influenza affects millions of people each year and has a high mortality for the 
elderly, infants, and other high-risk populations such as immunocompromised 
patients (Simonsen et al. 1998). Currently, the influenza vaccine products available 
on the market are all in liquid form and delivered either as a nasal mist or as an 
intramuscular injection. To ensure the stability of these liquid-based products prior 
to administration to the patient, cold chain storage and tracking are required, which 
add cost and limitations on the shipping and handling of these products. The 
administration of these vaccines via intramuscular injection is also a major hindrance 
to patient compliance and acceptance, and even the newer nasal administration 
forms of these vaccines, which are more acceptable to most patients, also still 
present a significant barrier to acceptance for a smaller subset of the population. 
This study utilized the SFD process to prepare a dry powder influenza vaccine to 
examine its viability as a needle-free epidermal delivery formulation.

11 Pharmaceutical Cryogenic Technologies



568

Method Capsule 2
Preparation of an Influenza Vaccine Powder for Epidermal Delivery by SFD

Based on the method reported by Maa et al. (2004).

Objective

• To prepare a stable and viable dry powder formulation of influenza vaccine for 
epidermal delivery with high density and narrow particle-size distribution.

Equipment and Reagents

• Liquid nitrogen
• Trehalose, mannitol, and dextran
• SFD apparatus equipped with an ultrasonic atomizer nozzle (60 kHz frequency)
• FTS systems DuraStop lyophilizer

Method

• Influenza vaccines were first concentrated using tangential flow filtration 
followed by centrifugal filtration until a desired permeate concentration was 
collected.

• Various formulations were then prepared at a final solid loading of 20 % to as 
high as 35 % by the direct addition of trehalose, mannitol, and dextran to the 
permeate solutions.

• All final solutions were prepared at or below a viscosity of 2 poise to allow for 
effective atomization.

• Solutions were then sprayed into liquid nitrogen vapor and frozen droplets were 
then collected and placed into a precooled (−10 °C) stage lyophilizer.

• Primary lyophilization was conducted with a stage temperature of −10 °C and a 
vacuum pressure of 100 mTorr for 10 h.

• Secondary lyophilization was conducted at 15 °C for 5 h and 25 °C for 5 h, both 
at 100 mTorr, to obtain the final dry powder.

Results

• After SFD processing, all formulations exhibited a D(50) within the range of 
30–60 μm, which is preferred for epidermal skin delivery.

• Several formulations also exhibited a tapped powder density of greater than 
0.5 g/mL, which is required for effective skin penetration in epidermal delivery.

• Extensive stability and potency testing using sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, single radial immunodiffusion assay, and 
in vivo immunogenicity testing in a mouse model all confirmed that the various 
formulations remained stable and potent after SFD processing with one formula-
tion exhibiting stability for more than 6 months at 25 °C.

This study highlighted the use of SFD as a method to prepare a dry powder form 
of the influenza vaccine for epidermal delivery. By utilizing SFD, a stable dry 
powder with appropriate particle size and density was prepared with excellent long- 
term stability and no significant loss of antigen potency. Based on these results, it 
would appear that dry powder forms of influenza vaccine prepared by SFD for 

S.H. Surasarang and R.O. Williams III



569

epidermal delivery is a viable alternative to the current liquid formulations for intra-
muscular injection or as a nasal mist.

Early studies of SFL focused on developing drug/excipient(s) combinations to 
achieve dissolution enhancement, increase drug loading capabilities, and on the 
effect of solvent systems in achieving higher drug/stabilizer ratios while maintaining 
enhanced dissolution rates.

11.5.2  Example 3

Carbamazepine was the first poorly water-soluble drug used as a model for SFL 
process. Carbamazepine is an anticonvulsant and mood-stabilizing drug used 
primarily in the treatment of epilepsy. Although the drug has been in use for more 
than 20 years, oral administration of carbamazepine encounters multiple challenges, 
including low aqueous solubility (17.7 μg/mL at 25 °C, log P value of 2.45) with 
high dosage required for therapeutic effect (more than 100 mg/day), a narrow 
therapeutic window, and dissolution-limited bioavailability (Bertilsson and Tomson 
1986). Carbamazepine is classified as a BCS Class II drug (Amidon et al. 1995). 
The low rate of dissolution in aqueous biological media is considered to be a likely 
cause of the irregular and delayed absorption issues encountered with the oral 
delivery of carbamazepine (Moneghini et al. 2001). In vivo pharmacokinetic studies 
revealed a strong correlation between oral bioavailability and the physical form and 
formulation of carbamazepine (Hickey et al. 2007a, b), suggesting that improvement 
of the dissolution properties of carbamazepine can result in improved 
pharmacokinetics and bioavailability. Rogers and co-workers (2002a, b) developed 
a novel composition of carbamazepine made by SFL process to improve the 
dissolution profile. 
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Method Capsule 3
Preparation of Engineered Carbamazepine Compositions by SFL

Based on the method reported by Rogers et al. (2002a, b).

Objective

• To enhance the dissolution rate of poorly water-soluble drug carbamazepine by 
using a novel SFL process to engineer the drug composition.

Equipment and Materials

• SFL apparatus
• Liquid nitrogen
• Carbamazepine, sodium lauryl sulfate (SLS), tetrahydrofuran (THF), and 

purified water
• Bench-top tray lyophilizer
• Desiccator and desiccant

Method

• Prepare carbamazepine feed solution by dissolving the drug in THF, dissolving 
the hydrophilic excipient SLS in purified water, as listed in the table below, then 
mix the organic and aqueous solutions to form a one-phase cosolvent solution 
with a solid loading of 0.44 % (w/v).

Component Solvent

Organic phase Carbamazepine, 0.20 g THF, 29.80 g

Aqueous phase SLS, 0.20 g Purified water, 59.6 g

• Fill a clean large 4-L insulated beaker with liquid nitrogen.
• Spray and atomize the carbamazepine feed solution beneath liquid nitrogen 

surface at 5000 psi constant pressure through a 10-cm-long, 63.5-μm ID PEEK 
nozzle into the beaker by a syringe pump.

• Monitor liquid nitrogen level in the beaker to ensure that the PEEK nozzle is kept 
beneath liquid nitrogen level during the spray.

• Collect the frozen material on a 150-mesh sieve or wait till the liquid nitrogen 
evaporated after the spray is completed.

• Transfer the collected frozen material to a precooled shelf in a tray lyophilizer to 
maintain the frozen material and remove solvents.

• Store the obtained flowable dry powder of carbamazepine composition at room 
temperature under vacuum in the desiccator.

Results

• SEM images demonstrated that porous micron-sized particles consisting of 
carbamazepine and SLS matrix system were created by SFL process.

• XRD indicated that the highly crystalline carbamazepine bulk powder was 
transferred to complete amorphous state by the SFL process.
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• SFL-processed carbamazepine composition was wetted and dissolved 
immediately in purified water; almost 100 % carbamazepine was released within 
10 min, significantly greater than carbamazepine bulk powder and the physical 
mixture of carbamazepine and SLS.

This study was a proof of concept that SFL process can significantly improve the 
dissolution properties of poorly water-soluble drug.

11.5.3  Example 4

Danazol is a synthetic steroid derived from ethisterone that has low aqueous 
solubility (0.5 μg/mL at 37 °C) with high permeability across biological membranes 
(log P value of 4.53) (Bakatselou et al. 1991; Badawya et al. 1996). Therefore, 
danazol is classified as BCS Class II drug. The oral bioavailability of danazol is 
dissolution rate-limited. Many techniques have been utilized to enhance the 
dissolution of danazol. However, because of the practically insoluble nature of crys-
talline danazol, the improvement of aqueous solubility was limited.

The several different danazol formulations engineered by SFL process were 
reported (Hu et al. 2002; Rogers et al. 2002a, b). After initial proof-of-concept 
studies, formulations with high potency and enhanced stability of amorphous state 
(i.e., achieved high Tg), besides high dissolution rates, were designed.
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Method Capsule 4
Preparation of Engineered High-Potency Danazol Compositions by SFL

Based on the study reported by Hu et al. (2004a, b, c).

Objective

• To investigate the use of organic solvents in the SFL particle engineering process 
to make rapid-dissolving high-potency danazol powders and to examine their 
particle size, surface area, and dissolution rate.

Equipment and Materials

• SFL apparatus
• Liquid nitrogen
• Danazol micronized powder, polyvinylpyrrolidone (PVP) K-15, sodium lauryl 

sulfate (SLS), acetonitrile, dichloromethane (DCM), and purified water
• Bench-top tray lyophilizer
• Desiccator and desiccant

Method

• Prepare danazol feed solutions by dissolving the drug and PVP K-15 in various 
weight ratios in acetonitrile or acetonitrile/dichloromethane mixtures to form 
solutions with total solid loading up to 1.6 % (w/v), as listed in the table below.

Danazol/PVP K-15 
ratio (w/w)

Danazol 
(g)

PVP 
K-15 
(g)

Acetonitrile 
(mL)

DCM 
(mL)

Potency 
(%)

Solid 
loading (%)

1:2 0.2 0.4 70 – 33 0.86

1:1 0.2 0.2 70 – 50 0.57

2:1 0.4 0.2 70 – 66 0.86

3:1 0.6 0.2 65 5 75 1.14

10:1 1 0.1 55 15 91 1.57

• Fill a clean insulated container with liquid nitrogen.
• Spray and atomize the danazol feed solutions beneath liquid nitrogen surface, 

with a constant pressure of 2000 psi to provide a flow rate of 50 mL/min for the 
feed solution to spray through PEEK tubing of 127 μm ID into liquid nitrogen 
using a syringe pump.

• Monitor liquid nitrogen level in the beaker to ensure that the PEEK nozzle is kept 
beneath liquid nitrogen level during the spray.

• Collect the frozen material on a 150-mesh sieve or wait till the liquid nitrogen 
evaporated after the spray is completed.

• Transfer the collected frozen material to a precooled shelf in a tray lyophilizer to 
maintain the frozen material and remove solvents. A cold trap is connected to the 
lyophilizer for the compositions prepared with DCM.

• Store the obtained dried powders in glass vials at room temperature under 
vacuum in the desiccator.
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Results

• XRD indicated that the SFL-processed micronized danazol/PVP K-15 
compositions with potencies of 50–91 % were all amorphous.

• Surface areas of these SFL-processed danazol/PVP K-15 powders were in the 
range of 28–115 m2/g, in a reversed order to the increasing solid loading of the 
SFL feed solutions.

• Contact angles of these SFL-processed danazol/PVP K-15 powders were in the 
range of 22–35°, much reduced compared to 57° of the unprocessed bulk danazol; 
among the SFL-processed compositions, contact angles increased with increasing 
potencies of danazol in the compositions.

• SFL-processed danazol compositions exhibited significantly enhanced dissolu-
tion rates with 95 % of danazol dissolved in only 2 min for the high- potency 
composition, whereas the micronized bulk danazol dissolved slowly with only 
30 % of the danazol released in the same time frame.

The rapid freezing of SFL process produced porous, nanostructured aggregates 
of the danazol/PVP K-15 compositions as seen in Fig. 11.7b, with smooth primary 
particle size of about 100 nm in diameter as shown in Fig. 11.7c, d, in contrast to the 

Fig. 11.7 Representative SEM images of SFL-processed danazol/PVP K-15 compositions: bulk 
micronized danazol (a); SFL danazol/PVP K-15 (50 % potency) powder at magnification of 20k 
(b); at magnification of 60k (c); at magnification of 200k (d). Adapted from Hu et al. (2004a, b, c) 
with permission from Elsevier
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micron-sized crystalline bulk danazol in Fig. 11.7a. Because SFL-processed pow-
ders have high surface areas and contain amorphous danazol, enhanced dissolution 
of the poorly water-soluble drug in aqueous media was achieved.

A subsequent stability study was conducted for the SFL-processed danazol/PVP 
K-15 powder (75 % potency) at cycle conditions (−5 to 40 °C every 3 h). It was 
found that the amorphous structure and rapid dissolution characteristics were main-
tained after 1 month of cycled stability conditions (Hu et al. 2004a, b, c). The high 
stability of amorphous SFL powders was partially attributed to the selection of PVP 
K-15 as stabilizer in the composition. PVP K-15 has a Tg of 146 °C; the interaction 
of danazol with PVP K-15 may lead to a reduction in the molecular mobility of 
danazol in the formed solid solution/dispersion of danazol/PVP K-15 powder.

11.5.4  Example 5

Because of the innate hydrophobicity of the poorly water-soluble drugs, there was 
an upper limit for the drug concentrations that could be dissolved in solvent/cosol-
vent system. Low drug concentrations in the feed solution for SFL process resulted. 
To further increase drug loading in feed solution, o/w emulsions with higher dan-
azol and excipient concentrations were formulated for SFL process (Rogers et al. 
2003b), as the total concentration of drug in the o/w emulsions could be much larger 
than in the cosolvent because of the high solubility of hydrophobic drug in the inter-
nal organic phase of the emulsion.
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Method Capsule 5
Preparation of Amorphous High-Potency Danazol Compositions Using SFL 
Processed o/w Emulsions

Based on the study reported by Rogers et al. (2003a, b).

Objective

• To further increase drug loading in feed solution, o/w emulsions with higher 
danazol and excipient concentrations were formulated for SFL process.

Equipment and Materials

• SFL apparatus
• Liquid nitrogen
• Danazol micronized powder, poly(vinyl alcohol (PVA, MW 22 000), Poloxamer 

407, PVP K-15, THF, ethyl acetate dichloromethane (DCM), and purified water
• Rotor-and-stator homogenizer, high-pressure homogenizer
• Bench-top tray lyophilizer
• Desiccator and desiccant

Method

• Prepare danazol SFL solution by dissolving the drug and excipients in THF and 
water, respectively, then mix the organic and aqueous phases to form feed 
solution with a potency of 40 %, as listed in the table below.

Formulations Component
Wt. 
ratio Solvent Potency (%)

Solution Danazol 2 THF/water 40

PVA (MW 22 000) 1

Poloxamer 407 1

PVP K-15 1

Emulsion Danazol 20 Ethyl acetate/water, or DCM/
water

87

PVA (MW 22 000) 1

Poloxamer 407 1

PVP K-15 1

• Prepare oil-in-water (o/w) emulsions of danazol for SFL process by high- 
pressure homogenization. Dissolve danazol and excipients in organic solvents 
and water, respectively. Slowly pour the organic phase into the aqueous phase 
under constant mixing, then blend for 1 min using a high-speed rotor-and-stator 
homogenizer. Further homogenize the emulsion for 10 cycles at 20,000 PSI 
(138 MPa) using a high-pressure homogenizer to reduce the oil droplets to <1 μm 
in diameter.

• Fill clean insulated containers with liquid nitrogen for SFL process.
• Spray and atomize the danazol feed solution and emulsions beneath liquid 

nitrogen surface at 5000 psi (34.5 MPa) at a flow rate of 20 mL/min through a 
127 μm ID PEEK nozzle measuring 15 cm in length by a syringe pump.
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• Monitor and top up liquid nitrogen level in the container to ensure that the PEEK 
nozzle merged under liquid nitrogen level all the time.

• Collect the frozen material on a 150-mesh sieve or wait till the liquid nitrogen 
evaporated after the spray is completed.

• Lyophilize the collected frozen material using a tray lyophilizer equipped with a 
liquid nitrogen cold trap to condense DCM or ethyl acetate, of which the low 
melting points exceed the capture capacity of condenser. Maintain vacuum of 
100 mTorr throughout the lyophilization cycle.

• Store the obtained dried powders under vacuum in the desiccator at room 
temperature.

Results

• Total drug/excipients concentrations of 5.75–7.5 % were achieved in the emul-
sion formulations, compared to that of 0.55 % in the cosolvent solution 
composition.

• XRD indicated that the lyophilized danazol SFL-solution composition and SFL- 
emulsion compositions were amorphous, even for SFL-emulsion compositions 
with high API-to-excipients ratio of 20:3.

• Surface areas increased with increasing drug and excipient concentrations, rang-
ing from 8.9 m2/g of the SFL-solution composition to 83.1 m2/g of the SFL- 
emulsion compositions.

• Both danazol SFL-solution composition and SFL-emulsion compositions wetted 
and dissolved rapidly (100 % in 2 min) than the slowly frozen counterpart and 
bulk danazol (50 % in 2 min). Even for the SFL-emulsion compositions of high 
API-to-excipients ratios, >90 % of the danazol dissolved within 5 min. The SFL- 
emulsion compositions retained the high dissolution rates that achieved from 
SFL-solution composition.

High-potency formulations with high drug-to-excipient ratios and rapid dissolu-
tion rates would be advantageous in increasing dosages and in ameliorating side 
effects attributed to less excipients needed.

11.5.5  Example 6

The SFL and TFF particle engineering technologies were not only utilized to 
enhance dissolution rate of poorly water-soluble compounds but also used to 
enhance the stability of potentially labile compounds, such as proteins and peptides 
such as lactate dehydrogenase (LDH), and influenza vaccine (Yu et al. 2004; 
Engstrom et al. 2007a, b).

Due to the instability of proteins in solution, it is often necessary to produce a 
solid protein composition to achieve an acceptable shelf life. Ideally, the formulation 
should achieve high protein loadings with minimum burst release, high surface area, 
and submicron protein particles uniformly incorporated into 10–50 μm microspheres. 
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However, it is challenging to produce stable submicron protein particles with surface 
area exceeding 10 m2/g, relative to less than 1 m2/g for lyophilized formulation 
(Engstrom et al. 2007a, b). It has been shown that the SFL process leads to less 
protein denaturation and subsequent aggregation relative to SFD since the 
destabilizing gas–liquid interfacial area is lower (Yu et al. 2006).

LDH is a fragile protein extensively studied. Producing stable high surface area 
submicron particles of LDH is of practical interest in protein storage and in various 
applications in controlled release. TFF process can also be used to produce stable 
submicron protein particle without loss of protein activity. Engstrom et al. reported 
LDH and lysozyme particles engineered by TFF process (Engstrom et al. 2008), 
with the detailed procedures described as following.
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Method Capsule 6
Production of Highly Stable, Submicron Protein Particles by TFF

Based on the study reported by Engstrom et al. (2008).

Objective

• To produce highly stable, submicron LDH and lysozyme particles by TFF 
processing the aqueous solutions followed by lyophilization.

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• LDH, lysozyme, trehalose, and purified water
• Bench top tray lyophilizer
• Desiccator and desiccant
• Particle-size analyzer by laser light scattering
• BET apparatus

Method

• Prepare 0.25 mg/mL LDH in both 30 and 100 mg/mL trehalose solutions in 
10 mM K3PO4 buffer with pH 7.5. Prepare 5 and 50 mg/mL aqueous solutions of 
lysozyme.

• Fill dry ice inside the hollow cylindrical stainless-steel drum. An equilibrium 
drum surface temperature of −50 °C was achieved.

• TFF process of feed solutions: pass the protein feed solutions through a 17-gauge 
stainless-steel syringe needle at 4 mL/min to produce individual liquid droplets. 
The droplets fell from a height of 10 cm above a rotating stainless-steel cryogenic 
drum. Drum surface temperature was monitored by a moving surface temperature 
probe. Upon impacting, the droplets freeze simultaneously into round thin film 
disks.

• Collect the frozen thin disks into a 400-mL glass beaker filled with liquid 
nitrogen.

• Transfer the glass beakers containing the frozen disks of proteins to a −80 °C 
freezer to evaporate excess liquid nitrogen.

• Cover the beakers with a single layer Kim-wipe to prevent particles exiting 
during drying, and transfer into a tray lyophilizer with precooled shelf temperature 
of −40 °C. Primary drying was carried out at −40 °C for 36 h at 300 mTorr and 
secondary drying at 25 °C for 24 h at 100 mTorr.

• Upon completion of the lyophilization, purge the lyophilizer with nitrogen to 
release vacuum to minimize exposure of the protein powders to moisture in the 
ambient air.

• Rapidly transfer the dried powders to a dry box with humidity less than 15 % RH, 
and package the powders into 20-mL scintillation vials. Purge vials with dry 
nitrogen gas for 2 min via a needle through the septa and an additional needle for 
the gas effluent.

• Store the protein powders in glass vials at room temperature under vacuum in 
desiccator.
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Results

• Protein particles with an average diameter of about 300 nm and 100 % enzyme 
activity upon reconstitution (for LDH) were engineered by TFF process.

• The surface areas were significantly enlarged by TFF process, in the range of 
30–75 m2/g. The higher the concentration of protein loading in the feed solution, 
the lesser the surface area of protein particles.

In TFF, the exposure of protein to the gas–liquid interface is minimized. The 
TFF-processed LDH composition was determined very high enzyme activities upon 
reconstitution, similar to that processed by direct lyophilization. TFF process has 
intermediate cooling rate (102 K/s), relative to that of the ultra-rapid cooling process 
SFD (106 K/s) and the slow process lyophilization (1 K/min), as shown in Fig. 11.8. 
Although the cooling rate of TFF is slower than that of SFL (103 K/s), it was 
sufficiently fast to arrest particle growth, whereas the relatively minimized liquid–
gas interfacial surface area in TFF process can improve protein stability by limiting 
the amount of protein adsorption to the interface, unfolding, and aggregation.

Fig. 11.8 SEM of particles from 5 mg/mL lysozyme solutions processed by thin film freezing 
(TFF) at surface temperatures of −50 °C (a) and processed by spray freeze into liquid nitrogen 
(SFL) (b). SEM of particles from 50 mg/mL lysozyme solution processed by TFF at surface 
temperatures of −50 °C (c) and processed by SFL (d). Adapted from Engstrom et al. 2008 with 
permission from Springer
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Later studies mainly focus on TFF-technology-engineered solid solutions/
dispersions of poorly water-soluble drugs, such as tacrolimus, sirolimus, itracon-
azole, and repaglinide, to achieve supersaturated dissolution properties. Correlations 
between the enhanced in vitro properties of engineered drug compositions to 
improved in vivo performance in animal models were sought, as described in the 
following examples.

11.5.6  Example 7

Tacrolimus is a hydrophobic macrolide antibiotics used as a potent immunosuppres-
sive agent, and has superior immunosuppressive effect compared to cyclosporine 
A. However, the erratic oral absorption profiles of tacrolimus have limited its thera-
peutic efficiency. It was reported that the oral bioavailability of tacrolimus ranges 
from 4 to 93 % with a mean value of 25 % (Wallemacq and Verbeeck 2001). Various 
innovative formulations and technologies have been used to improve the bioavail-
ability of tacrolimus, with the theory that increasing the solubility greater than two-
fold through polymorphism can have a significant increase in biopharmaceutical 
activity. TFF technology was also employed to make engineered tacrolimus compo-
sitions with hydrophilic stabilizers (Overhoff et al. 2008), as described below.
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Method Capsule 7
Preparation of Tacrolimus Solid Dispersions for Oral Delivery Using TFF

Based on the study reported by Overhoff et al. (2008).

Objective

• To investigate tacrolimus solid dispersions containing various stabilizers pre-
pared by TFF process, and to determine the effect on their ability to form super-
saturated solutions in aqueous media and on enhancing transport across biological 
membranes.

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• Tacrolimus (TAC), poly(vinyl alcohol (PVA), poloxamer 407 (P407), and sodium 

dodecyl sulfate (SDS)
• Bench-top tray lyophilizer
• Desiccator and desiccant
• Dissolution tester

Method

• Prepare feed solutions of TAC compositions by dissolving TAC and excipient(s) 
at 1:1 (w/w) ratio and 1.0 % solid loading in a cosolvent acetontrile/water (60/40, 
v/v), as listed in the table below.

TAC/excipient(s) ratio 
(w/w) Excipient(s) Acetonitrile/water

Potency 
(%)

Solid loading 
(%)

1:1 SDS 60/40 50 1.0

1:1 PVA/P407 (1/1) 60/40 50 1.0

1:1 P407 60/40 50 1.0

• Apply the feed solutions to the rotating stainless-steel drum that precooled to 
−150 °C drop-wisely from a glass funnel tip 10 cm above the drum. The feed 
solution drops spread and form thin layer frozen disk simultaneously upon 
impacting on the drum.

• Place a metal pan filled with liquid nitrogen under the drum to collect and 
maintain the generated frozen material. 

• Transfer immediately the frozen material into a bench-top tray lyophilizer with 
shelf precooled to −60 °C after evaporation of excessive liquid nitrogen in the 
collecting pan, and start lyophilization.

• Store the obtained dried powders of TAC compositions at room temperature 
under vacuum in the desiccator until characterization.
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Results

• XRD indicated that the TFF-engineered TAC compositions were all amorphous.
• SEM displayed highly porous network of nanostructured aggregates of the TFF- 

engineered TAC compositions, in contrast to the plate-shaped crystalline bulk 
TAC with particle sizes ranging from a few microns to over 120 μm in diameter.

• Supersaturation dissolution testing demonstrated the three TFF-engineered TAC 
compositions, as well as the commercial product Prograf® showed rapid 
dissolution reaching their maximum supersaturation within 2 h and achieved 
supersaturation relative to the solubility of bulk crystalline TAC. However, only 
the TFF-processed TAC/SDS = 1/1 composition had higher supersaturation than 
Prograf®.

In this study, the selected stabilizers including partially hydrolyzed PVA which 
has been shown to increase drug concentration in vivo (Suzuki and Sunada 1998), 
P407 which has been shown to alter surface properties of crystals, and SDS which 
is a nonpolymeric anionic surfactant. SDS may be used to facilitate wetting and 
dissolution rates. TAC has good solubility in organic solvent and is readily dissolv-
able in the cosolvent.

Single-dose pharmacokinetic study of orally administered TAC compositions in a 
rat model was conducted to determine the in vivo performance of the TFF- processed 
compositions. The results suggested that TFF-processed TAC/P407 = 1/1 achieved 
the greatest absorption with a 1.5-fold increase in AUC and higher Cmax compared to 
Prograf®. All the TFF-engineered tacrolimus compositions had a shorter Tmax com-
pared to Prograf®, as seen from Fig. 11.9. It is therefore concluded that the enhanced 
physico-chemical properties of TFF-engineered TAC compositions led to enhanced 
in vivo absorption over the current commercial product of TAC.

11.5.7  Example 8

Itraconazole is a broad-spectrum antimycotic triazole used for both prophylaxis and 
treatment of invasive fungal diseases for the last two decades. Itraconazole has pH-
dependent solubility with extremely low value of approximately 1 ng/mL at neutral 
pH and approximately 4 μg/mL at pH 1 (Peeters et al. 2002). Given the high log P 
value of 6.2, itraconazole is classified as a BCS class II drug (Amidon et al. 1995). 
Sporanox® oral capsule is a currently available marketed oral dosage form of itra-
conazole. However, the oral absorption of ITZ in a subset of immunocompromised 
patients was not optimal, and the pharmacokinetics varied considerably among 
patients (Poirier et al. 1997). To treat invasive fungal infection, especially Aspergillus 
spp. infections, itraconazole levels of greater than 0.5 μg/g of lung tissue, or 0.5 μg/
mL of blood, are required (Sobel 2000).

A novel composition containing itraconazole:mannitol:lecithin (1:0.5:0.2, 
w/w/w) for pulmonary delivery was made by TFF technology (Yang et al. 2008b). 
Here, we provide a step-by-step procedure for a standard batch of the itraconazole 
composition.
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Fig. 11.9 Mean whole blood absorption levels of tacrolimus compositions produced using the 
TFF process compared to Prograf®. Powders were given in gelatin capsule containing 1.5 mg 
equivalent tacrolimus (5 mg/kg) dosed via oral gavage to a rat model: TFF-processed tacrolimus/
SDS (filled square), TFF-processed tacrolimus/PVA:P407 (filled triangle), TFF-processed 
tacrolimus/P407 (filled circle), Prograf® capsule powder (filled diamond). Reproduced from 
Overhoff et al. (2008) with permission from Springer
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Method Capsule 8
Preparation of Amorphous Nanoparticulate Itraconazole Composition for 
Pulmonary Delivery Using TFF

Based on the study reported by Yang et al. (2008a, b).

Objective

• To develop amorphous nanoparticulate formulations of itraconazole for improved 
bioavailability following pulmonary administration.

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• Itraconazole, mannitol, lecithin, 1,4-dioxane, and purified water
• Bench-top tray lyophilizer
• Desiccator and desiccant

Method

• Prepare itraconazole feed solution: dissolve lecithin (118 mg) in 200 mL co-
solvent of 1,4-dioxane and purified water (65/35, v/v); Subsequently dissolve 
itraconazole (588 mg) and mannitol (294 mg) to form a solution of 0.5 % (w/v) 
solid loading with itraconazole: mannitol: lecithin = 1:0.5:0.2 weight ratio.

• Precool the stainless-steel drum of TFF apparatus to −70 °C.
• Apply the feed solution to the cold drum of TFF apparatus from a glass funnel 

set 10 cm above the top surface of the rotating stainless-steel drum.
• Collect the generated frozen material in a container filled with liquid nitrogen.
• Transfer immediately the frozen material into a bench-top tray lyophilizer with 

shelf precooled to −20 °C after evaporation of excessive liquid nitrogen, and 
start lyophilization.

• Store the lyophilized dry powder at room temperature in the desiccator under 
vacuum.

Results

• XRD and DSC confirmed that TFF-processed itraconazole:mannitol:lecithin = 1
:0.5:0.2 was amorphous.

• SEM images showed the TFF-processed itraconazole composition has a highly 
porous structure with more regularly round-shaped particles in aggregated 
network.

• Aqueous colloidal dispersion of the TFF-processed itraconazole composition 
has a mean particle size of 230 nm.

• Dissolution testing revealed TFF-processed itraconazole composition achieved 
about five-times higher supersaturation than a crystalline Wet-milled 
itraconazole.

For comparison, a crystalline itraconazole nanoparticle composition was made 
by wet ball milling process (named Wet-milled itraconazole). SEM images showed 
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that Wet-milled itraconazole was composed of fractured, irregular-shaped particles 
with various sizes, ranging from about 150 to 600 nm in length, as shown in 
Fig. 11.10a. In contrast, TFF-processed itraconazole composition exhibited a highly 
porous structure with more regularly round-shaped particles in aggregated network, 
as shown in Fig. 11.10b. Both the milling and TFF process dramatically reduced 
itraconazole particles to nanosize range compared to bulk micron-sized itraconazole 
particles shown in Fig. 11.10c.

Their corresponding mean particle size in aqueous dispersion was 230 and 
570 nm, respectively. Dissolution testing revealed TFF-processed itraconazole 
composition achieved about 27-times higher supersaturation versus itraconazole 
equilibrium solubility, and five times higher dissolved itraconazole than the Wet- 
milled itraconazole, as seen from Fig. 11.11 (Yang et al. 2010).

A subsequent in vivo single-dose 24 h pharmacokinetic study of inhaled nebu-
lized colloidal dispersions of the TFF-processed amorphous itraconazole composi-
tion and the crystalline Wet-milled itraconazole (equivalent to 20 mg itraconazole/
mL) were conducted in a rat model. The results demonstrated a significantly higher 

Fig. 11.10 SEM images of (a) wet-milled itraconazole (wet milling–processed pure ITZ) powder 
at a magnification of 20k, (b) URF–ITZ (URF-processed ITZ/mannitol/lecithin = 1:0.5:0.2, weight 
ratio) powder at a magnification of 20k, and (c) bulk ITZ as received at a magnification of 10k. 
Reproduced from Yang et al. (2010) with permission from Elsevier
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systemic absorption and Cmax of itraconazole in blood of rats inhaled TFF-processed 
amorphous itraconazole composition than those inhaled crystalline Wet-milled itra-
conazole (Fig. 11.12a), although the lung depositions of itraconazole were compa-
rable for both inhaled compositions (Fig. 11.12b). It is concluded from this study 
that using TFF technology to make amorphous nanoparticulate composition of 
poorly water-soluble drugs is an alternative and promising approach to overcome 
the low aqueous solubility issues by providing higher dissolution rate and apparent 
solubility, and subsequently higher bioavailability.

These examples are merely few representatives of the many poorly water-soluble 
drugs that contemplated by the cryogenic particle engineering technologies for 
enhanced dissolution properties and hence improved bioavailability.

TFF technology has been successfully used for cGMP manufacturing of stable 
amorphous drug products for clinical trial with improved patient compliance.
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Fig. 11.11 Dissolution profiles of Wet-milled itraconazole colloidal dispersion (ITZ/mannitol/
lecithin = 1:0.5:0.2) and TFF-processed itraconazole/mannitol/lecithin = 1:0.5:0.2 colloidal 
dispersion in simulated lung fluid (pH 7.4) at supersaturation conditions (i.e., 100-times equilibrium 
solubility of micronized crystalline itraconazole was added) and 37 °C. Reproduced from Yang 
et al. (2010) with permission from Elsevier
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Fig. 11.12 (a) Plasma concentration of itraconazole in rats, (b) lung deposition of itraconazole in 
rats at 0 and 24 h post inhalation of a single-dose nebulized aqueous Wet-milled itraconazole 
colloidal dispersion (ITZ/mannitol/lecithin = 1:0.5:0.2) and TFF-processed itraconazole/mannitol/
lecithin = 1:0.5:0.2 colloidal dispersion. Data are presented as mean ± SD. *p < 0.05, **p < 0.01. 
Adapted from Yang et al. (2010) with permission from Elsevier
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Method Capsule 9
Preparation of Amorphous Fenofibrate Solid Dispersions by TFF

Based on the study reported by Zhang et al. (2012).

Objective

• To prepare amorphous fenofibrate solid dispersions using the TFF method and to 
incorporate the solid dispersions into pharmaceutically acceptable dosage forms 
for improving the bioavailability.

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• Fenofibrate (FB), fenofibric acid, Methocel® E5, Soluplus®, Hydroxypropyl 

methylcellulose phthalate NF (HP55), Hydroxypropyl methylcellulose acetate 
succinate LF (HPMCAS-LF), 1,4-dioxane and water

• Bench top tray freeze dryer
• Particle-size analyzer by laser light scattering
• BET apparatus
• Differential scanning calorimeter (DSC)
• Powder X-ray diffraction (XRD)
• Fourier-transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR)
• Dissolution tester

Method

• Prepare 1 % w/v solids content of FB:polymer at designed ratio of 1:4, 1:6 or 
1:8 in 1,4-dioxane or its mixture with water at ratio of 8:2 v/v as shown in the 
table below

Formulation FB:polymer ratio (%w/w) Solvent

FB:Soluplus 1:4, 1:6, 1:8 1,4-Dioxane

FB:HPMC E5 1:4, 1:6, 1:8 1,4-Dioxane:water (8:2, v/v)

FB:HPMCAS 1:4, 1:6, 1:8 1,4-Dioxane

FB:HP55 1:4, 1:6, 1:8 1,4-Dioxane

• Apply solutions of FB-excipient onto the pre-cooled cryogenic substrate 
(−45 °C)

• Collect frozen solids and lyophilize using freeze dryer in which the temperature 
increased from −40 to 25 °C over 48 h

• Store the dry powders in desiccator at room temperature under vacuum condition

Results

• FB-polymer solid dispersions prepared by TFF technique provided extremely 
high surface area, microstructure, and wettability.

• Morphology of amorphous aggregates of samples using SEM illustrated a 
sponge-like structure resulting in the creation of high surface area and the forma-
tion of loose connection between particles.
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• Both PXRD and MDSC results revealed the drug was molecularly dispersed in 
polymers.

• There were no crystals of FB observed in TFF samples.
• Supersaturation dissolution of FB solid dispersions prepared by TFF method 

showed success in enhancing drug release that exceeding the equilibrium solu-
bility and maintaining FB in solution.

• In vivo study demonstrated that levels of plasma drug concentration of the amor-
phous FB prepared using TFF processing were drastically higher than the bulk FB.

The morphology of the porous aggregates of amorphous FB solid dispersion 
from the SEM images agreed with those surface area measurements using BET. The 
specific surface area of the TFF formulations increased as compared with the bulk 
FB. Preparation of homogeneous solutions prior to the rapid freezing procedure 
resulted in no crystalline structure observed in TFF formulations. Polymers possibly 
prevented crystal growth of FB due to the fact that they were adsorbed on the drug 
crystal interface and the crystal nucleation was inhibited. 

Dissolution of amorphous FB significantly increased after TFF processing. 
FB-HP-55 formulation had a largest surface area as compared to the other 
formulations. Although, it unexpectedly exhibited the worst dissolution results 
under supersaturation conditions and in the dissolution media the recrystallization 
rate of this formulation was fastest. This resulted from the decrease of FB solubility 
in acidic solution. HP-55 contains a larger number of acidic groups compared to 
other polymers, which results in the poorest dissolution performance of FB. After 
the amorphous TFF powders were compressed into slug tablets, compression trig-
gered the recrystallization of FB, which resulted in lower dissolution.

Figure 11.13 showed the success of the enhancement of drug absorption of FB 
solid dispersion. This significant improvement of oral bioavailability was achieved 
in these non-surfactant, non-porous excipients processed through the TFF approach.

Fig. 11.13 Pharmacokinetic 
profile of drug plasma 
concentration of fenofibric 
acid after single dose oral 
administration of different 
formulations to rats. 
Reproduced from Zhang 
et al. (2012) with 
permission
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Method Capsule 10
Development of Voriconazole Dry Powder Inhalation Produced by TFF

Based on the method reported by Beinborn et al. (2012).

Objective

• To manufacture voriconazole formulations using TFF to enhance properties 
for dry powder inhalation and to study the process parameters which impact 
the morphology and aerodynamic properties of the resulting formulations.

Equipment and Reagents

• Liquid nitrogen
• Voriconazole (VRC), lactose monohydrate, polyvinylpyrrolidone K30 (Povidone 

K-30, USP), polyvinylpyrrolidone K12 (Plasdone® K12), hydroxypropyl 
methylcellulose (HPMC) K3 (Methocel™ K3), 1,4-dioxane and methanol.

• TFF apparatus
• Bench top tray freeze dryer

Method

• Prepare VRC TFF formulations in various process parameters including the 
effect of stabilizing excipient, drug to excipient ratio, percentage of solids 
content, and solvent composition

• Dissolve VRC and excipients in 1,4-dioxane or deionized water
• Drop the solutions onto a precooled rotating cryogenic, steel surface 

(approximately −40 °C) to produce frozen thin films
• Remove thin films from the steel surface using a scraper and keep in frozen mass 

in liquid nitrogen
• Sublimate the solvents by lyophilization to dry powders (perform the lyophiliza-

tion over 48 h at pressures below 200 mTorr while the shelf temperature was 
gradually ramped from −40 to 25 °C)

• Transfer and store the dried powders in vacuum desiccators at room temperature

Results

• Microstructured, crystalline low-density aggregate particles with the specific 
surface area of approximately 10 m2/g of VCR were obtained from the TFF 
formulation without stabilizing excipients.

• Nanostructured, amorphous low density aggregate particles were obtained from 
TFF VRC–PVP solutions. The specific surface area of formulations (ranging 
from 15 to 180 m2/g) depended on the solvent system compositions, grade of 
polymer, and drug-polymer ratio.

• The lowest specific surface area for VRC formulations were obtained from for-
mulations manufactured with 1,4-dioxane, with and without PVP K12 however, 
exhibited the best aerodynamic properties.

• Microstructured crystalline TFF–VRC and nanostructured amorphous TFF–
VRC–PVP K12 (1:2) demonstrated total emitted fractions of 80.6 % and 96.5 %, 
fine particle fractions of 43.1 % and 42.4 %, and mass median aerodynamic 
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diameters of 3.5 and 4.5 μm, respectively when delivery using a Handihaler® dry 
powder inhaler (DPI).

The engineered particles were successfully generated using the TFF process to 
enhance powder properties. VRC TFF formulation without stabilizing excipients 
produced microstructured, crystalline aggregate particles. There was no notable 
influence of solvent composition or percentage of solids content on the solid-state 
properties and the aerodynamic performance of the formulation. Drug-excipient 
ratio had an effect on preparation of the nanostructured of amorphous solid disper-
sions formulations using the TFF technique.

All investigated parameters including type or grade of stabilizing excipient, 
drug-excipient ratio, solvent composition, and percentage of solids content in the 
liquid feed solution significantly affected physicochemical properties and 
morphology of the resulting formulations. Solvent composition in the TFF liquid 
feed solution also influenced the spreading of the droplets on the cryogenic surface 
which appeared in the specific surface area and macroscopic powder of the TFF 
formulations. Two solid-state properties were the most significant factors affecting 
the aerodynamic properties of VRC TFF powders.
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Method Capsule 11
Manufacture of Amorphous Rapamycin Solid Dispersions for Dry Powder 
Inhalation Using TFF

Based on the study reported by Carvalho et al. (2014).

Objective

• To study the in vivo behavior and pharmacokinetic profiles of crystalline and 
amorphous rapamycin when administered through dry powder inhalation to the 
lungs of rats

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• Rapamycin (Sirolimus), lactose monohydrate (Lactohale® LH 200), acetonitrile, 

and water
• Bench top tray freeze dryer
• Wet ball milling
• Particle-size analyzer by laser light scattering
• BET apparatus
• Differential scanning calorimeter (DSC)
• Powder X-ray diffraction (XRD)
• Next generation cascade impactor (NGI)

Method

• Dissolve rapamycin:lactose in a ratio of 1:1 by weight in a co-solvent mixture 
of acetonitrile and water (3:2) with different final solids content 0.40 and 
0.75 % (w/v)

• Freeze the solution rapidly onto the cryogenically cooled stainless steel surface 
(−80 °C)

• Collect frozen films in a container filled with liquid nitrogen
• Transfer the frozen formulation to a −70 °C freezer until liquid nitrogen is com-

pletely evaporated
• Lyophilize the frozen material in the lyophilizer over 24 h at −40 °C at pressure 

400 mTorr and increase the temperature to 25 °C over 24 h with a pressure below 
200 mTorr, and hold at 25 °C for 24 h

• Prepare micronized crystalline rapamycin and lactose at 1:1 weight ratio using 
wet ball milling and lyophilize at −80 °C in the lyophilizer for 48 h

• Keep all dry powder products in a desiccator under vacuum condition at room 
temperature

Results

• An absence of crystalline peaks from the XRD diffractogram indicated the amor-
phous state of both TFF formulations of rapamycin:lactose with solids content 
0.40 % and 0.75 %. Also, modulated DSC indicated that both formulations 
existed in the amorphous form.
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• A resulting TGA profile showed the TFF formulations initially decomposed at a 
temperature of about 180 °C. Minimal solvent evaporation of both formulations 
was only 3.2 % through the range of temperature from 45 to 110 °C.

• The specific surface area of TFF powder formulations dramatically increased 
compared to the bulk and wet milling materials (see table below).

Formulation Specific surface area ± SD (m2/g)

Lactose LH200 0.34 ± 0.02

Rapamycin 0.57 ± 0.08

Wet ball milled lactose 10.76 ± 0.01

Wet ball milled 
repamycin

14.29 ± 0.25

RapaLac_0.75 % 69.57 ± 6.25

RapaLac_0.40 % 85.72 ± 19.86

• Diluted solid loading solution (0.40 %) resulted in a less dense TFF powder with 
greater specific surface area. Therefore, this TFF powder exhibited better 
performance using the dry powder inhaler device by generating greater FPF val-
ues with smaller MMAD and GSD values than the least porous powder.

• In vitro aerosol performance was demonstrated using NGI. The results are 
presented as follows:

Formulation

Total 
emitted 
dose—TED 
(%)

Fine particle 
fraction—
FPF (%)

Mass media 
aerodynamic 
diameter—MMAD 
(μm)

Geometric 
standard 
deviation—GSD

RapaLac physical 
mixture

78.92 36.79 1.81 4.26

RapaLac_0.40 % 97.14 72.11 2.1 2.25

RapaLac_0.75 % 94.71 61.29 2.43 2.76

• Resulting GSD indicated that the physical mixture had a wider aerodynamic 
particle size distribution than the TFF formulations.

• In vivo systemic bioavailability of rapamycin from TFF formulation was greater 
than its crystalline counterpart. The dissolution rate of the crystalline formulation 
was low and this resulted in poor absorption from the lung fluid and low systemic 
bioavailability. The level of drug in the lung from 12 to 24 h indicated that TTF 
powder and crystalline powder stayed in the lung for the same period of time. 
However, the TFF formulation exhibited a higher level of systemic bioavailability. 
The percentage of FPF at a more distal part of the lung also increased.

The wet ball milling reduced the particle size of bulk rapamycin and lactose to 
sub-micron range. The irregular to round-shaped particles of the drug adhered to the 
lactose surface were confirmed by SEM images. The improvement of aerosolization 
during inhalation of the milled samples was expected. Nonetheless, both TFF 
powders gave better aerosolization characteristics compared to the milled 
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formulation. This study further investigated the influence of solids loading 
concentration on aerosolization properties of the rapamycin TFF formulation. The 
specific surface area of TFF powder formulations was more increased for the 
formulation containing a solids content of 0.40 % than for the 0.75 % formulation. 
SEM pictures also showed the lower density of the lower solids content formulation.

The TFF powder formulation showed superior in vitro aerosol performance to 
the physical mixture because the brittle powder matrix of TFF samples is easy to 
disintegrate to low density aerosolized particles. The reduction of electrostatic and 
van der Waals forces is likely to result in low adhesion between particles.

Rapamycin in the TFF formulation was an amorphous material, which basically 
enhances solubility and dissolution rate of its crystalline form. In vivo study 
exhibited a 24-h pharmacokinetic profile determined in BAL, lung tissue and blood. 
The amount of drug per gram of lung tissue detected in the lung was more than that 
detected in broncho-alveolar lavage (BAL). The rate of absorption of rapamycin 
from the TFF formulation into the systemic circulation is drastically greater than the 
crystalline physical mixture since dissolution is the rate-limiting step for the 
crystalline sample. This resulted in high drug levels in BAL, low absorption from 
lung fluid and low systemic bioavailability.

Amorphous rapamycin from the TFF process appeared to be eliminated from the 
lung more rapidly than the crystalline physical mixture. This is possibly due to the 
hygroscopic property of the TFF formulation and the hydrophilic characteristics of 
the lactose, which facilitates the water sorption of the formulation. Hygroscopic 
TFF processed rapamycin particles may deposit more in the conducting zone and be 
eliminated by the mucociliary clearance. Amorphous rapamycin dissolved in the 
lining fluid may generate a supersaturation environment, which precipitated and 
increased susceptibility of clearance mechanisms.
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Method Capsule 12
Dry Powder Inhalation Formulations of Tacrolimus Prepared by TFF

Based on the study reported by Wang et al. (2014b).
Objective
To compare performance of dry powder inhalation formulations of tacrolimus 

(TAC) prepared using TFF to that of produced by micronization in the in vitro and 
in vivo studies

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• Tacrolimus monohydrate, mannitol (MAN), Polysorbate 80, acetonitrile
• Bench-top tray lyophilizer
• Desiccator and desiccant
• Next generation pharmaceutical impactor (NGI)

Method

• Dissolve MAN in purified water and dissolve TAC in acetonitrile
• Prepare a co-solvent mixture of ACN and water (60:40 v/v) containing TAC and 

MAN (1:1 w/w) with total solids content of 0.75 % w/v
• Freeze the co-solvent solution rapidly on a cryogenically cooled rotating stain-

less steel surface (−50 ± 3 °C).
• Remove resulting thin film from the surface using a scraper
• Keep frozen samples in liquid nitrogen
• Sublimate solvents in lyophilizer over 48 h at pressures below 200 mTorr
• Ramp the shelf temperature up from −40 to 25 °C
• Purge dry nitrogen into the chamber to equilibrate to atmospheric pressure before 

remove sample from the lyophilizer
• Store final product in a vacuum desiccator at room temperature
• Prepare a physical mixture of micronized TAC and micronized MAN (1:1 by 

weight, micronized TACMAN) by blending the two powders in a tubular mixer

Results

• DSC and XRD results indicated that TAC in the TFF TACMAN was amorphous 
while MAN in the TFF TACMAN (1:1) exhibited crystallinity.

• TAC in the TFF TACMAN formulation remained in an amorphous form for up 
to 6 months.

• SEM images showed a highly porous structure of the TFF formulations.
• Figures 11.14 and 11.15 presented a highly porous structure and a relatively 

small aerodynamic size distribution (GSD = 2.08 μm) of the TFF TACMAN 
formulation.

• Almost 80 % of the TFF formulation was delivered to the lung using Miat® 
Monodose inhaler.
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Fig. 11.14 The SEM images of the micronized (a) and the TFF (b) of the TACMAN at low 
(×2.70k, top) and high (×25.00k, bottom) magnifications. Reproduced from Wang et al. (2014b) 
with permission from Springer. 
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Fig. 11.15 NGI results of aerodynamic diameter distribution of TFF TACMAN formulation 
released from a Miat® monodose inhaler at the flow rate of 90 L/min. Reproduced from Wang et al. 
(2014b) with permission from Springer
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• In vivo study presented that the AUC of the TFF formulation was higher than the 
micronized TAC while the lung clearance rate of the micronized particles was a 
lot faster than the aerosolized TFF particles.

• The TFF TACMAN formulation could avoid clearance mechanisms of the lung 
and deliver TAC on pulmonary epithelium, while minimizing systemic 
concentration.

According to the particle size distribution, the TFF formulation of TAC is 
appropriate for deep lung delivery when incorporated into a commercially available 
DPI. ATR-FTIR results showed that there was no interaction between TAC and 
MAN molecules. As a result, drug molecules did not have an influence from seeding 
of crystalline mannitol. Regarding in vivo study, the TFF formulation exhibited 
higher AUC and slower clearance rate in the lung tissue compared to the micronized 
formulation due to the faster dissolution rate and the less susceptible of the TFF 
formulation to the clearance mechanisms of the lung. 
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Method Capsule 13
Pulmonary Delivery of A Fixed-Dose Combination Drug Formulation Prepared 
Using TFF

Based on the study reported by Liu et al. (2015).
Objective
To develop a fixed dose combination formulation and evaluate its suitability as 

an inhaled product by in vitro and in vivo studies

Equipment and Materials

• TFF apparatus
• Liquid nitrogen
• Salmeterol xinafoate (SX), mometasone furoate (MF), alpha-lactose monohy-

drate, mannitol, d-Trehalose anhydrous, glycine, acetonitrile and methanol
• Bench-top tray lyophilizer
• Desiccator and desiccant
• NGI
• Dynamic vapor sorption (DVS)

Method

• Prepare a combination of SX and MF (ratio of 50:220 by weight) with or without 
other pharmaceutical excipients (lactose, mannitol, trehalose, or glycine) (1:1 
molar ratio) in a co-solvent mixture of tertiary butanol, 1,4-dioxane, acetonitrile 
and purified water (2:1:3:3, v/v)

• Apply the solution to a rotating cryogenically cooled steel surface of the thin film 
apparatus (−90 ± 3 °C)

• Remove thin frozen films using a scraper
• Collect and maintain the frozen samples in a container filled with liquid nitrogen
• Lyophilize samples in a freeze dryer
• Collect dry powders and store in a vacuum desiccator at room temperature
• Prepare the micronized physical blends of SX, MF and excipients, in the same 

ratio as used in the TFF formulations for comparison

Results

• The TFF product of neat SX crystallized during the lyophilization process.
• The Brittle matrix powder (BMP) of co-deposition was successfully formulated 

using the TFF technology.
• DSC thermograms and PXRD patterns agreed in the presence of the co-amor-

phous state of the BMP combination formulations.
• BMP fixed dose combinations exhibited a sponge-like matrix consisting of large 

porous, homogeneous and brittle particles. In contrast, the micronized drug 
physical mixtures were not homogeneous.

• The specific surface area of the BMP was approximately 30-fold greater than 
that of the micronized formulations. 
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• Figure 11.16 showed the sorption and desorption isotherms of the BMP fixed- 
dose combinations using DVS. The BPM of lactose and trehalose based 
formulations were hygroscopic matrix. On the other hand, the mannitol and 
glycine based formulations were non-hygroscopic.

• Aerosolized BMP combination formulations exhibited the co-deposition of each 
drug and the uniformity of the delivered dose.

• About 50 % of the loaded dose from the excipient-free BMP was delivered in the 
respirable range.

• This formulation was stable in an amorphous state at ambient conditions up to 6 
months.

• After the single dose administration, the pharmacokinetic study in the lung 
exhibited that the concentration of drugs from the BMP formulation was much 
higher than that of the crystalline physical mixture (Fig. 11.17).

The TFF formulation of neat SX was not able to maintain its amorphous mor-
phology during lyophilization as it had a low Tg. The absence of melting peaks of 
drugs, the single Tg(s) and the re-crystallization peak in the BMP formulations 
confirmed the formation of the drug-drug homogeneous amorphous phase. One 
drug was dissolved in the other drug (or the excipients). The co-amorphous solids 
improved solubility, stability and drug concentration. Hence, to retain these 
improvements, the formulations must withstand a propensity for recrystallization. 
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Fig. 11.16 Sorption (solid line) and desorption (dashed line) isotherms of BMP formulations; 
(square) BMP SXMF, (diamond) BMP SXMFLac, (triangle) BMP SXMFMan, (cross symbol) 
BMP SXMFGly and (circle) SXMFTre after the full cycle of 0 % RH to 90 % RH. Reproduced 
from Liu et al. (2015) with permission from Elsevier
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Stability study exhibited no changes in amorphous state of the most BMP samples 
after 6 months at ambient condition. The formulations with higher Tg(s) had lower 
molecular movement which can reduce crystallization. Likewise, the hygroscopic 
formulations supposed to be less stable in co-amorphous BMP formulations. FPFs 
of the formulations with non-hygroscopic excipients or without excipient were 
higher than the hygroscopic powders. Owing to the stability and aerodynamic per-
formance, the formulation without excipient was selected for the in vivo study. 
Pharmacokinetic data, the absorption rate and plasma AUC0–24h, of both drugs from 
TFF formulations were significantly higher than those of the micronized powders 
due to the higher dissolution and absorption. However, the enhancement of absorp-
tion resulted in the higher drug  concentration. Hence, the adverse effect should be 
taken into account.

Fig. 11.17 In vivo pharmacokinetic study of SX and MF in (a) plasma, (b) lung tissue following 
dry powder insufflation; (square) BMP SXMF formulation and (circle) micronized SXMF 
formulation (n = 3). The plot for lung tissue was normalized with respect to the target delivered SX 
and MF dose of 450 μg/kg and 1980 μg/kg, respectively. Reproduced from Liu et al. 2015 with 
permission from Elsevier
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Chapter 12
Precipitation Technologies for Nanoparticle 
Production

Julien Maincent and Robert O. Williams III

Abstract Precipitation technologies have been widely studied for nanoparticle pro-
duction because they provide more control over particle size, shape, and morphology 
as compared to mechanical processes, such as milling and homogenization. Several 
precipitation processes are discussed in this chapter, with special attention to experi-
mental parameters and typical particle attributes. The chapter also touches on novel 
nanoparticle recovery techniques that may be coupled with precipitation processes 
to enable these precipitation technologies to be scaled for commercial applications. 
The current authors would like to thank and acknowledge the significant contribu-
tion of the previous authors of this chapter from the first edition. This current second 
edition chapter is a revision and update of the original authors’ work.

Keywords Milling • Homogenization • Phase separation • Supersaturation • 
Equilibrium • Compressed fluids • Supercritical fluids (SCF) • Gaseous antisolvent 
(GAS) • Ultrasonic dispersion devices • Rapid expansion of supercritical solutions 
(RESS) • Evaporative precipitation into aqueous solution (EPAS) • Controlled 
precipitation (CP) • Floc • Microprecipitated bulk powder (MBP)

12.1  Introduction

It has been reported that 40 % or more of newly discovered drug candidates are 
poorly water soluble, often resulting in poor and/or erratic bioavailability (Lipinski 
2001, 2002). Consequently, the majority of poorly water-soluble drugs fail to reach 
the market because their absorption into the body is limited by their slow dissolution 
rates in bodily fluids (Gardner et al. 2004; Rabinow 2004; Kipp 2004; Crison 2000). 
Traditional approaches to improving drug dissolution rates have focused on 
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increasing the drug’s solubility, often utilizing solubilizing excipients (CREMPHOR 
EL1 (polyethoxylated castor oil) is added to TAXOL),2 complexing agents 
(cyclodextrins and polyethylene glycols), or cosolvents (ethanol–water solvent 
mixtures) (Rabinow 2004; Kipp 2004; Muller et al. 2001). However, the success of 
these approaches has been limited due to the large quantities of excipients required 
to achieve sufficient solubilities, which increase the likelihood of adverse side 
effects in patients and limits drug loading (Rabinow 2004; Kipp 2004; Muller et al. 
2001). For example, the marketed product SPORANOX IV3 requires 400 mg of 
2-hydroxypropyl-β-cyclodextrin to solubilize 10 mg of the active ingredient, 
itraconazole (Sporanox Package Insert). Similar limitations impact the utilization of 
lipid-based formulations, which employ liposomes and emulsions to address 
solubility issues (Rabinow 2004). Solubilization of drugs using lipid-based methods 
leads to drug loadings well below 50 % w/w (Matteucci et al. 2006) and often below 
~10 % w/w, especially for high-melting-point compounds, thus restricting their use 
in high-dose formulations (Rabinow 2004; Kipp 2004; Muller et al. 2001). 
Consequently, only a small number of commercialized pharmaceutical products are 
based on these strategies (Muller et al. 2001).

An alternative approach to enhancing the dissolution rates of poorly water- 
soluble drugs has been to formulate the drugs as nanoparticles, loosely defined in 
the pharmaceutical industry as structures with a diameter less than 1 μm. According 
to the Noyes–Whitney equation, which is based on Fick’s first law of diffusion, 
dissolution rates of drug particles may be enhanced by increasing the drug’s 
solubility in aqueous media (CEq) and/or by reducing particle size, which increases 
the surface area for adsorption (A) and decreases the boundary layer thickness (h) 
(Noyes and Whitney 1897):
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¶

= -( )M

t
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C CEq Bulk ,

 
(12.1)

where M is the mass of undissolved drug, t is the time, D is the average diffusion 
coefficient, and CBulk is the drug concentration in the bulk solution. Nanoparticle 
formulations offer several advantages over lipid-based solubilization methods for 
improving drug dissolution rates. Unlike lipid-based techniques, particle formation 
processes are more amenable to compounds that have low solubility in both water 
and oils, which is often the case for high-energy crystals (Rabinow 2004). 
Additionally, by circumventing the need to deliver a dissolved compound, the drug’s 
preferred crystalline state may be preserved during delivery and storage (Rabinow 
2004). Furthermore, solid nanoparticles facilitate higher drug loadings than solubi-
lized formulations, which is crucial for high-dose compounds.

Nanoparticles may be produced by top-down or bottom-up approaches. Top- 
down approaches refer to mechanical processes, such as milling and homogenization, 

1  CREMPHOR EL is a registered trademark of BASF Corporation.
2  TAXOL (paclitaxel) is a registered trademark of Bristol-Myers Squibb Company.
3  SPORANOX IV is a registered trademark of Janssen Pharmaceutical Products, LP.
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and use high-impact forces to break large particles into smaller particles. Particles 
with median diameters of 300–400 nm are commonly produced by these methods, 
and particles smaller than 200 nm have been reported for the poorly water-soluble 
drugs danazol (average particle diameter of 169 nm) (Liversidge and Cundy 1995) 
and atovaquone (average particle diameter of 100 nm) (Dearn 1994; Westesen and 
Siekmann 1998) using top-down methods. However, the high-energy inputs required 
to achieve these levels of size reduction may subject the drug to chemical degradation, 
often through thermal degradation, due to the considerable amount of heat that is 
often generated during milling and homogenization processes (Jacobs et al. 2000; 
Liversidge et al. 2003; Muller and Bohm 1997). These high-energy methods are 
also prone to producing partially amorphous drug domains, complicating control of 
crystalline morphology, and thus drug stability (Chan and Chew 2003). Moreover, 
these methods often require lengthy processing times, risk contamination with 
impurities, and are subject to low process yields (Muller et al. 2001). In contrast, 
bottom-up approaches refer to solution-based precipitation techniques that induce 
phase separation of the drug (originally in solution) from the solvent. Precipitation 
is driven by a deviation from phase equilibrium conditions, where typical 
supersaturation driving forces are gradients in concentration or temperature. This 
chapter will focus on precipitation processes where supersaturation of a drug 
solution produces nucleation and growth under controlled conditions to influence 
particle formation. Supersaturation, S, is defined as the solute concentration (Cdrug) 
relative to that under equilibrium conditions (S = Cdrug/Ceq). Freezing-induced 
nanoparticle precipitation methods (based on a thermal driving force) are discussed 
in detail in review articles by Overhoff et al. (2007a, 2009).

In non-freezing-based precipitation techniques, the poorly water-soluble drug is 
typically dissolved in a solvent and precipitation of the drug is initiated by a 
reduction in solvent power, by either addition of an antisolvent or solvent evaporation. 
A reduction in solvent powder leads to supersaturation of the drug and drives 
nucleation of drug particles. Once nucleation occurs, the particles grow by 
condensation, in which dissolved drug molecules diffuse to the particle surface and 
integrate into a solid particle, and/or by coagulation, where multiple particles collide 
and aggregate to form larger particles (Fig. 12.1) (Weber and Thies 2002). Stabilizers 
may be added to the system to arrest particle growth.

Particle nucleation and growth are competing processes. The degree of 
supersaturation, S, significantly impacts nucleation rates, as seen in the equation 
describing primary nucleation rate, B0 (Sohnel and Garside 1992)
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where γ is the interfacial tension, VM is the molar volume, NA is Avogadro’s number, R 
is the ideal gas law constant, and T is the temperature. According to (12.2), nucleation 
rates increase as the degree of supersaturation increases. However, supersaturation lev-
els decrease as particles grow by condensation, due to a reduction in the solute mass in 
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solution. Hence, condensation competes with nucleation. Furthermore, coagulation 
competes with condensation by reducing the total number of particles, and thus surface 
area, in the system (Matteucci et al. 2006). Therefore, final particle properties, includ-
ing size distribution and morphology, are heavily impacted by the processing parame-
ters that influence nucleation and growth rates (e.g., solvent choice, stabilizer selection, 
and mixing rates). Rapid generation of supersaturation over a narrow time interval 
facilitates more narrow PSDs. Therefore, faster nucleation rates, relative to growth, 
favor the production of uniformly smaller particles.

Relative to top-down approaches (milling and homogenization processes), pre-
cipitation technologies are typically more controlled, in terms of consistently pro-
ducing particles with similar morphologies, and offer the ability to achieve higher 
drug loadings (Matteucci et al. 2006, 2007; Overhoff et al. 2007a, b; Engstrom et al. 
2007, 2008; Rasenack and Muller 2002; Rogers et al. 2004; Shoyele and Cawthorne 
2006; Vaughn et al. 2005; Young et al. 2000). Precipitation processes are often eas-
ier to scale-up and require less particle handling than milling and homogenization 
operations, resulting in higher process yields and lower impurity risks, as well as 
simplified cleaning and sterilization procedures (Rogers et al. 2001a). Additionally, 
precipitation technologies may be operated as continuous or semicontinuous pro-
cesses, whereas milling and homogenization operations are batch processes (Rogers 
et al. 2001a). This chapter will focus on several different approaches to nanoparticle 
precipitation that are relevant to pharmaceutical drug development, highlighting 
key advances and important processing parameters for various active pharmaceuti-
cal ingredients (API). Precipitation processes utilizing compressed or supercritical 
fluids, as well as aqueous media, as antisolvents, will be summarized. Furthermore, 
novel modifications to conventional precipitation processes will be discussed, in 
addition to several techniques that have been used to harvest the resultant nanopar-
ticles after precipitation, including flocculation-based processes.

Fig. 12.1 Mechanism of precipitation. Adapted from Weber and Thies (2002)
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12.2  Precipitation Processes Utilizing Compressed  
or Supercritical Fluids

Compressed fluid and supercritical fluid (SCF) antisolvent precipitation processes 
offer several advantages over more conventional liquid antisolvent processes. The 
antisolvent may be completely removed via pressure reduction to the gaseous phase, 
resulting in improved product purities and reduced environmental and toxicity 
concerns. A SCF is a fluid that has been compressed beyond its critical pressure (Pc) 
or heated above its critical temperature (Tc). An important feature of SCFs is that 
their densities can change significantly with small changes in pressure. These 
density changes give rise to variations in diffusivity and viscosity, as well as the 
solubility of other solvents and small solutes. Typical diffusivities of SCFs are on 
the order of 10–3 cm2/s (~100 times greater than that for liquids) and their viscosities 
are on the order of 10–4 g/cm/s (~100 times lower than that for liquids). These 
favorable mass transfer properties facilitate rapid diffusion of the SCF antisolvent 
into a liquid solvent, which enables rapid supersaturation and nucleation, thus 
favoring the production of small particles.

Several commonly used SCFs are listed in Table 12.1 (Sekhon 2010). Of these 
fluids, carbon dioxide (CO2) is the most prevalently used in pharmaceutical 
applications because it is inexpensive, nonflammable, and nontoxic. Figure 12.2 
shows how small changes in pressure and temperature result in significant changes 
in the density of CO2, which in turn, largely affects the solubility of small molecules 
in CO2 (Fig. 12.3). The density of CO2, as a function of pressure (P) and tempera-
ture (T), may be obtained from the NIST Standard Reference Database (http://web-
book.nist.gov) or calculated as follows (Jouyban et al. 2002):

Table 12.1 Critical constants for select supercritical fluids (SCF)

SCF Tc (°C)
Pc 
(bar) Safety hazard

Trifluoromethane (fluoroform) 25.9 47.5

Chlorotrifluoromethane 28.9 39.2

Ethane 32.3 48.8 Flammable gas

Carbon dioxide 31.1 73.7

Dinitrogen monoxide (laughing gas) 36.5 72.6 May enhance combustion of other 
substances

Sulfur hexafluoride 45.5 37.6

Chlorodifluoromethane (HCFC 22; 
R22)

96.4 49.1 Combustible under certain 
conditions

Propane 96.8 43.0 Extremely flammable

Ammonia 132.4 112.7 Flammable and toxic

Trichlorofluoromethane (CFC 11; R11) 198.0 44.1

Water 374.0 220.5

Adapted from Gupta (2006)

12 Precipitation Technologies for Nanoparticle Production
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Fig. 12.2 Dependency of CO2 density on pressure and temperature. Data from NIST Standard 
Reference Database (http://webbook.nist.gov/chemistry)

Fig. 12.3 Solubility of several drug compounds in CO2 at varying pressures and temperatures. 
Data adapted from Gupta (2006)
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where rCO2
 is in moles/mL, T is in Kelvin, and P is in bars.

In addition to CO2 density, a drug’s solubility in supercritical CO2 (scCO2) is 
dependent upon the drug’s vapor pressure and drug–CO2 interaction. The following 
empirical correlation for drug solubility in CO2 was developed by Mendez-Santiago 
and Teja (1999):
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where γ2 is in μmol/mol, P is in bars, T is in Kelvin, ρ1 is the CO2 density in mols/
mL, and the constants A, B, and C are empirical constants (values for various drug 
molecules are listed in Table 12.2). Accurate knowledge of a drug’s solubility in 
CO2 is necessary to reliably produce adequate process yields.

SCF precipitation techniques fall into three major categories (1) gas antisolvent 
precipitation (GAS), (2) precipitation with a compressed antisolvent (PCA), and (3) 
rapid expansion from supercritical solutions (RESS). PCA processes are also 
commonly referred to as aerosol solvent extraction system (ASES), solution- 
enhanced dispersion by supercritical fluids (SEDS), and supercritical antisolvent 
(SAS). The differences between these different precipitation techniques are 
discussed in the following sections of this chapter.

12.2.1  Precipitation with a Gaseous Antisolvent (GAS)

GAS precipitation is a batch process, in which the SCF antisolvent, often CO2, is 
added to an organic solution containing dissolved API. Typical operating pressures 
for this process are 5–8 MPa, in the range where CO2 is highly soluble in most 
organic solvents (Martin and Cocero 2008). As the CO2 dissolves into the solute- 
rich liquid phase, the solvent strength decreases. Consequently, the API’s solubility 
in the solvent decreases which generates supersaturation of the API and promotes 
nucleation and precipitation. In some cases, additional excipients may also be 
dissolved in the organic drug solution to precipitate the API within an excipient 
matrix. In order to induce rapid drug nucleation, which favors the production of 
small particles, CO2 must be readily soluble in the organic solvent and the API must 
have low solubility in CO2. Excessive solubility of the API in CO2 would facilitate 
particle growth. Under optimal operating conditions, CO2’s high solubility and 
favorable transport properties in the organic solvent facilitate homogenous 
supersaturation conditions more rapidly than can be achieved using liquid 
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Table 12.2 Values of empirical constants used to determine drug solubility in CO2 using (12.4)

Drug A B C

7-Azaindole −8412 87,110 20.66

Behenic acid −4473 61,240 6.8

Biphenyl −10,200 132,800 25.75

Brassylic acid −10,860 146,100 21.01

Capsaisin −7172 70,830 19.54

Cholecalciferol −9784 172,500 18.42

Diphenylamine −18,720 397,100 33.4

Eicosanoic acid −15,990 161,600 36.97

1-Eicosanol −14,530 122,500 36.15

Endrin −9912 167,800 20.29

Ergocalciferol −1092 173,500 21.51

Flavone −11,430 110,100 27.38

d(−)-Fructose −871.2 10,740 −4.29

d(+)-Glucose 847.1 2471 −9.12

3-Hydroxyflavone −9746 81,530 21.31

Ketoprofen −12,090 157,500 24.72

Medroxyprogesterone acetate −10,270 186,100 17.77

Methoxychlor −12,670 184,100 27.38

Monocrotaline −10,440 8057 20.28

Mystiric acid −17,250 173,100 44.84

Naproxen −9723 122,900 18.11

Narasin −8529 124,900 13.86

Nifedipine −10,020 168,500 15.92

Nimesulide −13,820 186,900 28.14

Nitrendipine −9546 151,400 15.91

Octacosane −19,860 123,000 52.555

1-Octadecanol −17,290 141,000 45.32

Palmityl behenate −8378 59,180 18.44

Penicillin V −6459 73,730 13.29

Phenylacetic acid −13,730 14,450 35.78

Piroxicam −10,560 18,130 17.57

Progesterone −12,090 21,040 23.43

t-Retinol −8717 168,900 16.6

Salinomycin −18,990 185,500 42.05

Stigmasterol −13,010 169,000 25.23

Testosterone −14,330 238,300 26.42

Theobromine −7443 114,000 8.31

Theophylline −6957 94 760

Triacontane −22,965 199,800 57.22

Trioctylphosphine oxide −9378 211,900 17.65

Vanillin −7334 136,500 14.53

Data from Gupta (2006)
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antisolvents. When precipitation is complete, the CO2–organic solvent solution is 
flushed from the system and the precipitate, i.e., the drug powder, remains in the 
precipitation vessel. The drug powder may then be washed with fresh CO2 to remove 
excess organic solvent. A schematic of the GAS precipitation system is shown in 
Fig. 12.4. The primary drawback of the GAS precipitation process is the difficulty 
in harvesting the precipitate drug particles from the organic solvent solution while 
minimizing particle growth and agglomeration. Furthermore, in cases where ele-
vated temperatures are need to sufficiently expand the SCF into the organic solvent, 
thermal degradation of the API may occur.

Because GAS precipitation is driven by the antisolvent capabilities of CO2 in 
the organic solution, appropriate processing conditions may be selected based on 
optimizing thermodynamic criteria, specifically by understanding the volumetric 
expansion of the organic solvent due to CO2 solubilization, and thus solubility of 
the solute in the solvent–CO2 mixture. In a study by de la Fuente et al., volumet-
ric expansion of the organic solvent was correlated to the difference between the 
partial molar volumes (v) of the organic solvent under operating conditions ver-
sus atmospheric pressure, as shown in the following equation (de la Fuente 
Badilla et al. 2000):
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where T is the operating system’s temperature, P0 is the atmospheric pressure, and 
v0 is the partial molar volume at the operating system’s temperature and atmospheric 
pressure. Studies have shown that (12.5) adequately predicts drug solubilities in a 
solvent–CO2 solution for naphthalene and phenanthrene in a toluene–CO2 system, 
and thus is capable of predicting their success in forming satisfactory particles by 

CO2 pump
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Solvent
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Fig. 12.4 Schematic of GAS process. Schematic adapted from Martin and Cocero (2008)
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GAS precipitation (Fig. 12.5) (Martin and Cocero 2008; de la Fuente Badilla et al. 
2000; de la Fuente et al. 2004). The likelihood of a specific solute to successfully 
form small, uniform particles by GAS precipitation is indicated by a steep decrease 
in its solubility at some CO2 concentration. More specifically, a high sensitivity of 
the solute’s solubility to CO2 concentration indicates that precipitation will occur 
rapidly and homogenously once a critical concentration is reached. On the other 
hand, systems that demonstrate only a slow decrease in solubility as CO2 
concentration is increased will likely not yield small, uniform particles, as 
precipitation will take place continuously as CO2 is fed into the precipitation vessel. 
de la Fuente et al. hypothesized that optimum GAS precipitation conditions exist at 
the minimum of the solvent’s volumetric expansion curve, as defined in (12.5). 
According to Fig. 12.5, naphthalene was predicted to be successfully precipitated 
using the GAS technique while phenanthrene was not (de la Fuente Badilla et al. 
2000). This model has also been verified experimentally for a salicylic acid–propa-
nol–CO2 system (Shariati and Peters 2002).

Typical particle sizes of poorly water-soluble drugs prepared by GAS precipi-
tation are on the order of 1–10 μm (Martin and Cocero 2008), although submicron 
particle sizes have been achieved in some cases (Turk 2009). GAS precipitation 
processes have also been reported to be successfully scaled from a 300-mL to 1-L 
batch size (Muhrer et al. 2003; Muhrer and Mazzotti 2003). However, when pro-
cesses are scaled to larger volumes, a stirrer was needed to improve mixing 
between the organic solvent and CO2 (Martin and Cocero 2008). Key process 
parameters that control final particle size and morphology include the pressure 
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Fig. 12.5 Relative volumetric expansion of toluene, defined as the difference between the partial 
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and temperature of the precipitation process, solvent selection, and the CO2 addi-
tion rate to the organic solution (Muhrer et al. 2003; Fusaro et al. 2004; 
Subramaniam et al. 1997; Mueller et al. 2000). As mentioned previously, changes 
in pressure and temperature largely influence the mass transfer properties of CO2. 
Solvent selection and the rate of CO2 addition affect supersaturation levels and, 
thus, nucleation and crystallization rates. In a study by Muller et al., GAS precipi-
tation of a proprietary poorly water-soluble drug yielded amorphous spheres 
when precipitated from ethanol, whereas a crystalline form was obtained when 
acetone or acetonitrile was chosen as the solvent, even though all other operating 
conditions were identical (Mueller et al. 2000). Likewise, an amorphous solid 
dispersion of oridonin stabilized with PVP K17 exhibiting a dramatic increase in 
bioavailability was obtained from ethanol solution (Li et al. 2011). Additional 
studies by Muller et al. reported that the average particle size of their proprietary 
poorly water-soluble drug, when precipitated from an ethanol solution, could be 
reproducibly adjusted to sizes between ~200 nm and 10 μm by varying the addi-
tion rate of CO2 over two orders of magnitude (Muhrer et al. 2003; Mueller et al. 
2000). The CO2 addition rate (QA) was defined as the ratio between the CO2 flow 
rate and the initial volume of organic solution, in order to normalize for different 
batch sizes. Moreover, the particle-size distribution (PSD) was unimodal for 
“slow” (QA ≤ 0.04 min–1) and “fast” (QA ≥ 1.54 min–1) CO2 addition rates, but was 
bimodal for “intermediate” addition rates (0.1 ≤ QA ≤ 0.5 min–1) (Muhrer et al. 
2003). In another example where paracetamol (aqueous solubility ~12 mg/mL) 
was precipitated from an acetone solution by GAS, the mean particle size 
decreased threefold (250–87 μm) with an increase in QA by a factor of three (0.1–
3.33 min–1) (Fusaro et al. 2004). Similarly, nanoparticles of 5-fluorouracil precipi-
tated from dimethylsulfoxide was highly dependent on the processing variables 
such as anti-solvent addition rate, pressure, temperature, and solution concentra-
tion (Esfandiari and Ghoreishi 2013a, b). In contrast, GAS precipitation of lyso-
zyme from dimethyl sulfoxide (DMSO) did not demonstrate a significant change 
in particle size with varying CO2 addition rates (Muhrer and Mazzotti 2003). 
Additionally, for the studies using paracetamol and lysozyme, a unimodal PSD 
was obtained regardless of QA, which was varied from “slow” to “fast” (Fusaro 
et al. 2004; Muhrer and Mazzotti 2003).

In light of these conflicting reports relating experimental parameters to final 
particle properties, a better understanding of the GAS process, specifically the 
sensitivity of CO2 addition rates on resultant particle size, has been sought through 
the development of theoretical models to describe the GAS process. Muhrer et al. 
presented a model that couples population balance theory with thermodynamic 
equilibrium to relate nucleation rates to final particle size (Muhrer et al. 2002). 
Solution thermodynamics and particle formation and growth are accounted in the 
model based on assumptions of isothermal conditions and instantaneous vapor–
liquid phase equilibrium upon addition of the antisolvent, thus neglecting any 
mass transfer resistance. Particle growth, however, is described by an empirical 
correlation, which does not discern between the different mechanisms of conden-
sation and coagulation (Martin and Cocero 2008; Dodds et al. 2007). In a study 
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recently published by Kikic et al., the impact of the organic solvent selection, the 
ratio of CO2/solution and pressure on drug solubility was estimated using Peng- 
Robinson’s equation of state. Ternary diagrams were obtained enabling an initial 
screening for optimal processing conditions. These estimations are also valid for 
the SAS process detailed in the following Sect. 12.2.2 (Kikic et al. 2010).

In the Muhrer et al. model, systems in which primary nucleation (generation 
of nuclei resulting from supersaturation, in the absence of drug crystals) is domi-
nant to secondary nucleation (occurs in the presence of existing drug crystals) 
tend to be more susceptible to variations in CO2 addition rates. Therefore, in 
systems dominated by primary nucleation, average particle sizes and PSDs may 
be tuned by controlling CO2 addition rates. An increase in QA elevates supersatu-
ration levels, facilitating higher nucleation rates and thus promoting the forma-
tion of more nuclei, which results in a larger population of smaller particles. The 
relationship, as determined by Muhrer’s model (Muhrer et al. 2002), between 
supersaturation ratio, S, and average particle size, as a function of QA, is illus-
trated in Fig. 12.6. The supersaturation ratio was calculated as the ratio of the 
fugacity of the solute in the liquid phase to the fugacity of the pure solid. 
Muhrer’s model also demonstrated that in cases where secondary nucleation is 
dominant, the mean particle size is largely unaffected by changes in the rate of 
CO2 addition, whereas systems with intermediate secondary nucleation rates 
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were predicted to be moderately affected by variations in QA and possessed 
bimodal distributions. Good quantitative agreement with this model was obtained 
in two studies where phenanthrene was micronized using GAS precipitation 
(Muhrer et al. 2002; Bakhbakhi et al. 2005). However, because this model was 
developed primarily to explain the effect of QA on final particle size, minor devi-
ations between the model and experimental results were observed when examin-
ing the role of initial drug concentration on particle size for a poorly water-soluble 
drug–ethanol–CO2 system. The discrepancies were attributed to the fact that the 
model neglects mass-transfer resistances, and thus did not account for the 
increasing viscosity of the organic solution due to higher drug concentration. In 
response, Elvassore proposed a population balance model that accounted for par-
ticle nucleation, growth, aggregation, as well as settling, where nucleation and 
growth were described by the McCabe model (Elvassore et al. 2003, 2004). The 
model was validated with experimental measurements for the GAS precipitation 
of poly(l- lactide) acid (PLLA). While a good correlation was achieved, several 
model parameters could not be experimentally determined and were assumed in 
order to fit the model to the experimental data. The results of this model indi-
cated that aggregation rates should not be neglected and that they strongly influ-
ence the attainment of unimodal (low aggregation rates) versus bimodal (high 
aggregation rates) distributions, in contrast to Muhrer’s model which did not 
account for aggregation rates. Dodds et al. developed another model that used 
solution thermodynamics and crystallization kinetics to examine particle growth 
in GAS processes (Dodds et al. 2007). The Dodds et al. model showed good 
agreement with experimental results for GAS precipitation of naphthalene, phen-
anthrene, cholesterol, and beclomethasone dipropionate (Dodds et al. 2007). In a 
recent study by Esfandiari et al., mathematical modeling of the GAS process was 
used to determine nucleation and growth rate parameters. The model was vali-
dated by comparison with experimental data and was successful in predicting 
particle size distribution (Esfandiari and Ghoreishi 2013a, b). Also, Erriguible 
et al. published an approach to model a case of co-crystallization with naproxen 
and nicotinamide as co-former. Their modeling accounted for the liquid vapor 
equilibrium and its impact on solubility of naproxen and nicotinamide, and also 
the nucleation and growth of the co-crystal. The experimental size distribution 
was in agreement with the one predicted (Erriguible et al. 2015). While all of the 
models contributed to an enhanced understanding of the underlying mechanisms 
driving GAS precipitation, further validation is required to understand their 
applicability to additional drug–solvent systems. It should be noted that predict-
ing physical properties of particles produced by GAS precipitation has not been 
trivial and currently appears to be highly dependent on a specific system due to 
the complexities that arise from multiple interactions within the system (drug–
solvent, solvent–CO2, and drug–solvent/CO2 solution). It is also important to 
note that GAS precipitation generally does not produce nanoparticles, as it is 
typically limited by the mixing and thus nucleation rates that can be achieved in 
this system.
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12.2.2  Precipitation with a Compressed Liquid or Supercritical 
Fluid (PCA, ASES, SEDS, and SAS)

The physical properties of drug powders produced by precipitation methods are 
greatly influenced by the process arrangement. In contrast to GAS precipitation, the 
PCA process atomizes the drug solution into the SCF antisolvent. In PCA, the 
organic solution containing the API is atomized into a vessel that has been 
pressurized with the compressed liquid or SCF, often CO2. Unlike the batch GAS 
process, PCA is a semicontinuous technique because the scCO2 is continuously fed 
throughout the atomization process to promote more rapid mixing with the organic 
solvent. Upon removal of the residual solvent, the pressure in the vessel is reduced 
to atmospheric pressure and the drug particles are collected by a filter at the bottom 
of the vessel. Similar to the GAS process, additional excipients may also be dis-
solved in the organic drug solution to produce composite API/excipient particles. A 
schematic of the PCA system is shown in Fig. 12.7. The PCA process typically 
operates at 9–15 MPa, slightly higher than GAS processes, in order to achieve 
higher supersaturation values and sufficient mixing between the CO2 and organic 
solution feed streams (Martin and Cocero 2008).

Atomization of the drug–CO2 solution into the antisolvent, as opposed to bub-
bling the CO2 solution, facilitates more rapid mass transfer between the drug solu-
tion and the antisolvent, which makes the PCA process more conducive to the 
production of smaller particles compared to GAS precipitation. (Rogers et al. 2001a; 
Martin and Cocero 2008; Fusaro et al. 2004) The high surface area of atomized 
droplets increases the area of intimate contact between the drug solution and the 
antisolvent to facilitate mixing, thus promoting rapid supersaturation and precipita-
tion. Upon atomization, the organic solvent diffuses into the CO2 phase and the CO2 
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Fig. 12.7 Schematic of PCA process. Reprinted with permission from Martin and Cocero (2008). 
Copyright 2008 with permission from Elsevier
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diffuses into the organic droplets, resulting in a more efficient, bidirectional mass 
transfer of CO2 and organic phase, in contrast to the unidirectional mass transfer in 
GAS precipitation (Rogers et al. 2001a; Martin and Cocero 2008).

The mass-transfer efficiency between the CO2 and organic solvent phase may be 
further increased by adjusting operating parameters of the PCA process, including 
increasing the miscibility between the solvent and CO2 or by tuning the degree of 
atomization of the organic solution into the CO2 phase. Increased miscibility 
between the solvent and CO2 and more intense atomization, which yields higher 
surface area droplets, enhance mass-transfer efficiency (Rogers et al. 2001a; Fusaro 
et al. 2004). For systems in which the solvent and CO2 are fully miscible (supercritical 
conditions), experimental parameters that affect mixing rates between the solvent 
and CO2 streams, such as degree of atomization, are less likely to influence 
precipitation results for some nozzle designs, thus suggesting that mixing rates 
between the solvent and CO2 are faster than precipitation rates (Reverchon et al. 
2003a, b, 2007). However, for systems where solvent and antisolvent are only 
partially miscible (subcritical conditions), mixing parameters significantly influence 
precipitation results. Furthermore, changes in particle morphology, as well as an 
increased propensity for particle agglomeration, are frequently observed at 
subcritical conditions, indicating that mixing of the CO2 and solvent is not complete 
and occurs simultaneously with precipitation during droplet formation (Martin and 
Cocero 2008). An increase in atomization intensity facilitates solvent–CO2 mixing 
during droplet formation. For subcritical conditions, the degree of atomization may 
be quantified by the Weber number, NWe, a dimensionless ratio of inertial to surface 
tension forces, which is given by

 
N v DWe A drop= ( )r s2 / ,

 
(12.6)

where ρA is the antisolvent density, v is the relative velocity, Ddrop is the droplet 
diameter, and σ is the interfacial tension. Higher-intensity atomization is 
characterized by larger NWe values for a given Reynolds number (Re) (Lengsfeld 
et al. 2000). However, for supercritical conditions, the surface tension of the organic 
solvent decreases to zero over a distance shorter than that of characteristic jet 
break-up lengths, calculated based on classic jet break-up theory (Lengsfeld et al. 
2000). Thus, distinct droplets do not form and the solvent stream forms more of a 
gaseous plume (Bristow et al. 2001). Therefore, atomization for miscible fluids 
were analyzed using gaseous mixing theory and mixing rates, using mixing length 
scales for turbulent mixing (Shekunov et al. 1999; Jarmer et al. 2003).

Atomization intensity may be increased using ultrasonic dispersion devices, 
coaxial nozzles, or two-component jet nozzles to enhance the interaction between 
the solvent and antisolvent in a mixing chamber prior to atomization. Schematics of 
different nozzle types are shown in Fig. 12.8. Ultrasonic dispersion devices vibrate 
at an ultrasonic frequency to enhance mass-transfer efficiency by increasing mixing 
rates between the solvent and antisolvent, as well as to atomize the feed solution 
into smaller droplets. Final particle sizes may be tuned by controlling vibration 
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intensity of the dispersion device. For coaxial (or two-fluid) nozzles (Fig. 12.8a), 
the organic drug solution is fed through one axis and the scCO2 is fed through the 
other. As the two feeds meet, intense mixing of the two streams facilitates rapid 
nucleation and particle precipitation upon atomization from the nozzle. Primary 
particle sizes may be controlled by adjusting the relative velocities of the two 
streams, which regulates the intensity of mixing between the solvent and antisolvent 
phase. Several configurations for coaxial nozzles have been utilized, with optimal 
designs heavily dependent on the particular drug system. In some cases, a 
converging–diverging nozzle is employed to rapidly disperse the liquid feed during 
atomization to facilitate nanoparticle production (Fig. 12.8b). In two-component jet 
nozzles, the antisolvent is introduced at a sharp angle into the mixing chamber to 
enhance turbulence of the fluids during mixing (Fig. 12.8c, d). Studies have shown 
that turbulent mixing of the solvent and antisolvent greatly impacts supersaturation 
homogeneity, allowing for more control of the PSD during PCA by tuning 
precipitation kinetics (nucleation and growth rates) (Jarmer et al. 2003). Primary 
particle sizes ranging from 200 to 1000 nm for poorly water-soluble drugs, and as 
low as 50 nm for water-soluble molecules, have been achieved using these 
technologies (Table 12.3) (Gupta 2006).

Scalability of the PCA technology has been demonstrated for the produc-
tion of paracetamol particles at laboratory scales (1–8 × 10–4 kg/s CO2 + eth-
anol + paracetamol flowrates) to small manufacturing plant scales 
(0.9–1.5 × 10–2 kg/s CO2 + ethanol + paracetamol flowrates) (Baldyga et al. 2010). In 
terms of batch sizes, 1 kg nanoparticles/day have been produced at pilot plant scale 
using PCA (Gupta 2006). However, it is important to note that strategies for scaling 
up PCA processes differ when operating under subcritical or supercritical regimes. 
Subcritical operating conditions exhibit higher sensitivities to certain parameters, 
such as nozzle design. PCA precipitation of PLLA at both laboratory and pilot 
plant scales, under conditions of partial solubility of CO2 in the solvent, was heav-
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Fig. 12.8 Schematics of different nozzles used in SCF precipitation processes: (a) coaxial nozzle 
(Okamoto and Danjo 2008), (b) coaxial nozzle with a converging–diverging annulus (Fusaro et al. 
2005), and (c, d) two configurations for a two-component jet nozzle (Fusaro et al. 2005; Jarmer 
et al. 2003). Reprinted with permission from Okamoto and Danjo (2008) (Copyright 2008 with 
permission from Elsevier), Fusaro et al. (2005) (Copyright 2005 American Chemical Society), and 
Jarmer et al. (2003) (Copyright 2003 with permission from Elsevier)
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Table 12.3 Drug nanoparticles produced by PCA

Drug Solvent
P 
(bar) T (K)

Atomization 
conditions

Particle 
size (nm)

Albumin (Bustami 
et al. 2000)

Water/ethanol N/A N/A Coaxial nozzle 50–500

Amoxicillin 
(Reverchon et al. 
2000, 2003b; 
Reverchon and Della 
Porta 1999)

N-Methylpyrrolidone 150 313 Coaxial nozzle 
with coaxial 
injector

120–
1200

Gentamicin/PLA 
(Falk et al. 1997)

Methylene chloride 85 308 US nozzle, 
vibrating at 
120 kHz

200–
1000

Hydrocortisone 
(Weber et al. 1999)

Dimethyl sulfoxide 100 308 600

Ibuprofen (Weber 
et al. 1999)

Dimethyl sulfoxide 100 308 500–
1000

Insulin (Bustami 
et al. 2000)

Water/ethanol Coaxial nozzle 50–500

Naltrexen/l-PLA 
(Weber et al. 1999)

Methylene chloride 85 308 US nozzle, 
vibrating at 
120 kHz

200–
1000

Nicotinic acid (Falk 
et al. 1997)

Ethanol Coaxial nozzle 400–750

RhDNase (Hanna 
and York 1998)

Ethanol Coaxial nozzle 50–500

Salbutamol (Bustami 
et al. 2000)

Methanol/acetone 100 333 Coaxial nozzle 500

Naloxone/l-PLA 
(Hanna and York 
1998)

Methylene chloride 85 308 US nozzle, 
vibrating at 
120 kHz

200–
1000

Dexamethasone 
phosphate (Falk et al. 
1997)

Methanol 102 313 US nozzle, 
power = 90 W

175

Griseofulvin (Thote 
and Gupta 2005)

Dichloromethane 96.5 308 US nozzle, 
power = 90–180 W

310–510

Griseofulvin 
(Chattopadhyay and 
Gupta 2001a)

Tetrahydrofuran 96.5 308 US nozzle, 
power = 120–
180 W

200–280

Lysozyme 
(Chattopadhyay and 
Gupta 2002)

Dimethyl sulfoxide 96.5 310 US nozzle, 
power = 12–90 W

190–730

Lysozyme 
(Rodrigues et al. 
2009)

Ethanol 180–
250

318–
333

Coaxial nozzle 100–
5000

Tetracycline 
(Chattopadhyay and 
Gupta 2001b)

Tetrahydrofuran 96.5 310 US nozzle, 
power = 30–120 W

110–270

US ultrasonic. Data adapted from Gupta (2006)
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ily influenced by nozzle design. While PCA processes operating at higher Re are 
more likely to be successfully scaled up, maintenance of a constant Re or constant 
jet velocities at the antisolvent inlet does not guarantee scalability between labora-
tory and pilot plant batches (Jarmer et al. 2006). One criterion that enables process 
scalability is the maintenance of a constant energy dissipation rate in the nozzle. 
Nozzle design significantly influences the propagation of secondary nucleation 
mechanisms, and thus impacts energy dissipation rates during solvent atomization. 
Another option to achieve scalability is to target a constant suspension density and 
residence time within the mixing chamber by adjusting solvent flow rates through 
the nozzle, which maintains mixing quality and, thus, promotes comparable nucle-
ation and growth rates. When either of these conditions was met, PLLA particles 
with similar PSDs were obtained at both laboratory and pilot scales of production 
(Martin and Cocero 2008; Jarmer et al. 2006). When operating in the complete 
miscibility regime, PCA precipitation of amoxicillin conducted at both laboratory 
and pilot plant scales yielded very similar results, in terms of particle size and mor-
phology, regardless of nozzle design and residence time in the precipitation vessel 
(Martin and Cocero 2008; Reverchon et al. 2003b). The same trends were observed 
in a study by Wubbolts et al., where acetaminophen and ascorbic acid particles were 
produced by PCA under subcritical versus supercritical conditions (Wubbolts et al. 
1999). When an acetaminophen–ethanol solution was atomized into CO2 under sub-
critical conditions, the droplets did not fully evaporate and a solvent-rich region was 
observed at the bottom of the precipitation vessel. This subcritical operating condi-
tion resulted in ~200-μm acetaminophen particles. The large particle sizes were 
attributed to the growth of nucleated crystals in the solvent- rich phase at the bottom 
of the vessel. In contrast, an ascorbic acid–ethanol–CO2 system under supercritical 
conditions yielded ~1–5-μm particles, in which particle size was virtually insensi-
tive to temperature and pressure changes while in the supercritical regime.

Reverchon et al. further investigated the span of particle properties produced by 
PCA when operating under supercritical conditions (Reverchon et al. 2007). More 
than 20 compounds, spanning a wide range of materials including superconductor 
and catalyst precursors, dye pigments, polymers, and pharmaceuticals, were 
examined in this study (Reverchon et al. 2007). Nanoparticles were formed only 
under supercritical conditions and when the solute was virtually insoluble in the 
antisolvent–solvent mixture. In agreement with previous studies, particle size was 
not dependent on nozzle design for these experiments, which were operated at 
supercritical conditions (Martin and Cocero 2008; Reverchon et al. 2003a, b; 
Wubbolts et al. 1999). However, the initial solute concentration in the organic 
solvent did influence final particle size. Increased concentrations of the solute in the 
organic solvent resulted in larger particles (Reverchon et al. 2007). In fact, Fig. 12.9 
shows that, for the entire range of compounds that were tested, average particle 
sizes scaled linearly with the relative concentration of solute in the feed organic 
solvent, CR, for a given operating temperature, pressure, and mole fraction of 
antisolvent, where CR = Cdrug/Ceq and Cdrug is the concentration of solute in the organic 
solvent. This linear relationship between feed drug concentration and particle size 
indicates that the particle sizes produced by PCA depend primarily on the differential 
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between the solute concentration in organic solvent and the saturated concentration, 
not necessarily on the properties of a specific solute. Additionally, wider PSDs were 
observed for higher solute concentrations. Extrapolation of the linear relationship 
between particle size and relative solute feed concentration suggests that the smallest 
average diameter of particles produced by PCA is 45 nm, which is in accordance 
with what has been observed in literature. The smallest average particle sizes 
reported for PCA processes are on the order of 40–50 nm for several compounds, 
including lysozyme, rifampicin, and polyvinyl alcohol (PVA). Growth of particle 
sizes from systems with higher feed solute concentrations may be attributed to an 
increased concentration of nuclei, which increase collisions rates. In the cases where 
the SC fluid is not a strong anti-solvent, it was reported that another driving force 
for recrystallization could be obtained by operating in non-isothermal conditions 
(e.g., solution warmer than SC fluid). Indeed, due to solubility increasing with 
temperature, a higher supersaturation level was achieved when solution and SC 
fluid were mixed (Erriguible et al. 2013).

The PCA manufacturing technique coupled with an appropriate formulation 
(usually an amorphous state stabilizer) can change the crystalline state of the drug 
(Lim et al. 2010). Indeed, amorphous solid dispersion nanoparticles of sirolimus, 
PVP and surfactant were produced, and they exhibited improved solubility, dissolu-
tion properties and stability. These results were confirmed in vivo in mice where 
enhanced bioavailability of sirolimus nanoparticles was observed (Kim et al. 2011). 
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HPMC/PVP was shown to decrease the dissolution rate of amorphous telmisartan 
due to a gel layer formation, therefore a balance between amorphous state sta-
bilization and dissolution rate must be defined (Park et al. 2013). Rossman et al. 
demonstrated that paracetamol crystal polymorphism could be modified by varying 
the ethanol/acetone content in the drug solution. It was also found that varying 
the solvent led to primary or secondary structure of paracetamol. Low levels of 
supersaturation led to larger crystals due to prolonged crystal growth phase 
(Rossmanna et al. 2013).

PCA processing was also successfully used to produce sub-micron co-crystals of 
several drug models demonstrating the ability of this technique to rapidly screen 
pharmaceutical co-crystals (Padrela et al. 2010).

In order to gain a more fundamental understanding of how different operating 
conditions influence particle properties, several theoretical models have been 
developed to describe particle formation and growth in the PCA process. Many of 
the models focus on calculating the rate of mass transfer of antisolvent into the 
solvent phase because this is believed to be a key factor dictating particle size and 
morphology. Werling and Debenedetti proposed a model for two-way mass transfer 
between a droplet of organic solvent and compressed antisolvent that accounts for 
both subcritical and supercritical conditions (Werling and Debenedetti 1999, 2000). 
The model assumes that the droplet of organic solvent is stagnant; thus, only mass 
transfer by diffusion is considered. For subcritical conditions, the solvent droplet 
initially swells due to the diffusion of antisolvent into the droplet. As the pressure in 
the system is increased, the lifetime of the solvent droplet decreases because the 
droplet shrinks as the CO2–solvent mixture evaporates to induce precipitation. 
However, as the system tends toward near-critical conditions, the lifetime of the 
solvent droplet increases drastically because CO2 diffusivity tends toward zero near 
the critical point. Longer droplet lifetimes may lead to larger particle sizes because 
droplet coalescence, and thus particle growth, is more likely. Because distinct 
droplets do not form under supercritical conditions, a hypothetical interface, based 
on the density gradient between the solvent-rich and antisolvent-rich regions, was 
assumed in the model. Modeling results indicated that solvent droplets would swell 
if the density of the organic solvent was higher than that of the antisolvent. Likewise, 
the solvent droplets would shrink if the solvent density was lower than that of the 
antisolvent. The extent of droplet swelling or shrinking is dependent on the system’s 
temperature and pressure, as it affects density and diffusivity differences between 
solvent-rich and antisolvent-rich domains. In systems near their critical point, 
solvent droplets undergo greater swelling and experience longer lifetimes, and are 
more sensitive to operating conditions than systems far from the critical point. 
Elvassore et al. expanded upon Werling and Debenedetti’s model by including the 
effects of the solute on the diffusivity and density of the SCF into the mass-transfer 
calculations (Elvassore et al. 2004). The assumption of a stagnant droplet of organic 
solvent is maintained and the diffusion flux in the solute–solvent–antisolvent system 
was calculated using Maxwell–Stefan relationships. In this model, slowly diffusing 
solutes, such as polymers, were found to increase droplet lifetimes by as much as 
one order of magnitude for high solute concentrations, compared to solutes with 
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faster diffusivities. The extent of a solute’s solubility in the solvent–antisolvent 
mixture also influenced the particles’ morphologies, as the evolution of the 
precipitation front was found to be significantly different for highly soluble and 
poorly soluble compounds (Elvassore et al. 2004). Perez de Diego et al. proposed a 
model that accounted for the convective motion of CO2 (Perez de Diego et al. 2006). 
Martin et al. has adapted the mass-transfer model developed by Werling and 
Debenedetti (1999, 2000) to simulate the formation of protein particles by PCA 
(Martin et al. 2007). More recently, a numerical model utilizing computational fluid 
dynamics (CFD) calculations (Martin and Cocero 2004) more accurately modeled 
supercritical systems using a turbulent, gaseous plume to simulate the organic feed 
stream, instead of the hypothetical spherical droplet used by Werling and Debenedetti 
(1999, 2000). While each new model includes an additional degree of the PCA 
process’s complexity to impart further insight, all of the models express similar 
trends. Droplet lifetimes are shorter for supercritical systems than subcritical 
systems and shorter growth periods are more likely to lead to smaller particle sizes. 
When operating in the supercritical condition, the most important mechanism 
affecting final particle size is primary nucleation, and thus process parameters that 
facilitate more rapid and higher nucleation rates tend to form smaller particles. 
Reverchon and De Marco proposed an explanation of morphology and particle size 
for differentiating nanoparticles and spherical microparticles. For instance, they 
explained that surface tension vanishing at supercritical conditions and liquid jet 
break up, two precipitation mechanisms in competition influenced the morphologies 
and final particle size. They demonstrated that two mechanisms were involved in 
crystal formation: (1) droplet drying followed by fast crystallization which led to 
spherically shaped crystals and (2) precipitation from an expended liquid which led 
to different morphologies and particle size depending on the interaction with the 
solvent. This knowledge allows selection of the particle size of the precipitated 
particles (Reverchon and De Marco 2011). Additionally, it is important to design 
systems away from the critical point of the antisolvent because the near-zero 
diffusivities at this condition lead to droplets with longer lifetimes, which have a 
propensity to result in larger particle sizes. However, current models are still not 
able to universally quantify the dependence of particle size on process parameters 
for a range of drug–solvent–antisolvent systems. As mentioned previously, multiple 
interactions within the system (drug–solvent, solvent–CO2, and drug–solvent/CO2 
solution) significantly affect thermodynamics, hydrodynamic, mass transfer, and 
mixing and precipitation kinetic behavior, and thus make it difficult to generalize 
results for a wide range of systems.

12.2.3  Rapid Expansion of Supercritical Solutions (RESS)

In contrast to GAS and PCA processes, the rapid expansion of supercritical solutions 
(RESS) process utilizes the SCF as a solvent, not an antisolvent. The solute is dis-
solved directly into the SCF phase in the extraction unit. Then, the system is 
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depressurized across a nozzle into a collection chamber at atmospheric conditions. 
The sudden depressurization causes evaporation of the SCF, resulting in a significant 
reduction in solvent power, and thus promotes rapid nucleation and precipitation of 
the solute. As with the other particle formation techniques discussed previously, addi-
tional excipients may be dissolved in the SCF, typically CO2, to produce composite 
particles of drug and excipients (Turk 2009). A schematic of the RESS process is 
shown in Fig. 12.10. Intense atomization of the drug–CO2 stream is desirable to 
achieve nanoparticles from the RESS process. Therefore, depressurization of the CO2 
feed stream from the nozzle is designed to be extremely rapid, with typical CO2 flow 
rates exiting the nozzle at the speed of sound, creating supersaturation levels on the 
order of 105–106 within a time frame 10–6–10–4 s (Debenedetti et al. 1993). The intense 
turbulence generated by rapid depressurization of CO2 distributes the newly generated 
supersaturation regions almost instantaneously and homogenously throughout the 
fluid, which facilitates the production of small particles with narrow PSDs. This rapid 
dissipation of energy is highly endothermic, and thus the nozzle is generally heated to 
prevent freezing of CO2 during atomization, which can cause clogging.

Several process parameters of RESS that have been reported to affect final par-
ticle characteristics include the temperature and pressure in the extraction unit, the 
temperature and pressure of the SCF–drug solution just before atomization, termed 
as pre-expansion temperature (Tpre-exp) and pressure (Ppre-exp), respectively, as well as 
post-expansion temperature (Tpostexp) and pressure (Ppostexp). These conditions deter-
mine the process path along the pressure–temperature (P–T) diagram for the 
SCF. The P–T diagram for CO2 is shown in Fig. 12.11. Depending on initial P–T 
conditions, the expansion pathway may intersect the vapor–liquid saturation line, 
which may result in significant changes in particle morphology (Martin and Cocero 
2008). When the expansion path intersects the solid–liquid saturation line, solid, 
frozen CO2 forms during atomization, requiring the nozzle to be heated during oper-
ation to prevent clogging. Nozzle design is another parameter that has reportedly 
influenced final particle properties, as the geometry of the nozzle influences the 
timescale over which depressurization occurs and, thus, the degree of atomization 
(Martin and Cocero 2008; Rogers et al. 2001a).
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Fig. 12.10 Schematic of RESS process. Schematic adapted from Martin and Cocero (2008)
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To date, however, a definitive relationship between experimental process param-
eters and particle properties has not been established and, in some cases, experi-
mental results have been inconsistent. For example, for a given Ppre-exp, an increase 
in Tpre-exp from 350 to 425 K resulted in an increase in the size of benzoic acid par-
ticles produced by RESS (diameter increased from 0.2 to 1.3 μm), while the particle 
size of cholesterol remained unchanged (~0.25 μm) (Fig. 12.12). Similarly, an 
increase in Ppre-exp resulted in a decrease in particle size of benzoic acid, while the 
size of cholesterol particles again remained essentially constant. Numerous studies 
have been conducted to better understand which process parameters most strongly 
and consistently influence final particle size. The RESS process commonly produces 
particles in the 1–5-μm size range, although submicron particles have been produced 
under specific operating conditions (Gupta 2006). Several RESS studies have been 
highlighted in Table 12.4. Clearly, process temperatures and pressures and nozzle 
geometry significantly influence particle size and shape, and, in some cases, 
morphology (Turk and Bolten 2010). Relatively small adjustments to just one of 
these operating conditions may significantly impact particle diameter by an order of 
magnitude, as well as completely alter the particle shape from a sphere to a needle 
shape, as seen in the cases for salicylic acid and griseofulvin particles produced by 
RESS (Table 12.4). Based on reports from literature, including those listed in 
Table 12.4, several trends in processing conditions have been identified to facilitate 
nanoparticle production (Turk 2009).

• Influence of Tpre-exp: An increase in Tpre-exp typically leads to larger particle sizes. 
For a given operating pressure, even though elevated temperatures may increase 
drug solubilities and thus increase supersaturation and nucleation rates (Liu and 
Nagahama 1996), the higher temperatures also tend to increase turbulence within 
the mixing chamber, leading to higher instances of particle coagulation (Franklin 

211 K

7.3 MPa

P

0.5 MPa

304 K T

Fig. 12.11 P–T diagram of CO2. Dashed lines illustrate pathways that may be taken during CO2 
depressurization from nozzle in PCA. Reprinted from Martin and Cocero (2008). Copyright 2008 
with permission from Elsevier

12 Precipitation Technologies for Nanoparticle Production



632

et al. 2001). The increased rate of particle coagulation appears to outweigh the 
benefits of enhanced nucleation rates achieved by elevated Tpre-exp conditions.

• Influence of Ppre-exp: An increase in Ppre-exp typically leads to smaller particle sizes 
because a higher pressure results in an increased mass flow rate of CO2, which 
decreases the residence time of the particles in the expansion chamber, reducing 
the time for particle growth. The reduction in residence time also facilitates the 
production of more spherical particle shapes, by limiting the time available for 
additional growth along one axis.

• Influence of nozzle: Nozzles with smaller length-to-diameter (L/Dnoz) ratios have 
been found to produce smaller particles, as larger nozzle diameters facilitate 
increased CO2 mass flow rates (for a given Tpre-exp and Ppre-exp). Additionally, 
nozzles with smaller L/Dnoz ratios allow for the pressure drop to occur closer to 
the free jet (Rogers et al. 2001a; Weber et al. 2002). As the L/Dnoz ratio is 
increased, there is an increased propensity for an initial burst of particle nucleation 
to occur near the nozzle exit. A second round of nucleation occurs upon full 
expansion of the SCF, resulting in larger particles as well as broader PSDs. 
Typically, nozzle diameters range from 10 to 50 μm i.d. and length-to-diameter 
ratios range from 5 to 100 (Young et al. 2000).

It is important to note that these reported trends reflect a considerable portion of 
the studies in literature, but are not exclusively observed. Deviations from these 
observed trends, as in the case of cholesterol particles produced by RESS, have been 
associated with extremely low solute solubilities in SCF and/or solutes that signifi-
cantly influence the surface tension of the SCF (Turk 2000).
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Fig. 12.12 Influence of pre-expansion conditions on particle sizes of benzoic acid and cholesterol 
prepared by RESS. Reprinted from Turk (2000). Copyright 2000 with permission from Elsevier
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In response to the seemingly conflicting experimental results surrounding the 
RESS process, several theoretical models have been postulated to gain fundamental 
knowledge about the RESS process in order to better target optimal process 
parameters suitable for nanoparticle production. Many of the models focus on the 
expansion of the SCF in the nozzle to qualify the impact of nozzle design on final 

Table 12.4 Drug particles produced by RESS

Drug
P 
(bar)

Tpre-exp 
(K)

Tpost- 

exp (K) Particle size (μm)a

Nozzle 
parameters 
L/Dnoz, Dnoz 
(μm)

Aspirin (Domingo et al. 1997) 160–
200

403 NRb Nonspherical: 2–5 5, 40

Caffeine (Ksibi et al. 1995) 150 380 300 Needles: 3–5/1 20, 220

150 380 350 Needles: 15–20/1 20, 220

Ibuprofen (Kayrak et al. 2003; 
Charoenchaitrakool et al. 
2000)

150 361 298 Nonspherical: 2–9 44.4, 180

190 308 298 Nonspherical: 
2.5–5

20–40,50

Cholesterol (Turk 2009) 200–
300

353–
422

298 Nonspherical: 
0.2–0.3

7.8, 45

Salicylic acid (Reverchon 
et al. 1993; Turk and Lietzow 
2008)

200 373 263–
273

Spheres: 1–5 20, 40

200 373 293–
303

Needles: 
5–30/1–3

20, 40

200 328 298 Spheres: 
0.13–0.23

1, 50

Griseofulvinc (Reverchon and 
Pallado 1996; Turk et al. 
2002)

200 423 298 Spheres: 0.9–1.4 20, 40

200 323 298 Needles: 
13–36/1.0–1.3

20, 40

200 348–
418

298 Spheres: 0.25 1, 50

β-sitosterol (Turk et al. 2002) 200–
300

348–
418

298 Spheres: 
0.18–0.23

1, 50

Paclitaxel (Yildiz et al. 2007) 150–
250

323 283 Nonspherical: 
0.3–2.8

70, 50

Naproxen (Turk 2009) 200 363 NRb Shape not 
reported: 0.66

NRb

Fenofibrate (Hiendrawan et al. 
2014)

200 308 NR 3.04 Dnoz : 200

Raloxifene (Keshavarz et al. 
2012)

177 323 NR Spheres: 0.016 Dnoz : 30

Unless otherwise noted, CO2 was the solvent
aFor needle-shaped particles: length/diameter; for spherical particles: diameter; nonspherical refers 
to particles that do not possess an aspect ratio typical of needle-shaped particles, but deviate 
significantly from an aspect ratio of unity (i.e., rectangle with aspect ratio ~2). Sizes for nonspherical 
particles correspond to effective diameters
bNR indicates a value that was not reported
cSolvent was CHF3
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particle characteristics. The models show that sonic velocities are achieved at the 
nozzle outlet and the resultant supersonic jet exiting the nozzle immediately 
experiences a steep drop in pressure and temperature, causing solute precipitation. 
Thus, nucleation occurs primarily during free jet expansion. Calculations estimate 
that nuclei formed in the free jet are as small as 5–10 nm for poorly water-soluble 
drugs (Gupta 2006; Reverchon and Pallado 1996; Turk et al. 2002). However, 
intense turbulence within the supersonic free jet often results in significant 
coagulation between particles before the SCF in the droplets completely evaporates 
(Franklin et al. 2001; Helfgen et al. 2003). Thus, controlling-expansion conditions 
may be tuned to facilitate SCF evaporation and minimize droplet coagulation. For 
example, expansion chamber geometries that minimize the formation of turbulent 
eddies are desirable to lower the probability of particle coagulation (Helfgen et al. 
2003). Additionally, the introduction of an air flow jet into the expansion chamber 
resulted in smaller particles by reducing the residence time of the drug particles in 
the expansion chamber (Helfgen et al. 2003). In addition to the work focused on 
nozzle design, other models have examined particle formation and growth within an 
SCF. The theories used to describe particle growth in gaseous and liquid phases 
were also found to be applicable, with minor adjustments, for supercritical 
precipitation processes. Debenedetti (1990) and Turk (2000) calculated nucleation 
rates achieved in the RESS process using a modified definition for supersaturation, 
S, which was adjusted to account for the highly nonideal behavior of SCF by 
including fugacity, f, as a thermodynamic correction factor.
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Helfgen et al. applied the modified supersaturation term in conjunction with the 
general dynamic equation for aerosols, commonly used to describe particle growth 
in aerosols (Pratsinis 1988), to predict particle nucleation and growth rates in 
RESS. Results from the model indicated that the majority of particle precipitation 
and growth took place in the free jet and that turbulent coagulation in the free jet is 
the primary mechanism of particle growth (Franklin et al. 2001; Helfgen et al. 
2003). Relatively good agreement between the model and experimental results were 
demonstrated for the production of benzoic acid, griseofulvin, and β-sitosterol by 
RESS (Helfgen et al. 2003). While trends relating particle size to experimental 
parameters such as nozzle design and pre- and postexpansion conditions identified 
by various models have been in accordance with experimental observations, 
quantitative determination of nucleation and growth rates for a wide range of drug 
systems remains challenging because reasonable values for some model parameters 
cannot be determined experimentally and must be assumed.

Recently, Mullers et al. used RESS as a method to combine micronization and 
co-crystallization in a single manufacturing step. Pure co-crystals of ibuprofen and 
nicotinamide were obtained due to the very fast precipitation conditions and the 
absence of organic solvents. The solubility difference between ibuprofen and 
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nicotinamide in the supercritical fluid was a concern because it influences 
supersaturation and thus nucleation. As previously reported (Vemavarapu et al. 
2009), the authors stated that a simultaneous precipitation of both components was 
plausible due to high affinity of the co-former for the drug compared to the solvent. 
Ibuprofen dissolution rate was significantly increased and was explained by the 
higher surface area (Mullers et al. 2015).

RESS does not require organic solvents, does not involve milling and may be 
operated at moderate temperatures (typically below 80 °C). However, the primary 
drawback of RESS is low process yields. Most organic solids possess low solubility 
in scCO2 due to the low polarizability of CO2. Therefore, large amounts of SCF are 
required to produce relevant batch sizes. For example, the solubility of griseofulvin 
in scCO2 is only 18 ppm. Therefore, the production of 18 mol (~6 kg) of griseofulvin 
by RESS would require one million moles (~44,000 kg) of CO2. In order to overcome 
the low throughput rates due to low solubility of drug in the SC fluid, closed loop 
recirculation of the fluid could be incorporated in the manufacturing process. 
Recovery of the resultant particles is also challenging, as efficient filtration is 
required to remove such large volumes of solvent (Gupta 2006). To increase drug 
loading, extraction temperatures and pressures may be increased. The addition of 
cosolvents, such as methanol, acetone, and ethanol, to scCO2 has also been used to 
increase drug solubility. However, this tactic is not always recommended as it may 
lead to solubilization of the particles in the cosolvent. Additional methods to 
increase process yields and reduce particle coagulation for RESS-based techniques 
are discussed in the next section.

12.2.4  Modified RESS Processes

RESS into aqueous solutions: Rapid Expansion from Supercritical to Aqueous 
Solution (RESAS) and Rapid Expansion of a Supercritical Solution into a Liquid 
Solvent (RESOLV)

To address the significant particle growth that occurs in the RESS process due to 
particle collisions during free jet expansion, the process was modified by directing 
the atomized drug–SCF solution into an aqueous solution to provide a barrier 
against particle growth. This modified RESS process was coined RESAS, also 
known as RESOLV. In RESAS/RESOLV, the supercritical solution is atomized 
through a nozzle directly into an aqueous solution containing a stabilizer, typically 
a surfactant. A schematic for the RESAS/RESOLV process is shown in Fig. 12.13. 
The nozzle is placed below the surface of the aqueous solution to promote intimate 
contact between the newly formed nuclei exiting the nozzle and the stabilizers 
dissolved in the aqueous media. Because the turbulent expansion of CO2 in a 
surfactant solution produces considerable amounts of foam, nitrogen is streamed 
above the aqueous solution to disrupt the foam and facilitate drainage back into the 
bulk liquid phase (Young et al. 2000).
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By atomizing the SCF stream into a surfactant solution, particle growth in the 
free jet may be arrested by the rapid adsorption of surfactant molecules to the newly 
formed particle surfaces. Young et al. demonstrated the ability of the RESAS process 
to produce ~500-nm particles of the poorly water-soluble drug, cyclosporin A 
(CsA), using Tween 80 as a stabilizer (Young et al. 2000). In contrast, CsA particles 
produced by RESS, where the scCO2 solution was sprayed into air instead of a 
Tween 80 solution, were 3–50 μm in diameter. As a control, the scCO2 solution was 
also sprayed into water containing no surfactant to validate the role of Tween 80 in 
impeding particle coagulation and growth. Resultant particle sizes ranged between 
0.23 and 4.10 μm. Therefore, inhibited CsA particle growth in the RESAS process 
is attributed to the rapid diffusion of Tween 80 to particle surfaces and its ability to 
provide steric stabilization to the particles.

The successful production of drug nanoparticles by RESAS/RESOLV has also 
been demonstrated for ibuprofen (40–80 nm in diameter when stabilized by Tween 
80 (Turk 2009) or polyvinylpyrrolidone (PVP40K) (Pathak et al. 2004, 2006), 
naproxen (64 nm when stabilized by PVP40K) (Turk 2009), and paclitaxel (200–
530 nm when stabilized by PVP40K or PVP360K) (Pathak et al. 2007). However, for 
these cases, the drug/polymer ratio was typically < <1, ~0.08–0.2. To better 
understand how to efficiently increase the drug potency of RESAS particles while 
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Fig. 12.13 Schematic of RESAS process, inset is a photograph of the spray of the CO2 solution 
stream expanding through a tapered elliptical nozzle with a flow rate of 2.5 mL/min at 345 bar. 
Adapted from Young et al. (2000, 2003)
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still maintaining submicron particle sizes, the critical processing parameters for the 
RESAS process were investigated by Young et al. (2000, 2003, 2004). Experimental 
parameters such as surfactant selection, temperature of the aqueous reservoir, and 
final drug concentration, in addition to the operating parameters known to influence 
particle properties in RESS, were varied to manipulate the efficiency of surfactant 
molecules to stabilize nanoparticles (Young et al. 2000). Nonionic surfactants, 
Pluronic F127 (also known as poloxamer 407) and Myrj 52, in addition to Tween 
80, were explored in efforts to stabilize CsA particles. CsA particles stabilized by 
Pluronic F127 and Myrj 52 were about twice as large (>840 nm in diameter) as 
those stabilized by Tween 80 (500 nm in diameter) when produced at similar 
operating conditions, emphasizing the importance of selecting stabilizers with 
sufficient affinity for the drug particle surface and adequate chain length to provide 
steric repulsion. In contrast, a phospholipid-based surfactant produced CsA particles 
with a mean diameter of 220 nm, about half the size of the Tween 80-stabilized 
particles produced by RESAS at similar operating conditions. However, higher 
amounts of phospholipid were necessary to stabilize the smaller CsA particles 
compared to Tween, only achieving a drug/surfactant ratio of 0.1 compared to 0.65 
for Tween-stabilized particles. In the case of phospholipids, the bulk of the surfactant 
arranges to form vesicles. The aggregation number of surfactant molecules is much 
larger for vesicles than for micelle-forming surfactants such as Tween, which 
explains the lower drug/surfactant ratios observed for phospholipid stabilizers. The 
temperature of the aqueous reservoir is also a key parameter for the RESAS process, 
as it influences the surfactant assembly and thus the rate at which the surfactant is 
able to reach the particles’ surface. Phospholipid stabilizers are especially sensitive 
to temperature because vesicles tend to become rigid at temperatures below 
25 °C. Hence, phospholipids are more effective stabilizers when heated to higher 
temperatures and facilitate the stabilization of smaller particles. Under optimized 
conditions (Taqueous bath = 80 °C, CsA concentration in CO2 = 54 mg/mL, CO2 flow rate 
through nozzle = 2.5 mL/min, and pressure drop across nozzle = 345 bar), a 
phospholipid surfactant mixture stabilized ~500-nm CsA particles (31 % w/w drug) 
at drug suspension concentrations up to 5.4 % w/w (Young et al. 2004). The increase 
in drug suspension concentration resulted in slightly increased particle sizes, 
compared to the 220-nm CsA particles when suspension concentrations were held 
to 1.3 % w/w (Young et al. 2004).

The RESAS process was shown to successfully produce smaller particles of 
water-insoluble materials than was achieved by RESS due to particle stabilization 
within an aqueous surfactant solution. In the case of mild particle aggregation after 
RESAS precipitation, a high-pressure homogenization step has been added to the 
end of the RESAS process to promote more uniform PSDs and to break up any 
aggregates that may have formed. This process train has been patented by RTP 
Pharmaceuticals Inc., and was later licensed by Baxter Healthcare Corporation for 
incorporation into their NANOEDGE technology (Hu et al. 2004; Keck and Mueller 
2006). The primary limitation of RESAS, as in the RESS process, is that the solute 
must possess moderate solubility in an SCF.
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12.2.4.1  Rapid Expansion of Supercritical Solutions with Solid 
Cosolvents (RESS-SC)

In the RESS-SC process, a cosolvent that solidifies upon atomization from the 
nozzle is used to enhance the solubility of solutes in scCO2, as well as provide a 
barrier for coagulation in the free jet during scCO2 expansion (Thakur and Gupta 
2005). In contrast to RESS, where the nuclei tend to coagulate during free jet 
expansion, the excess amounts of solid cosolvent added during the RESS-SC 
process surrounds the nuclei to create a physical barrier to reduce coagulation. The 
cosolvent may be removed later by lyophilization. A schematic representing the 
RESS-SC technique, in contrast to RESS, is shown in Fig. 12.14.

In addition to the typical operating parameters that are important in RESS, 
clearly, the selection of the solid cosolvent is a key parameter in the RESS-SC 
process. The solid cosolvent must be nonreactive with the drug and CO2, possess 
good solubility in scCO2, be in the solid state at the nozzle exit, have a reasonably 
high vapor pressure to facilitate removal by sublimation, and, preferably, inexpen-
sive since excess amounts are needed to maintain submicron particle sizes. Thus 
far, menthol has been the most prevalently used solid cosolvent for RESS-SC 
applications. Menthol is a natural product extracted from mint-flavored plants, 
possesses a melting point of 42 °C, and satisfies all the criteria listed above. 
Menthol enhanced the solubility of the poorly water-soluble drug griseofulvin 
28-fold in sc-CO2, enabling the production of 50–250-nm particles by RESS-SC, 
which is an order of magnitude smaller than those produced by RESS, at a 28-fold 
increase in payload. Aminobenzoic acid (80-nm mean diameter) and phenytoin 
(120-nm mean diameter) particles have also been produced using the RESS-SC 
process (Thakur and Gupta 2005, 2006a, b). The RESS-SC technique broadens the 
applicability of the RESS process to more drugs, as well as facilitates the produc-
tion of higher payloads compared to RESS. Yet, stability and reproducibility of the 
nanoparticles are a concern; Uchida et al. successfully overcame poor particle size 

Fig. 12.14 (a) Schematic of the RESS process and (b) RESS-SC process. Circles represent drug 
particles and stars represent solid-cosolvent particles. Reprinted with permission from Thakur and 
Gupta (2005). Copyright (2005) American Chemical Society
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and morphology reproducibility occurring with menthol co-solvent, by replacing it 
with vanilline (Uchida et al. 2015). However, not all drugs exhibit increased solu-
bility with the presence of solid co-solvents and thus RESS-SC is not a universal 
solution for all drug systems. 

12.2.4.2  Particles from Gas Saturated Solutions (PGSS) Process

The PGSS process flow is similar to RESS, but differs in the case that CO2 does not 
act as a solvent. In PGSS, the CO2 is dissolved in a melted solid and the mixture is 
depressurized through a nozzle. Expansion of the dissolved CO2 results in intense 
atomization and cooling of the molten solid, and thus precipitation of particles. This 
process is suitable for materials with a large solubility in CO2, such as PEGs and oils 
(Martin et al. 2010; Perrut et al. 2005). Benefits of this process are that it consumes 
less CO2 than the previously discussed SCF technologies, may be operated under 
moderate pressures (10–15 MPa), and solubility of the drug in the CO2 is not 
necessary to achieve high process yields, as the drug can be dispersed in the melted 
solid (Martin et al. 2010; Perrut et al. 2005). Therefore, this precipitation process is 
optimal for polymer encapsulation and is capable of particle micronization, typically 
yielding micron-sized particles, larger than achieved by RESS (~3–60 μm for 
theophylline and PEG 6000 (Martin et al. 2010; Rodrigues et al. 2004). Theoretical 
models that describe the PGSS process, which were built upon existing RESS 
models, suggest that the larger particles produced by PGSS compared to RESS are 
due to significant coagulation in the free jet region (Martin and Cocero 2008; Li 
et al. 2005). Recently, PGSS has been used as a manufacturing technique for lipid 
based microparticles in order to improve their dissolution. Fenofibrate solid 
dispersion in Gelucire 50/13 was obtained and exhibited improved dissolution 
profile (Pestieau et al. 2015).

12.2.5  Comparison of Precipitation Processes Utilizing 
Supercritical Fluids

SCF precipitation technologies have demonstrated the ability to produce submicron 
particles of poorly water-soluble drugs. However, the creation of submicron particles 
is not considered typical for any of the processes, as 1–5-μm particles are commonly 
produced. The experimental research in this area has been predominantly descriptive, 
rather than predictive, with the conclusions heavily dependent upon the materials 
and conditions of that specific study. The inability to develop generalized models 
that accurately predict final particle sizes with respect to different operating 
parameters over a wide range of drug systems is due to the simultaneous influence 
of the operating parameters on multiple particle formation and growth factors, such 
as thermodynamics, fluid mechanics, mass transfer, and mixing and precipitation 
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kinetic behavior. Despite case-specific results, general attributes of the different 
processes may be identified to provide general guidelines as to the capabilities of 
each process. Comparisons between the different SCF micronization options are 
shown in Table 12.5.

Generally, GAS processes produce larger particles than PCA processes, primarily 
due to the higher mass-transfer rates achieved in PCA. Characteristic mass-transfer 
times (τmt) for GAS and PCA processes have been calculated based on models 
developed by Lin et al. and Werling and Debenedetti (Fusaro et al. 2005; Werling 
and Debenedetti 1999, 2000; Lin et al. 2003).

 
tmt

GAS
COM M= 0 2

/ ,
 

(12.8)

 
tmt

PCA t V V V= -( )max max/ .0 0  (12.9)

where M0 is the initial amount of solvent, MCO2  is the CO2 addition rate, tmax is the 
time for the solvent droplet in the PCA process to swell to its maximum diameter, 
V0 is the original volume of the solvent droplet prior to swelling, and Vmax corresponds 
to the volume of the solvent droplet at its maximum diameter. In the GAS process, 
the mass-transfer rate is a function of the CO2 addition rate. In PCA, the mass- 
transfer rate is correlated to the change in volume of the solvent droplet due to the 
mass transfer of CO2 into the droplet. Figure 12.15 illustrates the effect of 
characteristic mass-transfer times on particle size, based on Lin’s model. The 
estimated range of mass-transfer times for PCA is about two orders of magnitude 
smaller than that for the GAS process, further validating the theory that the primary 
difference between these two processes is the mass-transfer rates that can be 
achieved. These mass-transfer rates correlate directly with rates of generation of 
supersaturation, and thus give an indication of characteristic nucleation times. These 
estimates were confirmed experimentally by the precipitation of the poorly water- 
soluble drug paracetamol using both GAS and PCA. Mean particle sizes ranging 

Table 12.5 Comparison of micronization techniques using compressed fluids

Process
Temperature 
(°C)

Organic 
solvent 
required

Compressed 
fluid as 
solvent

Compressed 
fluid as 
antisolvent

Yields poorly 
water-soluble 
nanoparticles

GAS 25–80 Yes No Yes Yes

PCA/SAS/ASES/
SEDS

25–80 Yes No Yes Yes

RESS ≤100 No Yes No Yes

RESAS 25–80 No Yes No Yes

PGSS ~25–40 No No No No

Adapted from Rogers et al. (2001a) and Perrut et al. (2005)
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from 90 to 250 μm were produced by GAS precipitation, in comparison to 1.3–
2.5 μm for PCA. Corresponding mass-transfer times were 20–900 s and 0.04–0.12 s 
for GAS and PCA, respectively, in the range predicted in Fig. 12.15.

In contrast to GAS and PCA, precipitation by RESS results from a sudden 
change in pressure, which causes a decrease in solvent power, and thus prompts 
nucleation and precipitation of particles. Depressurization of CO2 during RESS 
has been reported to occur at the speed of sound, corresponding to timescales on 
the order of 10–6–10–4 s (Debenedetti et al. 1993). Because the timescale over 
which depressurization occurs may be correlated to the timescale during which 
nucleation occurs, one may expect RESS to be capable of producing smaller 
nanoparticles, compared to PCA and GAS. However, collisions in the free jet 
lead to particle growth and similar particles sizes, unless a solvent containing a 
stabilizer is utilized as in RESAS and RESOLV or RESS-SC. Additionally, RESS 
does not utilize organic solvents and therefore minimizes environmental and tox-
icity concerns regarding residual solvent levels. PGSS requires neither organic 
solvents nor the solute to possess high solubility in CO2, thus facilitating large 
process yields. The primary drawback to PGSS is that significant coagulation 
between primary particles occurs during processing, resulting in typical particle 
sizes greater than several microns.

Fig. 12.15 Average size of particles produced by SCF-based precipitation technologies (GAS and 
PCA) as a function of the characteristic mass-transfer time calculated using the model presented in 
Lin et al. (2003). If the characteristic mass-transfer time is believed to correlate directly with 
characteristic nucleation times, then the RESS process may also be quantitatively compared to 
GAS and PCA. Adapted from Fusaro et al. (2005). Copyright 2005 with permission from Elsevier
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12.2.6  Evaporative Precipitation into Aqueous Solution (EPAS)

To address the solubility restrictions that have limited the applicability of SCF pre-
cipitation technologies for nanoparticle production, the evaporative precipitation 
into aqueous solution (EPAS) process was developed based upon similar operating 
principles as RESAS. In EPAS, the drug is dissolved in an organic solvent and then 
atomized into a heated aqueous solution. Stabilizers may be incorporated into the 
organic or aqueous phase, or both. A schematic representing the EPAS process is 
shown in Fig. 12.16. The elevated temperature of the aqueous solution facilitates 
rapid evaporation of the organic solvent, which induces supersaturation and 
subsequent nucleation of the drug. The large interfacial area produced by the 
nucleating surfaces provides a strong driving force for the adsorption of the 
stabilizers to the newly formed particles. Passivation of the particle surface by 
stabilizers hinders particle growth via condensation and coagulation. The resultant 
particles may be harvested by filtration, lyophilization, or spray drying of the drug 
dispersion (Sarkari et al. 2002). Because organic compounds generally possess sig-
nificantly higher solubilities in organic solvents as compared to SCFs, particularly 
CO2, the EPAS process is more amenable to a wider variety of APIs and can achieve 
higher process yields, compared to RESAS.

The key operating parameters that impact particle size and morphology in the 
EPAS process are similar to those mentioned for RESAS, as EPAS parallels RESAS 
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Fig. 12.16 Schematic of EPAS. Reprinted from Chen et al. (2002). Copyright 2002 with 
permission from Elsevier
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in many aspects. However, the evaporation of CO2 droplets is more rapid than for an 
organic solvent. Droplet formation is well defined in RESAS because CO2 is only 
slightly miscible with water. In EPAS, dichloromethane (DCM) has been chosen as 
the organic solvent because of its similar low miscibility with water in addition to 
its ability to solubilize a variety of organic compounds. Minimizing the miscibility 
of the organic solvent with the aqueous solution reduces particle growth via Ostwald 
ripening and limits the tendency of the organic solvent to interfere with the 
capabilities of the surfactant to coat the particles and provide steric stabilization. For 
CsA particles stabilized with Pluronic F127, smaller particles were produced when 
DCM was chosen as the organic solvent versus diethyl ether (mean particle diameter 
of 423 nm versus 1218 nm using DCM and diethyl ether, respectively) (Chen et al. 
2002). Both solvents possess similar volatilities and heats of vaporization (Carl 
1999). However, at the aqueous reservoir temperature of 75 °C, the solubility of 
DCM in water is 4 mg/mL, compared to 12 mg/mL for diethyl ether.

Due to the similar particle formation mechanisms of EPAS and RESAS, key 
EPAS operating parameters also include nozzle design, process temperature, 
stabilizer selection and concentration, and final suspension concentration in the 
aqueous phase. The nozzles used in EPAS processes are similar to those for RESAS, 
targeting intense atomization of the organic solution into the aqueous bath to 
facilitate rapid nucleation, as well as rapid diffusion of the stabilizers to the particle 
surfaces. In terms of process temperature, the organic solution is often heated to 
improve the solute solubility in the organic solution, in addition to promoting more 
rapid evaporation of the solvent and, thus, supersaturation and nucleation. For 
similar reasons, the aqueous reservoir is also typically heated, to accelerate 
evaporation, and, thus, nucleation rates. Higher temperatures in the aqueous 
reservoir also promote the diffusion of the stabilizers to the particle surface. Chen 
et al. (2002) showed that the size of polyvinylpyrrolidone (PVP)-stabilized CsA 
particles decreased from 1354 to 803 nm when the temperature of the aqueous 
solution was increased from 55 to 85 °C. However, the opposite trend was observed 
for CsA particles stabilized with Tween 80 where, under the same operating 
conditions, mean particle size increased from 308 to 774 nm for the same temperature 
increase. In the case of ethoxylated surfactants, such as Tween 80, high temperatures 
weaken the hydrogen bonding between the ethylene oxide groups and, thus, hinder 
steric stabilization (Blankschtein et al. 1986). High temperatures also have an 
adverse effect on some triblock copolymers, such as Pluronic F127, in which the 
solution viscosity increases for elevated temperatures, resulting in longer diffusion 
times (Sinswat et al. 2005). Therefore, the effect of temperature on stabilizer 
performance should be considered during stabilizer selection. Another parameter 
that must be addressed, due to its influence on supersaturation levels, is the drug 
concentration in the feed solution. Unlike RESAS, in which the drug concentration 
is limited by low solubility in CO2, feed concentration may be varied in EPAS due 
to the larger solubilities of drugs in organic solvents. When the feed CsA 
concentration was increased from 1 to 5 % w/v, the average size of CsA particles 
decreased by at least 40 %, down to submicron particles, when stabilized by several 
different surfactants (Chen et al. 2002). The higher drug concentrations in the feed 
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generated higher degrees of supersaturation during solvent evaporation, leading to 
smaller particles.

Typical particle sizes generated by EPAS, as determined by light scattering, are 
in the range of 1–10 μm. However, analysis of the particles by microscopy and 
Brunauer–Emmett–Teller (BET) surface-area measurements suggests that the 
micron-sized entities are actually aggregates of smaller, submicron particles 
(Vaughn et al. 2005; Sinswat et al. 2005). As the solvent evaporates and nucleation 
occurs, the nuclei become more concentrated as the organic droplet shrinks, which 
increases the probability of coagulation. Thus, effective stabilization after nucleation 
is necessary to maintain small particle sizes. The selected stabilizer should diffuse 
rapidly in the appropriate solvent, have sufficient chain length to provide steric 
stabilization, and have a high affinity for adsorption of the drug surface. In general, 
larger-molecular-weight (MW) stabilizers take longer to diffuse to particle surfaces, 
compromising final particle size. On the other hand, the greater radius of gyration 
provides better steric stabilization. Therefore, the need for rapid diffusion to the 
particle surface must be balanced with the need for a surfactant with sufficient MW 
to provide effective steric stabilization. Several studies have compared the steric 
capabilities of various surfactants. For example, CsA particles prepared by EPAS 
using Tween 80 or Myrj 52 were ~500–600 nm in diameter, compared to ~1100 nm 
when stabilized using higher MW PVP 40 T under the same operating conditions. 
However, PVP 40 T was found to be a better stabilizer for danazol particles produced 
by EPAS, compared to lower MW surfactants such as Pluronic F127, sodium lauryl 
sulfate (SLS), and sodium deoxycholic acid (DCA). PVP-stabilized danazol 
particles were 10–17 μm in diameter, compared to 22–30-μm particles when 
stabilized by the lower MW surfactants (Chen et al. 2004a). It is interesting to note 
the large disparity between the sizes of the CsA and danazol particles stabilized 
with PVP 40 T, under similar operating conditions. PVP-stabilized CsA particles 
produced by EPAS ranged between 600 and 1100 nm in diameter for final dispersion 
concentrations between 1 and 5 % w/v, whereas PVP-stabilized danazol particles 
were 10–17 μm when prepared at a 2 % w/v aqueous dispersion (Chen et al. 2002, 
2004a). This difference in size highlights the fact that stabilizer selection is highly 
dependent upon the affinity of a stabilizer to adsorb on a particular drug surface, in 
addition to growth rates for particular drugs.

In EPAS, another factor to consider when selecting the appropriate surfactant is 
whether to incorporate the stabilizer into the organic phase, in addition to the 
aqueous phase. The addition of effective amounts of stabilizers to the SCF phase 
was not plausible in RESAS due to the low solubility of many stabilizers, especially 
high-MW polymers, in SCFs. The addition of a stabilizer to the organic phase in 
EPAS has enabled the production of smaller particles, compared to systems where 
the stabilizer is only present in the aqueous phase, because less time is required for 
the surfactant to diffuse to the particle surface, as it does not need to cross the 
aqueous/solvent boundary. The average diameter of carbamazepine (CBZ) particles 
prepared by EPAS stabilized using Pluronic F127 was ~20 % lower when the 
Pluronic was integrated into the organic phase versus the aqueous phase (mean 
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diameter of 13 and 16 μm, respectively) (Sarkari et al. 2002). When stabilizers were 
added to both the organic and the aqueous phases, even smaller particles were 
created, about 40 % lower than when Pluronic was added only to the aqueous phase. 
The ability to reduce particle sizes by including stabilizers in both the organic and 
aqueous phases during EPAS precipitation was also demonstrated for danazol and 
itraconazole (Itz) particles, where particle-size reductions up to one order of 
magnitude were achieved, down to submicron levels, depending on the selected 
combination of stabilizers (Vaughn et al. 2005; Sinswat et al. 2005).

Interestingly, high-potency particles, greater than 50 % w/w drug, may still be 
produced by EPAS despite increasing the concentration of stabilizers in both the 
organic and aqueous phases. As mentioned previously, particle growth is impeded 
by the adsorption of stabilizers to the particle surface. Because the hydrophilic 
portions of the surfactant favor the drug–water interface, relative to the hydrophobic 
particle interior, the surfactant selectively orients itself at the particle surface 
(Matteucci et al. 2007). Upon passivation of the particle surface, the loading of 
surfactant is limited by the equilibrium adsorption. Therefore, the most effective 
strategy for stabilizing particles produced by EPAS is to accelerate surfactant 
adsorption to the nucleating surfaces through surfactant selection and placement 
and to use excess amounts of surfactant. Unadsorbed surfactant may be removed by 
centrifugation after precipitation (Vaughn et al. 2005; Sinswat et al. 2005). EPAS 
production of Itz yielded particles with a BET surface area of 6.31 m2/g (~731 nm 
in diameter, assuming a spherical geometry) and 93.8 % w/w potency when the 
stabilizer, Pluronic F127, was added to both the organic and aqueous phases 
(Sinswat et al. 2005; Chen et al. 2004b). When Itz was stabilized using PVP-K15 by 
EPAS, particles as small as 500 nm in diameter were achieved for a drug-to-excipient 
ratio of 0.79 (Chen et al. 2004b). It should be noted, however, that slightly larger 
particle sizes are generally observed as the drug/surfactant ratio (i.e., drug potency) 
is increased (Chen et al. 2002, 2004b, 2006). For the precipitation of CsA particles 
with Tween 80 as the stabilizer, the mean particle size increased from 338 nm to 
523 nm to 921 nm when the drug-to-excipient ratio was increased from 0.33 to 0.72 
to 2.50, respectively (Chen et al. 2002).

Contact-angle measurements verified that the hydrophilic stabilizer sufficiently 
coated the surface of the particles, as expected, given the colloidal stability. For 
these measurements, the drug dispersions produced by EPAS were centrifuged to 
remove unadsorbed surfactant, dried, and the resultant powder was compacted into 
a tablet. The contact angle observed for a droplet of water on the tablet surface was 
then measured. The contact angle for Itz tablets prepared from EPAS powder was 
~32 % smaller than that for a tablet prepared from a physical mixture of the identical 
composition, validating the claim that the EPAS process tends to orient the stabilizers 
to the particle surface (Sinswat et al. 2005). Additional studies have verified these 
results, where high-potency particles of carbamazepine and danazol produced by 
EPAS, composed of at least 50 % w/w drug, possess smaller contact angles than 
identical formulations prepared as a physical mixture (Vaughn et al. 2005; Sarkari 
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et al. 2002). The lower contact angles of the EPAS particles also indicate enhanced 
wettability over the physical mixtures, which is especially important to achieve 
favorable dissolution rates for poorly water-soluble drugs. Because the EPAS 
process preferentially concentrates the surfactant at the particle surface, where 
steric and wetting capabilities are maximized, only small amounts of surfactant are 
required to stabilize particles with high drug potency and to improve wettability for 
enhanced dissolution. EPAS has also demonstrated advantages with respect to 
quercetin chemical stability in nanosuspension compared to solution. This was 
explained by surface coverage by the surfactant coupled with a nanosuspension, 
which offered only the outer surface for degradation. It was also mentioned that 
due to protection of the stabilizer layer, even the outer surface was protected from 
degradation (Gao et al. 2011).

Due to the ability of EPAS to produce particles with good surfactant coverage, 
high drug suspension concentrations can be obtained, typically between 15 and 
50 mg/mL, which is highly attractive for parenteral applications (Vaughn et al. 
2005; Sarkari et al. 2002; Sinswat et al. 2005). However, for higher suspension 
concentrations, larger particle sizes, as well as broader PSDs, are observed. When 
higher suspension concentrations are desired, it is often beneficial to increase the 
surfactant concentration in the system, to ensure sufficient coverage of the drug 
particles. An additional benefit of the well-stabilized EPAS particles is that after 
drying the drug dispersion, the powders have been shown to redisperse to sizes 
similar to those present in the original dispersion, indicating good stabilizer coverage 
of the particles (Chen et al. 2004a). Moreover, the EPAS process was shown to 
produce both crystalline and amorphous particles, depending on the stabilizers 
chosen. Rapid stabilization of particles, before molecules are able to rearrange into 
the crystalline structure, leads to higher amorphous content in the particle. Table 12.6 
summarizes some particle properties achieved through precipitation by EPAS.

The advantages of EPAS and emulsion templating have been combined in order 
to develop a more robust precipitation process called Advanced EPAS. Indeed, 
replacing the organic solution with an oil-in-water emulsion allowed for better con-
trol over the particle size than compared with an organic solution as used in EPAS. 
The evaluation of the influence of processing parameters demonstrated independence 
with regards to particle size proving the robustness of the process. Furthermore, 
Advanced EPAS overcomes the limitation of EPAS in terms of scale up as the 
requirement for consistent atomizing nozzle is eliminated (Bosselman et al. 2012).

12.3  Antisolvent Precipitation Using Organic Solvents (AP)

The AP process, in which organic solvents make up the solvent phase, is one of the 
most common bottom-up approaches for particle formation. AP processes are 
relatively simple, cost effective, and may be operated continuously, facilitating 
scale-up. The scalability of AP processes has been demonstrated by Novartis for the 
production of hydrosols and by Soliqs/Abbott for Nanomorph products (Keck and 
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Mueller 2006). Similar to EPAS, larger process yields are generally obtained from 
AP operations, as compared to SCF-based techniques, because organic compounds 
possess higher solubilities in organic solvents than in SCFs. Additionally, many of 
the same particle formation mechanisms discussed for EPAS apply to AP 

Table 12.6 Drug particles produced by EPAS

Drug Stabilizer
API/
stabilizer

Mean particle 
diameter (μm)

Dispersion 
loading 
(mg/mL) Amorphous

Itz (Chen 
et al. 
2004b; 
Sinswat 
et al. 2005)

PVP-K15 0.9–0.7 ~0.51 (BET: 
9 m2/g)

10 No

Pluronic F127

Combination

Tween80 9.5–15 ~730–1500 (BET: 
3.1–6.3 m2/g)

15 No

PVP-K15

Pluronic F127 
Combination

CsA (Chen 
et al. 2002)

l-α- 
Phosphatidyl- 
choline

0.14–0.35 0.25–0.47 14–35 Yes

Brij 0.3–0.5 0.033–1.04 5–50 Yes

Myrj

Tween

PEGs 0.3–0.5 0.077–1.39 5–50 Yes

PVPs

CBZ 
(Sarkari 
et al. 2002)

Dooxycholic 
acid

0.45–0.83 12–19 9–40 Yes

PVP-K15

Sodium dodecyl 
sulfate

Pluronic F127

Danazol 
(Chen 
et al. 
2004a; 
Vaughn 
et al. 2005)

PVPs 0.5–4 12–30 5 No, but ~20 % 
reduced 
crystallinity

Sodium dodecyl 
sulfate

Dooxycholic 
acid

Pluronic F127

Combination

PVP-K15 1 0.62 (BET: 
7.41 m2/g)/~0.15–
0.5 μm drug 
domains in 
7–10 μm 
aggregates

Not 
reported

Yes

Riccardin 
D (Liu 
et al. 2012)

Poloxamer 188 0.33 ~0.18 100 No

HPMC

PVP K30

Combination
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technologies. In AP, the poorly water-soluble drug is first dissolved in an organic 
solvent and then the drug solution is mixed with an antisolvent, often water. As the 
two phases mix, the drug solubility decreases, resulting in supersaturation of the 
drug, which drives nucleation. Unlike EPAS, an organic solvent that is miscible 
with the antisolvent is selected to facilitate mixing between the two phases. Diffusion 
of the organic solvent into the aqueous phase tends to spread the nuclei apart, 
reducing coagulation rates compared to EPAS, in which droplet shrinkage during 
solvent evaporation tends to promote coagulation of nuclei. Stabilizers may be 
added to the solvent or antisolvent phases to further mitigate particle growth by 
condensation and coagulation. The hydrophilic segments of the stabilizer 
preferentially extend toward the aqueous environment and, thus, the stabilizer 
adsorbs at the drug–water interface and not within the interior of the particle. 
Passivation of the particle surface by the stabilizers hinders particle growth. The 
selective orientation of the stabilizer at the particle surface facilitates the production 
of stable, high-potency drug particles with a minimum stabilizer to drug ratio. An 
illustration of the driving mechanism for the AP process is shown in Fig. 12.17.

In the previously discussed precipitation-based particle formation techniques, 
micron-sized particles are more commonly produced than submicron particles. In 
AP, process and formulation parameters can often be manipulated to yield submicron 
particles. A contributing factor to the higher propensity for AP to form nanoparticles 
is the miscibility between the solvent and antisolvent, which facilitates both rapid 
supersaturation as well as efficient adsorption of stabilizers to nucleating drug 
particles. Additionally, atomization of a partially miscible drug solution into the 
aqueous phase is not necessary to achieve small particles because the solvent and 
antisolvent are fully miscible. Therefore, a critical determinant of final particle size 
is the efficiency of mixing between the antisolvent and solvent phases. The impact 
of mixing on particle formation may be described by the Damkohler number (Da), 
defined as the ratio of mixing time (τmix) to precipitation time (τprec).

Fig. 12.17 Schematic of antisolvent precipitation (AP) of drug particles in the presence of 
amphiphilic stabilizers. Reprinted with permission from Matteucci et al. (2006). Copyright (2006) 
American Chemical Society
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Da mix prec=t t/ .

 (12.10)

τprec is a function of condensation time, τcond, and coagulation time, τcoag (refer to 
Fig. 12.1). Poor mixing conditions (i.e., large τmix, resulting in a large Da) lead to 
low, and often nonuniformly distributed, levels of supersaturation, which 
subsequently result in slower nucleation rates, relative to particle growth rates. 
These poor mixing conditions tend to produce large polydisperse particles.

Favorable operating conditions promote rapid mixing, and thus facilitate the 
production of smaller particles, as characterized by Da values near unity. A reduc-
tion in Da may be accomplished by generating greater supersaturation via more 
rapid nucleation (to reduce τmix) and/or by extending the time for condensation and 
coagulation via the addition of stabilizers (to increase τprec). When Da is equal to 
unity, the particle formation process is insensitive to further reductions in mixing 
time. Figure 12.18 illustrates this concept, where the size of β-carotene particles 
was found to decrease with increased jet velocity, which influences mixing inten-
sity, until a threshold value was reached (Johnson et al. 2006). Above this thresh-
old, the particle size remained constant with further increases in jet velocity. 
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Fig. 12.18 Diameter of β-carotene particles produced by AP, as a function of the stream velocity 
of the organic drug solution into an aqueous antisolvent. An increase in stream velocity results in 
a decrease in particle size until the break point is reached. Adapted and reprinted with permission 
from Johnson et al. (2006). Copyright (2006) American Chemical Society
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Therefore, when Da > 1, the particle formation process is “transport controlled,” 
signifying that mixing times may be optimized to achieve smaller particles. 
However, if conditions correspond to a Da ≤ 1, the process conditions have already 
been optimized to minimize particle size and only a reduction in drug concentra-
tion or a change in solvent or stabilizer selection may offer further improvements 
for particle size reduction.

The limits of AP processing parameters were thoroughly investigated by Matteucci 
et al. to gain a solid understanding of the impact of process parameters on the mecha-
nisms driving particle formation and stabilization, primarily for cases where high 
drug loadings are desired. In the study, Itz, the model poorly water- soluble drug, was 
stabilized using the amphiphilic polymer Pluronic F127 (P127). Process parameters 
including stabilizer concentration, the phase in which the stabilizer is added, process 
temperature, and mixing intensity between the organic and aqueous phases were 
examined. As in EPAS, higher concentrations of stabilizers resulted in smaller par-
ticles when prepared by AP, as expected. Additionally, for a given amount of stabi-
lizer, smaller particles were obtained when the stabilizer was added to the organic 
versus the aqueous phase. Therefore, for P127-stabilized-Itz particles of similar 
sizes, a 50 % w/w drug loading can be achieved when P127 is added to the organic 
phase, compared to only a 25 % w/w Itz loading when P127 is incorporated in the 
aqueous phase. Another important process parameter for both EPAS and AP is the 
final suspension concentration. As in EPAS, increased suspension concentrations, 
which were achieved by increasing feed drug concentrations, generally led to larger 
particle sizes during AP unless stabilizer levels were also increased accordingly. 
However, upon reaching a threshold stabilizer level, Itz drug loadings up to 86 % 
w/w were produced at minimal cost to particle size. In fact, the PSD did not change 
significantly when the solid loading in the final suspension was varied between 1.8 
and 8.9 mg/mL. Matteucci et al. calculated nucleation and growth rates using a popu-
lation balance model in conjunction with the mixed-suspension, mixed-product-
removal crystallization (MSMPR) model to characterize nucleation and growth 
kinetics (Jarmer et al. 2004), in order to justify the differences in PSD for different 
experimental parameters.

The temperature of the aqueous bath, into which the organic drug solution is 
introduced, was also shown to heavily influence final particle size. Matteucci et al. 
reported that the average particle size of Itz particles stabilized with P127 increased 
only 15 % when the temperature was raised from 3 to 10 °C. However, particle sizes 
increased by a factor of 40 when the temperature of the aqueous reservoir was set 
near room temperature, at 20 °C. The operating temperature influences several 
aspects of the particle formation process. While higher temperatures generally 
increase diffusion rates to allow stabilizers to quickly reach growing particle 
surfaces, they also tend to cause an increase in drug solubility in the solvent/water 
mixture, which reduces supersaturation and nucleation rates and increases the 
propensity for Ostwald ripening, all of which leads to larger particle sizes. 
Additionally, elevated temperatures tend to desolvate amphiphilic molecules due to 
weakened hydrogen bonding with water, which may reduce steric stabilization. 
Unlike EPAS, where higher temperatures are needed to facilitate solvent evaporation 
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and, thus, subsequent supersaturation, smaller particle sizes are expected when the 
aqueous reservoir is maintained at lower temperatures during antisolvent 
precipitation. For Itz particles stabilized with P127, Matteucci et al. recommended 
operating at a precipitation temperature of 3 °C (Matteucci et al. 2006).

To examine the role of mixing energies, characterized by Re, on final particle 
size, the intensity by which the organic solution was introduced to the aqueous 
phase was adjusted by varying nozzle diameters and jet velocities. Not surprisingly, 
smaller nozzle diameters and higher jet velocities, which create higher Re conditions, 
tended to yield smaller particle sizes. However, Matteucci et al. found that particles 
with sizes similar to those produced under high Re conditions could still be produced 
under low or moderate mixing energies by adjusting other experimental parameters 
to push the Da back toward unity, such as increasing the flow rate of the organic 
solution (decreases τmix) and/or increasing the stabilizer concentration in the aqueous 
bath (increases τprec). Therefore, compensation for a nonoptimal mixing intensity by 
tuning another process parameter toward a more-optimal setting allows a targeted 
Da condition of unity to be achieved and thus facilitates the production of submi-
cron particles even at lower mixing intensities, which require lower energy inputs 
(Matteucci et al. 2006). A summary of how different process parameters can compen-
sate for lower Re conditions to yield submicron particles is shown in Table 12.7.

Table 12.7 Compensation variables that may be adjusted to maintain a low Damkohler number

Nozzle type
Organic flow 
rate (mL/min) Re

Stabilizer concentration 
(% w/w)

Stabilizer 
location

PSDa (μm) 
D50/D90

Organic flow rate vs. Re

0.047″ i.d. 130 3400 75 Aqueous 0.24/0.56

Crimpedb 10 6300 50 Aqueous 0.23/0.52

Stabilizer concentration vs. Re

0.0025″ i.d. 10 5000 14 Aqueous 0.27/28

0.03″ i.d. 10 410 67 Aqueous 0.27/2.9

0.03″ i.d. 10 410 75 Aqueous 0.23/0.69

Crimpedb 10 6300 14 Aqueous 0.23/0.52

Stabilizer concentration vs. location

0.03″ i.d. 10 410 75 Aqueous 0.23/0.69

0.03″ i.d. 10 410 50 Organic 0.24/0.59

Stabilizer location vs. Re

0.047″ i.d. 10 410 14 Organic 0.29/4.4

0.03″ i.d. 130 3400 14 Aqueous 0.24/0.56

0.0025″ i.d. 10 5000 14 Aqueous 0.27/28

Adapted from Matteucci et al. (2006)
aD50 and D90 refer to the diameter at which the cumulative sample volume was under 50 % and 
90 %, respectively
bCrimped nozzle refers to a 0.03″ i.d. stainless-steel tubing that was crimped and then filed at the 

cut end until a stable atomized flow was achieved, as described in Young et al. (2000)
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Matteucci et al. further explored the range of mixing intensities capable of 
producing Itz nanoparticles stabilized with P127, ranging from simply pouring the 
organic into the aqueous solution to drop-wise addition to syringe injection, in addi-
tion to the use of high-velocity jets. In all cases, the aqueous phase was mixed using 
a magnetic stir bar (~500 rpm) to enhance heat and mass transfer during mixing of 
the organic and aqueous phases. As shown in Table 12.8, submicron particles may 
still be produced when the organic phase is poured or added drop- wise into the 
aqueous phase, although a sizable percentage of micron-sized particles were also 
obtained. These lower-energy, and thus poorer-mixing, conditions likely produce 
smaller degrees of local supersaturation, resulting in slower nucleation compared to 
the syringe and high-velocity jet addition techniques. This hypothesis is corrobo-
rated by the lower calculated nucleation rates for the lower-energy mixing tech-
niques, as determined using the MSMPR/population model. Interestingly, the 
addition of the organic solution by syringe at a high organic flow rate of 130 mL/min 
yielded particles of comparable size to those produced using high-velocity jets, 
where the organic flow rate was 10 mL/min. Additionally, because the same solvent/
stabilizer system was used in all cases, growth rates were relatively similar, with 
slightly lower calculated growth rates for the syringe and high-velocity jet 
techniques, attributed to more efficient particle stabilization due to enhanced 
diffusion of stabilizers to particle surface.

The ability of the AP process to form nanoparticles using low-energy mixing 
intensity methods has been further demonstrated in several other reports. Rasenack 
and Muller (2002) showed that, despite the organic drug solution being merely 
poured into the aqueous phase, Itz nanoparticles were produced when the appropriate 
stabilizer was selected. In the case of Itz, stabilizing agents containing cellulose 
ethers with alkyl-substituents, such as methyl cellulose (MC), 
methylhydroxyethylcellulose (MHEC), and hydroxypropylmethylcellulose 
(HPMC), effectively protected against particle growth to maintain submicron 
particle sizes. On the other hand, more hydrophilic stabilizers, such as dextran, 

Table 12.8 Impact of the method by which the organic phase is introduced to the aqueous phase 
on the size of Itz particles prepared by AP and stabilized with P127

Organic 
introduction 
technique Re

Organic 
flow rate 
(mL/min)

PSD (μm) 
D10/D50/D90 % < 1 μm 

Nucleation 
rate: 10–20 n0

Growth 
rate:
102 Gτ

Pouring Low ~340 0.12/0.39/8.4 67 1.6 6.2

Drop-wise 
addition

Low ~11 0.14/0.83/14 52 1.6 6.2

Syringe  
(0.047″ i.d.)

3400 ~130 0.1/0.24/0.56 97 2.0 6.0

High-velocity jet 
(0.0025″ i.d.)

5300 10 0.13/0.27/28 86 1.8 6.1

In each case, an Itz loading of 86 % w/w and a suspension concentration of 8.9 mg/mL was 
achieved, with the P127 placed in the aqueous phase only (1.67 mg/mL). Adapted from Matteucci 
et al. (2006)
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polyvinylalcohol, polyvinylpyrrolidone, hydroxyethyl starches (HES), and polar 
substituted cellulose ethers (hydroxyethyl celluloses (HEC) and hydroxypropyl 
celluloses (HPC)), yielded micron-sized particles under similar operating conditions 
(Fig. 12.19). These results indicate that the stabilizer must interact sufficiently with 
the newly formed surface of the poorly water-soluble compound in order to provide 
an efficient barrier to particle growth. In the cases of MHEC and MC, the methoxyl 
and hydroxy propyl groups adsorb onto hydrophobic surfaces (Daniels and Barta 
1994). Although HPMC is relatively hydrophilic, it is sufficiently hydrophobic to 
facilitate adsorption onto hydrophobic particle surfaces (Chang and Gray 1978). 
The ability of HPMC to efficiently stabilize Itz nanoparticles was further explored 
by examining the range of HPMC concentrations required for stabilization. A 
minimum HPMC concentration of 0.025 % in the aqueous reservoir was required to 
stabilize 600-nm Itz particles under the experimental conditions used by Rasenack 
and Muller (~30/1 HPMC/Itz, organic solution poured into aqueous solution). 
Higher HPMC concentrations did not further reduce particle sizes due to the nature 
by which particles are stabilized in AP, where passivation of the particle surface 
indicates maximum stabilization (Fig. 12.20). Similar results were observed when 
HPMC was used to stabilize ketoconazole particles produced by AP under similar 
operating parameters (Rasenack and Muller 2002). Fenofibrate (~320 nm in 
diameter) stabilized by a combination of sodium dodecyl sulfate (SDS) and HPMC 
(Hu et al. 2011) and spirolactone nanoparticles (200–400 nm in diameter) stabilized 
with HPMC have also been prepared by AP (Dong et al. 2009), where the organic 
solution was rapidly injected into the aqueous phase using a pipette or syringe. In 
both studies, the organic and aqueous phases were also pumped into a static mixer, 
which consists of a chamber containing several baffles to facilitate mixing between 
entering fluids (Hu et al. 2011; Dong et al. 2010; Gassmann et al. 1994). Resultant 
fenofibrate and spirolactone particles were of comparable size, although slightly 
larger, than those prepared when the organic phase was introduced by injection 
(~330 and 500 nm for fenofibrate and spirolactone, respectively), indicating 
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Fig. 12.19 Particle size of itraconazole (Itz) particles produced by AP stored as a dispersion 24 h 
after precipitation. Concentration of stabilizer in water was 0.025 % w/w. Data from Rasenack and 
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relatively efficient mixing within the static mixer. In the case of the fenofibrate 
particles, continued monitoring of particle size showed that the freshly precipitated 
particles grew over time if left in the suspension, up to four times the initial size in 
just 10 min (Fig. 12.21) (Hu et al. 2011). The particle growth may be driven by 
condensation of dissolved drug molecules and/or Ostwald ripening due to the 
organic solvent still present in the aqueous suspension. In response to these 
challenges, modifications to the AP process have been developed to facilitate 
nanoparticle production as well as to maintain particle size after precipitation by 
minimizing particle growth and are discussed in the next section.

Fig. 12.20 Influence of different concentrations of HPMC 4000 on the size of itraconazole (Itz) 
particles produced by AP. Particles were stored as a dispersion and sizes were measured 24 h after 
precipitation. Data from Rasenack and Muller (2002)
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Fig. 12.21 The effect of aging time on the size of freshly precipitated fenofibrate drug particles in 
dispersion under stirring conditions at the rate of 600 rpm. Reprinted from Hu et al. (2011). 
Copyright 2011 with permission from Elsevier
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12.3.1  Recent Trends in AP Processes

12.3.1.1  Flash Nanoprecipitation (FN) Process

To facilitate the production of amorphous nanoparticles for enhanced dissolution of 
poorly water-soluble drugs, flash nanoprecipitation (FN) aims to minimize mixing 
times between the solvent and antisolvent, down to millisecond timescales, using a 
custom-designed confined impinging jet (CIJ) mixer. In a CIJ mixer, a solvent 
stream and an antisolvent stream are introduced into a mixing chamber at turbulent 
jet velocities, in such a manner that the two streams are collinear and thus collide 
with each other. Mixing within impinging jets produces a region of high-energy 
dissipation, as the kinetic energy of the jet streams is converted to turbulent motion 
through collision and redirection of fluid flow within a confined volume. These 
high-energy dissipation regions rapidly reduce the scale of segregation between the 
two fluid streams, thus facilitating rapid nucleation. The mixing chambers in the FN 
process must be large enough for the high-energy dissipation regions to form, but 
limited in volume to avoid significant bypassing of any fluid from intense mixing 
(Johnson et al. 2006; Johnson and Prud’homme 2003a, b, c). A schematic of the FN 
process is shown in Fig. 12.22.

Mixing energies characterized by Re up to 3000 have been reported for CIJ mix-
ers, corresponding to a characteristic mixing time, τmix, of 5 ms, when jet diameters, 

hydrophilic polymer
in antisolvent (water)

hydrophobic compound & polymer
in water miscible organic solvent

impingement
mixer

block copolymer-protected nanoparticles

Fig. 12.22 Schematic of confined impinging jet (CIJ) apparatus: A solvent jet, in which the poorly 
water-soluble drug and stabilizers are dissolved, and an antisolvent jet containing stabilizers are 
impinged against each other to facilitate mixing of the two solutions. High-velocity impingement 
promotes rapid mixing within the chamber to facilitate rapid particle precipitation. Reprinted with 
permission from Zhu et al. (2007). Copyright (2007) American Chemical Society
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jet velocities of the fluid stream, and chamber size have been optimized (Johnson 
and Prud’homme 2003a, b, c). According to Johnson and Prud’homme, optimal 
performance of the FN) process is achieved when τmix values are less than 100 ms 
(Johnson et al. 2006). These low τmix values promote nanoparticle production, as 
seen in (12.10), as well as narrow PSDs. In FN studies, Johnson and Prud’homme 
stress the importance of not only comparing τprec of the drug to τmix but also matching 
τprec of the drug with τprec of the stabilizer, especially in the case of polymeric 
stabilizers. When the precipitation times for the drug and stabilizer are manipulated 
to match one another, the hydrophobic portion of the stabilizer is designed to 
precipitate onto the surface of the drug particle at the onset of nucleation, thus 
deterring further particle growth beyond nucleation sizes. Moreover, the proper 
selection of stabilizers can act as a nucleation initiator to further control nanoparticle 
production. Characteristic precipitation times may be adjusted by tuning stabilizer 
properties, such as molecular weight (MW) and the size ratio of hydrophilic to 
hydrophobic moieties, as well as the drug feed concentration. To demonstrate the 
importance of stabilizer selection in FN, β-carotene particles stabilized by 
polystyrene (PS) (2 K)-b-polyethylene glycol (PEG) (5 K) and polycapralactone 
(PCL) (3.6 K)-b-PEG (6 K) were compared. Particles stabilized with PS-b-PEG, 
possessing a drug potency of 66 % w/w, were ~100 nm in diameter, while those 
stabilized with PCL-b-PEG required higher stabilizer levels to achieve an average 
particle size of 100 nm, reducing the drug potency to 18 % w/w. The reduced 
effectiveness of the PCL-b-PEG polymer to stabilize the β-carotene particles was 
attributed to the lower melting point of the PCL, which may have facilitated 
aggregation between the particles (Zhu et al. 2007). Polyelectrolytes such as poly 
(ethylene imine) or chitosan can also stabilize nanoparticles of β-carotene to an 
average diameter <100 nm and a drug loading >80 %. Besides steric stabilization, 
polyelectrolytes also provided electrostatic stabilization of the amorphous 
nanoparticles as demonstrated by zeta potential measurements. Amorphous state of 
the nanoparticles was due to fast precipitation (Zhu et al. 2010). FN has also reported 
the successful production of CsA nanoparticles (~300 nm) stabilized by a 
combination of dextrose monohydrate and lecithin at a drug potency of 30 % w/w 
(Chiou et al. 2008a, b). Methods, such as vacuum distillation or spray drying, or 
dialysis were required to remove the organic solvent from the final suspension in 
order to minimize aggregation of particles after precipitation Putsulka et al. 
investigated on the impact of block copolymer, solute and API on the FN process. 
The results were in agreement with a model developed by Johnson and Prud’homme 
(2003a). They demonstrated that log P was a good indication of the stability of 
hydrophobic drugs in nanoparticles. Manufacturing of 100 nm particles with at least 
50 % drug loading was reported preferable with small molecules having a log P < 6 
and >1 % solubility in water miscible solvent. Nonety percent of drug loaded parti-
cles were achievable if drug log P was ~10, but the size of the resulting particles 
were around 200 nm showing the impact of loading on the particle size. Equal mass 
ratio of small molecule and polymer led to particle size of ~100 nm independent of 
solid concentration (Pustulka et al. 2013). Log P has also been correlated with 
particle stability; indeed, log P > 12 showed good stability and log P < 2 was very 
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difficult to generate nanoparticles due to its high solubility. Later, Zhu et al. confirmed 
the importance of drug insolubility to prevent interparticulate migration. They also 
mentioned the use of log P to predict particle stability, enabling therefore a fast and 
easy pre-clinical drug screening (Zhu 2014).

The necessity of hand operation for the FNP process was eliminated by modification 
of the design of the CIJ mixer and by adding a second antisolvent dilution step. These 
two changes allowed for fast quenching with a high antisolvent concentration 
enhancing therefore nanoparticle stability. Stable and reproducible nanoparticles 
(55 nm) of β-carotene were obtained using CIJ with dilution. Because it overcomes 
the equal volume ratios of original CIJ design, CIJ-D enables a decrease in the volume 
needed, making it an inexpensive technique (Han et al. 2012).

Recent research on the FN process has focused on the addition of a multi-inlet- 
vortex mixer (MIVM) to FN (schematic shown in Fig. 12.23) to allow for efficient 
mixing of multiple streams with unequal flow rates, which has been found to be a 
requirement for some systems to achieve optimal nano-precipitation conditions. To 
validate that sufficient mixing is achieved within the MIVM, Liu et al. developed a 
computation fluid dynamics (CFD) simulations program to emulate flow behavior 
within the MIVM (Liu et al. 2008; Shen et al. 2011). The simulation was validated 
using a model experiment, involving a parallel, competing reaction system, in which 
product yields were measured to give an indication of mixing intensity. Excellent 
correlation between the simulation and experimental data was found, providing vali-
dation of mixing performance within the MIVM, as well as a useful tool to optimize 
process parameters for nanoparticle production in future studies (Liu et al. 2008). 
Shen et al. confirmed the rapid micromixing and high supersaturation leading to 
nanoparticle formation. High Re was important to produce nanoparticles with con-
trolled size distribution as previously mentioned by Liu et al. (2008). MIVM demon-
strated the ability to encapsulate at high efficiency a wide variety of materials such as 
model drug, b-carotene, hydrophilic charged polymers (Shen et al. 2011). In the case 
of the production of paclitaxel nanoparticles by FN, submicron particles could not be 
produced using only PCL(3 K)-b-PEG (5 K) as the stabilizer. However, the introduc-
tion of a PCL homopolymer in addition to the block copolymer using the MIVM-
modified CIJ mixer yielded particles ranging from 80 to 145 nm in diameter, 
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Fig. 12.23 Schematic of a 
multi-inlet-vortex mixer 
(MIVM), used to facilitate 
efficient mixing of multiple 
feed streams with unequal 
flow rates into the confined 
impinging jet (CIJ) mixer. 
Reprinted from Liu et al. 
(2008). Copyright 2008 
with permission from 
Elsevier
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depending on the MW of the PCL homopolymer (Johnson et al. 2006). The scalabil-
ity of this new mixer was demonstrated for different chamber geometries and sizes 
(Johnson et al. 2006). The benefit of highly stabilized nanoparticles of curcumin 
processed by FN (mean particle size <80 μm) compared to unprocessed particles 
was demonstrated in vivo in mice with improved clinical efficacy at low dose and 
much higher bioavailability (Cheng et al. 2013). Recently, Chow et al. also com-
pared the performance of MIVM with a two stream)confined impinging jet with dilu-
tion mixer (CIJ-D-M). They showed that both mixers enable particle sizes below 
100 nm and high encapsulation efficiency (>99.9 %). Particles produced with MIVM 
displayed better short-term stability as well as roughly spherical particles compared 
to the irregular nanoaggregates obtained with CIJ-D-M. However, smaller particle 
size was obtained with the CIJ-D-M; these results were explained by the differences 
in the configuration of the mixing chambers (Chow et al. 2014). In order to overcome 
the short-term stability they co-formulated the product with polyvinylpyrolidone 
(PVP); PVP surrounded the particle in a protective barrier thus preventing the leaking 
of cucurmin and extended the stability of the nanosuspension (Chow et al. 2015).

12.3.1.2  Controlled Precipitation (CP) Process

To minimize particle growth after precipitation, the controlled precipitation 
(CP) process incorporates a semicontinuous solvent removal step, such as vacuum 
distillation, after the solvent and antisolvent are mixed together (Fig. 12.24). 
By incorporating the solvent removal step in-line with the process to remove excess 
solvent immediately after precipitation instead of in a separate step, substantial 
levels of particle growth may be minimized. In CP, solvent removal is typically 
performed within a wiped film evaporator to maximize the available surface area 
over which solvent evaporation may occur, as well as to reduce any foaming that 
might have occurred during processing, given the high amounts of surfactants 
required for stabilization in some cases (Rogers et al. 2004; Hitt et al. 2003, 2006). 

Organic
solution

Aqueous
solution

Solvent
removal

Isolation
(Spray drying,
Lyophilization)

Fig. 12.24 Schematic of controlled precipitation process. Adapted from Rogers et al. (2004)

J. Maincent and R.O. Williams III



659

Rapid removal of a significant portion of the solvent markedly reduces the solubility 
of the drug in the mixed solvent. Thus, particle growth by condensation of dissolved 
drug molecules and Ostwald ripening may be greatly minimized.

Danazol and naproxen particles prepared by CP were well below 1 μm in 
diameter, 200 and 270 nm, respectively, as long as the operating temperature was 
kept at 3 °C (Rogers et al. 2004). Measured residual solvent levels, methanol for 
both cases, in the aqueous suspension after the solvent removal step ranged 
between 70 and 380 ppm, well below the International Conference on 
Harmonization (ICH) guidelines for pharmaceuticals for human use (Rogers 
et al. 2004). Lower precipitation temperatures corresponded to lower residual 
methanol levels, in addition to favoring nanoparticle production. A significant 
increase in particle size (up to an order of magnitude) and polydispersity (from 
unimodal to bi- and tri- modal distributions) was observed when the precipitation 
temperature was increased to 25 and 50 °C (Rogers et al. 2004), consistent with 
the AP work by Matteucci et al. (2006). Additionally, the ability of the CP pro-
cess to produce high-potency nanoparticles has been demonstrated for several 
poorly water-soluble drugs, including Itz stabilized by HPMC (up to 94 % w/w 
drug potency for particles 90–355 nm in diameter) (Matteucci et al. 2007), cyclo-
sporin A (CsA) stabilized using Tween 80 (91 % w/w drug potency for particles 
300 nm in diameter) (Tam et al. 2008), and repaglinide (REP) stabilized with 
HPMC (50 % w/w drug potency for particles 650 nm in diameter) (Sinswat et al. 
2007), as expected since the particle formation and stabilization mechanism for 
CP are similar to those of AP. Scalability of the CP process was also demon-
strated by the successful production of a 1-kg batch of naproxen particles (Rogers 
et al. 2004). The impingement mixer can be combined with an on-line spray-
dryer for a continuous process suitable for industrial scale production of nanopar-
ticles (Dong et al. 2011).

Another important aspect of the CP process is its high propensity to produce 
amorphous particles, due to the rapid nucleation and stabilization rates generated 
during the precipitation process. As seen in the Noyes–Whitney equation (12.1), 
higher metastable solubilities of high-energy amorphous compounds, Csat, rela-
tive to crystalline compounds, provide a larger concentration gradient to drive 
particle dissolution. Production and stabilization of an amorphous morphology 
require rapid particle stabilization during the precipitation process, similar to the 
conditions required for stabilization of small particle sizes. The same principles 
are applied to control particle morphology, as the goal is to stabilize the particle 
before the molecules can arrange into a crystal structure. Controlled precipita-
tion of Itz (Matteucci et al. 2007), CsA (Tam et al. 2008), and REP (Sinswat et al. 
2007) have yielded nanoparticles possessing an amorphous morphology, which 
contributed to their enhanced dissolution rates over the bulk, crystalline drug 
particles.
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12.4  Precipitation into Acid: Microprecipitated Bulk Powder 
(MBP) Formulations

Scientists at Roche have recently presented a modified approach to AP, in which a 
poorly water-soluble drug compound is stabilized by an ionic polymer via 
precipitation in an acid bath (Albano et al. 2002; Shah et al. 2012). A simplified 
process flow diagram is illustrated in Fig. 12.25. The setup, which is patent protected 
(Desai et al. 2010) and described by Shah et al., consists of two vessels with 
temperature control, one containing a cooled acidic aqueous phase (+5 °C) and the 
other one containing an organic solution where a drug and a polymer are dissolved. 
Both vessels contain automatic stirrers, the acidic aqueous phase is circulated in a 
closed loop and passes through a high shear mixing unit where the organic phase is 
added via an injection nozzle at a defined flow rate. Addition of the organic solution 
to the cooled acid phase where both drug and polymer are highly insoluble initiate 
nucleation of the drug particles and a precipitate, which is a mixture of API and 
ionic polymer, is formed. After complete addition of the drug-polymer phase the 
suspension is passed through the shear-mixing unit to adjust the particle size. The 
suspension is then filtered and washed with the acidic aqueous phase and then with 
water to remove the organic solvent. Once washed, the precipitate is dried to a 
desired water content (e.g., 2 % w/w). The ionic nature of the stabilizer is critical for 
effective “microprecipitation” of “nanosized” drug domains, which are claimed to 
be molecularly dispersed throughout a polymer matrix. Therefore, polymers such as 
hypromellose acetate succinate, polymethacrylate, polymethylmethacrylate, 

Fig. 12.25 Process train 
for production of 
microprecipitated bulk 
powder (MBP) 
formulation. Adapted and 
published with permission 
from Shah et al. (2010)
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hypromellose phthalate, polyvinylphtalate and cellulose acetate phthalate are appli-
cable. The resultant powder has been termed a “microprecipitated bulk powder” 
(MBP). Amorphous morphologies have also been formed under sufficiently rapid 
stabilization conditions. Ionic polymers with a MW of at least 80,000 Da and a glass 
transition temperature, Tg, >50 °C have been found to promote efficient stabilization 
of submicron, amorphous drug domains by this precipitation technique. The acidic 
aqueous bath is likely needed to elicit the desired charge on the polymer to promote 
a strong interaction between the polymer and the newly formed drug surfaces (Shah 
et al. 2010). Shah et al. described the manufacturing of two proprietary compounds 
using MBP technology. HPMC-AS and Eudragit® L100 were investigated as 
carriers. Both compounds were characterized as amorphous after processing. 
However, under the conditions tested only one of them was in a single-phase system 
as demonstrated by the single Tg observed by DSC. These results demonstrated that 
depending on the interaction and miscibility between the drug and polymer, a 
dispersion of amorphous drug in the polymer, or molecular dispersion of the drug 
could be obtained. The dissolution of solid dispersions manufactured with MBP 
was dependent on the lipophilicity of the drug but was optimized using additional 
excipients and led to rapid and complete dissolution of the compounds with up to 
20-fold supersaturation in aqueous environment. These in-vitro results were 
confirmed in beagle dogs where a 20-fold increase in bioavailability compared to 
micronized crystalline drug was demonstrated. Accelerated stability studies 
indicated assay values higher than 99 % and a maintained amorphous state. The 
high Tg of the polymer, its low affinity for water and a good miscibility with the 
drug was responsible for product stability. This manufacturing process appears to be 
a good alternative when hot-melt-extrusion and spray-drying technologies cannot 
be used to improve solubility of poorly water-soluble compounds. Vemurafenib 
falls into this category, indeed its high melting point and low solubility in organic 
solvent renders hot –melt-extrusion or spray drying unsuitable techniques. 
Consequently solvent controlled precipitation was investigated and precipitated 
amorphous solid dispersion in HPMC-AS were manufactured. Vemurafenib 
amorphous MBP was incorporated into tablets and exhibited enhanced stability and 
clinical efficacy in human (Shah et al. 2013).

This technology has demonstrated scalability and vemurafenib has recently 
been approved for commercialization under the trade name of Zelboraf® (EMA 
assessment report 2012).

12.5  Nanoparticle Recovery

Whereas a wide variety of techniques have been developed to produce aqueous 
dispersions of nanoparticles, the recovery of the nanoparticles in the solid state 
remains a formidable challenge. Common techniques for solvent removal include 
spray drying, freeze drying (i.e., lyophilization), and ultrafiltration (Limayem et al. 
2004; Torino et al. 2010; Matteucci et al. 2008). Particle growth may occur in these 
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processes, as the nanoparticles are concentrated during solvent removal. 
Concentration of nanoparticles may occur by various pathways, depending on the 
state of solvation of the polymeric stabilizer during solvent removal, as shown in 
Fig. 12.26. Process conditions, such as temperature, salinity of the nanoparticle 
dispersion, or rate of solvent removal, may be manipulated to influence flocculation 
behavior of the nanoparticles. In spray drying, dense flocs, which do not redisperse 
well back to primary nanoparticles, may be produced because the increase in 
nanoparticle concentration within the shrinking, evaporating droplet raises collision 
rates and the propensity for Ostwald ripening. Additionally, the high temperatures 
required for sufficient solvent evaporation, typically greater than 90 °C, have been 
shown to desolvate some polymeric stabilizers and can further facilitate the 
formation of large, dense flocs (Heimenz and Rajagopalan 1997; Larson 1999; 
Napper 1983). Similarly, for freeze drying and ultrafiltration, the increase in 
nanoparticle concentration and potential changes in solvent quality with solvent 
removal may also produce dense flocs with the same limitations. These particle 
recovery techniques are energy intensive and may require long processing times 
(freeze drying and ultrafiltration).

An alternative approach to nanoparticle recovery is to form large, open flocs of 
primary nanoparticles that may be more efficiently filtered than isolated primary 
particles, dried, and then redispersed upon dosing (Matteucci et al. 2008; Chen et al. 
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2009; Miller et al. 2012). Aqueous suspensions (500 mg drug in 50 mL solution) of 
large, open flocs can been filtered in minutes to obtain a dry powder (Matteucci 
et al. 2008; Chen et al. 2009), compared to hours for recovery of primary nanopar-
ticles by filtration (typically ~0.03 mL/min cm2) (Matteucci et al. 2008). Flocculation 
of primary particles may be induced by adding a salt to raise the ionic strength of 
the solution (Matteucci et al. 2008; Chen et al. 2009) or by changing the pH (Miller 
et al. 2012), in each case to desolvate the polymer stabilizer on the particle surface. 
In the case of flocculation with salt, the loss of hydration of the polymer leads to a 
loss in steric stabilization of the nanoparticles. At the cloud point of the polymer, 
steric stabilization becomes weak and the polymer-coated nanoparticles flocculate. 
Solvation of polyethylene oxide (PEO)-, PVP-, and HPMC-based stabilizers are 
known to decrease with an increase in salinity or temperature (Pandit et al. 2000; Xu 
et al. 2006; Pang and Englezos 2002). Sodium sulfate (Na2SO4) has been used to 
flocculate crystalline naproxen nanoparticles stabilized by PVP- or PEO-based 
polymers (Chen et al. 2009) and Itz nanoparticles stabilized by mixtures of polox-
amer 407 (P407) and HPMC (Matteucci et al. 2008). This process is best illustrated 
by “Path A” in Fig. 12.26, where the addition of salt rapidly decreases the polymer 
solvation and sticky collisions between unstabilized nanoparticles produce open 
flocs. The strong van der Waals attraction between particles “locks in” the open floc 
structure and inhibits rearrangement of the particles, as indicated by microscopy 
images (Fig. 12.27) and calculated fractal dimensions <2. The flocs are essentially 
formed by diffusion-limited colloid aggregation. In contrast, slow induction of 
polymer desolvation (“Path B”) allows particles to rearrange into more energeti-
cally favorable dense flocs. Recovery methods in which nanoparticle volume frac-
tions increase via solvent reduction, as in spray (“Path D”) and freeze drying (“Path 
C”) and ultrafiltration (“Path C”), also tend to form denser flocs that may not readily 
redisperse to primary particles after drying, as compared to flocs produced by “Path 

Fig. 12.27 Scanning electron microscopy (SEM) images of salt-flocculated Itz nanoparticle 
dispersions stabilized with different amounts of excipient. Reprinted with kind permission from 
Springer Science + Business Media: Matteucci et al. (2008), copyright 2008
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A.” Moreover, flocculate formation may be tuned to balance requirements for drug 
loading (drug/excipient ratio within the particles) versus process yields by control-
ling the nature and composition of the polymer stabilizers and the amount of salt 
used to induce flocculation, which was demonstrated during flocculation of naproxen 
(Chen et al. 2009) and Itz nanoparticles (Matteucci et al. 2009).

Upon redispersion of the flocs in a good solvent, or during drug administration 
in physiological fluids, the primary nanoparticles within the floc are highly 
accessible to the solvent and thus readily redisperse, a behavior indicative of loose, 
open flocs. Itz and naproxen powders that were dried after salt flocculation have 
been shown to redisperse to their original freshly precipitated particle sizes (~300 nm 
diameter) (Matteucci et al. 2008, 2009; Chen et al. 2009) and drug yields after 
filtration were as high as 99 % (w/w recovered/input drug), compared to typical 
recoveries of 50–70 % for spray-dried materials (Nguyen et al. 2004; Maa et al. 
1999). Furthermore, salt-flocculated Itz particles maintained their amorphous 
morphology from the original precipitated dispersions, as shown by differential 
scanning calorimetry (DSC) and dissolution studies, whereas the Itz particles crys-
tallized when recovered by spray drying (Matteucci et al. 2008).

By a similar principle, electrosteric stabilization of nanoparticles coated with 
charged polymers may be manipulated by adjusting pH to neutralize a sufficient 
fraction of the charges. Itz nanoparticles stabilized by a by adjusting pH-sensi-
tive methacrylate-based polymer, Eudragit L100-55, were flocculated rapidly by 
lowering the solution pH to 2.5 with hydrochloric acid (HCl) to protonate the 
carboxylate groups on the polymer (Miller et al. 2012). As described above, the 
rapid and strong increase in interparticle attraction due to the pH reduction under 
constant volume fraction resulted in relatively large open flocs (Matteucci et al. 
2008; Chen et al. 2009). As observed for salt flocculation of Itz nanoparticles, 
crystallization of Itz was minimal, since the large flocs were rapidly filtered at 
room temperature (Matteucci et al. 2008, 2009). Upon redispersion at pH 6.8, 
solvation of the enteric polymer resulted in only a slight increase in size of the 
EL100-55- stabilized nanoparticles (Miller et al. 2012). Preservation of the amor-
phous morphology after the pH-flocculation process was verified by the achieve-
ment of higher in vivo bioavailability in rats upon oral administration of the 
flocculated powders relative to a commercial Itz solid dispersion (Sporanox) 
(Miller et al. 2012). An advantage of the pH flocculation process, relative to pre-
vious salt flocculation studies, is the potential for a decrease in salt impurities in 
the final product.

For the flocculation/filtration process, the ability to operate at low temperatures 
and constant particle volume fractions (flocculation induced without solvent reduc-
tion), as well as rapid removal of solvent, inhibited both growth and crystallization of 
the amorphous primary nanoparticles and promoted the preservation of the highly 
open floc structures. Another advantage of this technique is that large amounts of 
stabilizer may be used in the particle formation stage to promote the production of 
nanoparticles without impacting final drug loadings because any excess, unadsorbed 
stabilizers are removed during filtration, thus facilitating high drug/polymer ratios in 
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the powder, with drug loadings in the range of 80–99 % (Matteucci et al. 2008, 2009; 
Chen et al. 2009; Miller et al. 2012). Thus, the flocculation/filtration recovery pro-
cess offers a simple, efficient alternative to traditional nanoparticle recovery tech-
niques capable of yielding nanoparticle assemblies with high drug loadings and 
process yields while preserving amorphous morphologies.

 Conclusion

Precipitation processes possess several advantages for nanoparticle production over 
conventional top-down approaches, such as milling and homogenization, as they 
offer enhanced control of morphology and PSD with minimal complications of 
contamination and product degradation. The ability of different precipitation pro-
cesses, in which SCFs and organic solvents were utilized as both solvents and anti-
solvents, to reproducibly yield nanoparticles for a wide range of pharmaceutical 
materials has been demonstrated. The strengths and weaknesses of the different 
precipitation processes have also been highlighted to aid in screening the suitability 
of a particular process for different drug systems. Another important trend in pre-
cipitation research that has been highlighted in this chapter is the emphasis on 
understanding the fundamental mechanisms that drive these precipitation processes, 
in order to facilitate successful scale-up of the precipitation techniques and promote 
their utility in commercial settings. A product utilizing a solvent controlled precipi-
tation technology has recently been commercialized. Increased knowledge of these 
precipitation technologies benefits not only the microparticle/nanoparticle produc-
tion fields but also areas of drug encapsulation (Rodrigues et al. 2004; Li et al. 2005; 
Young et al. 1999) and cocrystallization (Padrela et al. 2009) and will be of 
general interest for all sectors involving particle engineering. Novel particle recov-
ery processes, based on controlled flocculation/filtration of primary nanoparticles, 
have also been discussed as an efficient means to harvest nanoparticles after 
precipitation, making precipitation processes more attractive and feasible for indus-
trial production.
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Method Capsule 1
Precipitation by GAS

Based on the method reported by Muhrer et al. (2003).

Objective

• To obtain nanoparticles using GAS precipitation

Materials and Equipment

• Poorly water-soluble drug (proprietary)

 – MW = 600 g/mol
 – Tmelt = 200 °C
 – Solubility (T = 25 °C): 3 mg/mL in water; 18.5 mg/mL in acetone or acetoni-

trile; insoluble in CO2

• Solvent: Ethanol
• Antisolvent: CO2

• Cryostat to subcool CO2 from reservoir tank
• Pump to transfer CO2 from reservoir tank to precipitator

 – Gilson HPLC pump (low/intermediate flow rates)/Haskel pneumatic piston 
pump (high flow rates)

• Heater coil (via water bath) to preheat CO2 feed to process temperature before 
entering precipitator

• Precipitation vessel (1 L)

 – Equipped with a mechanical stirrer
 – Sinter metal filter connected to the outlet tube

• Pump to transfer organic solution to precipitation vessel
• Oil bath (T = 80 °C) to heat the fluid line exiting the precipitation vessel (to avoid 

blockage)

Method

• The poorly water-soluble drug was dissolved in 75–150 mL in ethanol at concen-
trations between 50 and 90 % of the solubility at 25 °C

• Drug/ethanol solution was pumped into the precipitator
• CO2 (preheated to 25 °C) was fed into the precipitator at 18–360 mL/min until 

the precipitator was full
• Contents in precipitator stirred at 500 rpm during CO2 filling and for 30 min after 

the precipitator was filled
• Exit valve on precipitator was opened to flush out solvents and fresh CO2 was 

pumped through (20 mL/min) for at least 5 h to remove any residual organic 
solvent from powder

• Dry powder harvested from metal filter
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Results

• SEM indicated that spherical particles with a moderate level of agglomeration 
were produced

• Lower CO2 flow rates (2–18 mL/min):
• Produced bimodal particle-size distributions (PSD)
• 1–6-μm diameter
• Higher CO2 flow rates (240–360 mL/min):
• Produced unimodal PSDs
• 500–720-nm diameter
• X-ray powder diffraction indicated that the resultant particles were amorphous
• Gas chromatography determined residual solvent levels were below 0.01 wt%
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Method Capsule 2
Precipitation by PCA

Based on the method reported by Reverchon et al. (2003b).

Objective

• To obtain nanoparticles using PCA precipitation

Materials and Equipment

• Amoxicillin
• Solvent: N-methyl 2-pyrrolidone (NMP)
• Antisolvent: CO2

• Shell-and-tube heat exchanger to cool feed to CO2 reservoir
• Diaphragm pump to transfer CO2 from reservoir to dryer
• CO2 dryer (113 L) with silica gel as the drying medium to remove trace amounts 

of water from CO2 reservoir, prior to entering precipitator
• Heat exchanger to heat CO2 to supercritical conditions
• Piston pump to transfer organic solution to precipitator
• Precipitation vessel (5.2 L)

 – Internal stainless steel basket to collect powder
 – Temperature maintained by a water jacket

• Coaxial injector: internal tube i.d. = 3 mm fitted with a 0.5-mm diameter nozzle; 
annulus i.d. = 8.5 mm

• Liquid separator (13 L) heated with water jacket to separate and collect solvent 
and antisolvent

Method

• PCA operation conducted in a continuous mode, where CO2 exiting the precipi-
tator was recirculated and the solvent exiting the liquid separator was purged and 
stored

• CO2 was pumped into the precipitator at a constant flow rate (0.6–2.0 kg/h), pass-
ing through a heat exchanger to heat the CO2 to 40 °C, until steady-state condi-
tions were achieved. The precipitator pressure was set to 150 bar

• Pure NMP was fed into the chamber through the coaxial injector for a few 
minutes

• ~100 mL of the amoxicillin/NMP solution (20–100 mg/mL amoxicillin) was 
then fed into the chamber at the same flow rate as the pure NMP

• Pure CO2 continued to flow through the precipitator for a predetermined amount 
of time, correlating to the calculated time required for 99 wt% elimination of 
NMP

• Dry powder was harvested from the internal basket inside precipitator
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Results

• 90 wt% drug recovery, as calculated compared to initial drug amount in organic 
feed solution

• Amorphous particles produced
• SEM indicated that spherical particles were produced

 – Lower drug feed concentrations (20 mg/mL):
Produced more narrow particle-size distributions (PSD)
200–600-nm diameter

 – Higher drug feed concentrations (100 mg/mL):
Produced more broad PSDs
500–1800-nm diameter

12 Precipitation Technologies for Nanoparticle Production



670

Method Capsule 3

Precipitation by RESS

Based on the method reported by Turk et al. (2002).

Objective

• To obtain nanoparticles using RESS precipitation

Materials and Equipment

• β-sitosterol
• Solvent: CO2

• Extraction column
• Diaphragm pump to transfer CO2 into extraction column
• Water bath to heat extraction column
• Capillary nozzle (i.d. of 50 μm, length of 50 μm)—heated to 115–145 °C to pre-

vent clogging during atomization

Method

• CO2 from the reservoir was pressurized to a pre-expansion pressure of 20–30 MPa
• The scCO2 was then pumped through a water bath heated to 75–145 °C (pre-

expansion temperature) to the extraction column
• The extraction column, which was also immersed in the water bath 

(T = 75–145 °C), was packed with the drug and the CO2 solution became satu-
rated with the drug

• The scCO2–drug solution was then expanded through a heated, capillary nozzle 
into an expansion chamber, for powder collection

Results

• SEM indicated that roughly spherical particles with moderate agglomeration 
were produced. Primary particles were ~150 nm in diameter

• Particle size was independent of pre-expansion temperature
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Method Capsule 4

Precipitation by EPAS

Based on the method reported by Chen et al. (2002).

Objective

• To obtain nanoparticles using EPAS precipitation

Materials and Equipment

• Cyclosporin A (CsA)
• Stabilizers: Myrj 52, Tween 80, polyvinylpyrrolidone (PVP 40 T)
• Solvent: dichloromethane (DCM)
• Antisolvent: deionized water
• EPAS apparatus: stainless-steel coiled tube (3 m length, 1/16″ o.d. × 0.030″ i.d.) 

housed within a plastic water jacket (24″ length, 1–1/2″ o.d.)
• Temperature controller to circulate and heat water through the EPAS apparatus’s 

water jacket
• Nozzle: stainless-steel tube (10″ length, 1/16″ o.d. × 0.030″ i.d.) that was cut with 

a wire cutter to produce a thin, elliptical slit. The tapered section of the orifice 
was ~0.5 mm in length and the tip was filed down (to adjust the thickness of the 
slit) until desired atomization was achieved, generally characterized by a pres-
sure drop across the nozzle orifice of ~20 MPa for flow rates of 1 mL/min

• HPLC pump to feed solvent into the antisolvent
• Water bath to heat aqueous surfactant solution
• Separatory funnel (125 mL)
• Lyophilizer

Method

• Solutions of 1–5 % w/v CsA in DCM and aqueous solutions of 1 % w/v surfac-
tant were prepared

• The aqueous surfactant solution (50 mL) was poured into the separatory funnel, 
which was then submerged in a water bath (T = 75 °C)

• The nozzle of the EPAS apparatus was submerged ~2 cm below the surface of the 
aqueous solution

• The organic drug solution was fed into the aqueous surfactant solution at a flow 
rate of 1 mL/min until a drug concentration of 1 % w/v CsA (10 mg/mL) was 
achieved in the aqueous suspension

 – Turbulence from the atomization of the organic solution was sufficient to 
facilitate mixing with the aqueous phase

 – To suppress the surfactant foam produced by the intense mixing of the organic 
and aqueous phases, nitrogen was blown across the top of the separatory funnel

• To dry the particles, the suspensions were flash frozen in liquid nitrogen and 
lyophilized to powders
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Results

• Particle sizing results were determined by dynamic light scattering

 – Block copolymer (Myrj 52, Tween 80) versus homopolymer (PVP 40 T) 
stabilizers
Myrj and Tween-stabilized particles were about half the size of PVP-stabilized 

particles (530–630 nm vs. 1080 nm, respectively)
 – 1 % w/v versus 5 % w/v drug concentration in organic feed

Higher drug concentrations in the feed yielded smaller particles (∼340 nm for 
Mryj and Tween-stabilized particles and ∼600 nm for PVP-stabilized particles)

• 86–96 % drug recoveries achieved, as calculated compared to the initial drug 
amount in feed solution

• X-ray powder diffraction indicated that the resultant particles were amorphous
• Gas chromatography determined residual solvent levels in powders were below 

0.0004 wt%
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Method Capsule 5

Flash Nanoprecipitation (FN)

Based on the method reported by Chiou et al. (2008b).

Objective

• To obtain nanoparticles using FN

Materials and Equipment

• Cyclosporin A (CsA)
• Stabilizers: lecithin and dextrose monohydrate
• Solvent: ethanol
• Antisolvent: deionized (DI) water
• Two syringe pumps (50 mL syringe)
• Confined liquid impinging jet (CLIJ) mixer

Method

• CsA (0.7 g) was dissolved in ethanol (10 mL) and loaded into one of the syringe 
pumps

• An aqueous solution (30 mL) of lecithin (0.3 g) and dextrose monohydrate 
(1.5 g) was prepared and loaded into the other syringe pump

• The syringe pumps containing the organic and aqueous solutions were fed into 
the CLIJ mixer at 40 mL/min and 120 mL/min, respectively, until a total of 
10 mL of organic solution and 30 mL of aqueous solution had been dispensed

• The resultant aqueous suspension was quenched in 50 mL of DI water

Results

• Particle sizing results were determined by laser light scattering

 – Average particle diameter: 294 nm (span 1.017, GSD 1.46)
 – After drying, the particles were a mean diameter of approximately 260 nm

• Scanning electron microscopy demonstrated that the particles were spherical
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Method Capsule 6

Precipitation by CP

Based on the method reported by Matteucci et al. (2007).

Objective

• To obtain nanoparticles using CP

Materials and Equipment

• Itraconazole (Itz)
• HPMC E5
• Solvent: 1,3 dioxolane
• Antisolvent: deionized water
• Syringe to inject organic solution into a mixer
• Mixing apparatus to mix organic and aqueous phase
• Vacuum distillation apparatus equipped with a wiped film evaporator
• Pump to transfer aqueous suspension from mixing apparatus to vacuum distilla-

tion apparatus
• Lyophilizer

Method

• Solutions of Itz (3.3 % w/w) in 1,3 dioxolane and aqueous solutions of HPMC 
(various concentrations) were prepared

• The aqueous phase was maintained at Tprecip = 3 °C
• The organic phase was rapidly introduced to the aqueous phase using a mixing 

apparatus (may be accomplished by using a syringe to inject the organic phase into 
the aqueous phase, as the aqueous phase is being stirred by a magnetic stir bar)

• The newly formed aqueous suspension was pumped to the vacuum distillation 
apparatus, where the methanol content in the slurry was reduced

• To dry the drug particles, the aqueous suspensions were frozen in liquid nitrogen 
and then lyophilized to powders

Results

• Particle sizing results were inferred from BET surface area measurements
 – Lower drug/stabilizer ratios resulted in smaller particle sizes

Average particle sizes were 90, 200, 270, and 355 nm for a 1/2, 1/1, 2/1, and 
4/1 Itz/HPMC ratio, respectively

• Scanning electron microscopy demonstrated that the particles were spherical and 
confirmed particle-size estimates from BET surface area measurements

• Contact-angle measurements demonstrated that the HPMC was primarily 
concentrated on the particle surface, and not within the interior of the particle

• X-ray powder diffraction and differential scanning calorimetry indicated that the 
resultant particles were amorphous
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Method Capsule 7

Salt Flocculation for Nanoparticle Recovery

Based on the method reported by Matteucci et al. (2008).

Objective

• To recover nanoparticles produced by precipitation processes using salt 
flocculation

Materials and Equipment

• Aqueous suspension of itraconazole (Itz) nanoparticles, prepared by controlled 
precipitation, stabilized with a combination of both Pluronic F127 (P127) and 
HPMC E5 (8:1:2 Itz:P127:HPMC)

• Sodium sulfate salt, anhydrous (Na2SO4)
• Type P2 filter paper (area: 95 cm2, pore size: 1–3 μm)

 – Filter paper cut into a circle with a 11-cm diameter

• Vacuum pump

Method

• At room temperature, a 1.5-M solution of Na2SO4 was added to an aqueous 
nanoparticle dispersion (10 mg/mL Itz) at a ratio of 12:5 v:v (salt 
solution:dispersion) and allowed to sit for 3 min

 – Within seconds, flocs formed and were observed to take up the entire volume 
of the nanoparticle dispersion/salt solution mixture.

 – After 3 min, larger flocs formed and the flocs creamed, taking up ~20 % of the 
original volume

• The flocculated suspension was filtered through the filter paper under vacuum 
until water was no longer observed on top of the filter cake (typically <8 min for 
~200 mL of the nanoparticle suspension/salt solution mixture)

• An aqueous HPMC solution (30 mL at the same concentration as the aqueous 
phase during nanoparticle precipitation) was cooled in an ice bath. Immediately 
after filtration, the chilled HPMC solution was used to rinse the filter cake

 – For the 8:1:2 Itz:P127:HPMC particles, a 2.5-mg/mL HPMC solution was 
used

• The filter cake was dried at room temperature and atmospheric pressure 
overnight

• Dried powders were gently scraped off the filter paper with a spatula
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Results

• Static light scattering results showed that the flocculated nanoparticles redis-
persed back down to near-original particle sizes in DI water

 – Before flocculation: D10/D50/D90 were 110/340/2260 nm

 – After salt flocculation and redispersion in water with 5 min of sonication: 
D10/D50/D90 were 120/370/1480 nm

• Scanning electron microscopy images confirm the ~300-nm primary particle 
sizes reported by light scattering (see Fig. 12.27)

• 94 wt% drug loading (% of drug in dried powder)
• Drug yields of ~90 % were obtained, as calculated compared to the amount of 

drug in the initial dispersion
• Contact-angle measurements indicated that the stabilizers were concentrated on 

the particle surface, not within the particle interior
• Temperature-modulated differential scanning calorimetry (mDSC) indicated that 

primary nanoparticles remained amorphous after salt flocculation
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Method Capsule 8

Microprecipitated Bulk Powder (MBP)

Based on the method reported by Shah et al. (2012).

Objective

• To obtain stable amorphous particles using MBP technology

Materials and Equipment

• Poorly water soluble drug (proprietary)

 – MW = 536.6 g/mol
 – Tmelt = 120 °C
 – Solubility: <0.05 mg/mL in water, >200 mg/mL in dimethylacetamide

• Stabilizing polymer: HPMC-AS-LF
• Solvent: Dimethylacetamide
• Anti-solvent: Aqueous solution maintained between pH 1 and 3 and temperature 

at 5± 2 °C
• Vessel containing cooled, pH controlled anti-solvent
• Vessel containing drug and polymer solution
• Vacuum filtration capabilities
• Forced air oven or fluid bed dryer 

Method

• A solution containing 20 % (w/w) API and polymer (ratio API to polymer 4:6) 
was dissolved in dimethylacetamide

• The solution was then added to the chilled aqueous acidic vessel (ratio of solvent 
to antisolvent to be maintained as 1:10 during precipitation) allowing for rapid 
co-precipitation

• The precipitate was washed using the same acidic aqueous solution followed by 
water washings

• Once washed, the precipitate was collected as a wet cake by a vacuum filtration 
device

• The wet cake was dried in a forced air oven or fluid bed dryer at 45 ± 5 °C
• MBP was then de-lumped using a hammer mill to achieve the desired particle 

size

Results

• Differential Scanning Calorimetry indicated that compound exhibited a single 
Tg indicating a single-phase system demonstrating a molecular dispersion of the 
drug within the carrier

• XRD demonstrated the amorphous nature of the MBP product
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• Transmission Electron Microscopy showed uniform material across an area of 
0.2 μm

• The dissolution testing demonstrated a fast release rate and extent of supersatura-
tion with a 20-fold supersaturation maintained

• Animal studies in rats confirmed the in vitro results with exposures ~40 fold 
higher as compared to nanosuspensions of the drug

• Stability studies demonstrated the unusually stable character of this amorphous 
formulation under accelerated conditions

• Critical process conditions leading to a robust process have been identified as 
follows:

 – Precipitation rate

 – Solvent/Anti-solvent ratio
 – Temperature
 – Hydrodynamic conditions
 – Washing cycles
 – Drying

• Drug yields of 90 % were calculated
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Method Capsule 9

Rapid Expansion from Supercritical to Aqueous Solution

Based on the method reported by Tozuka et al. (2010).

Objective

• To obtain nanoparticles using RESAS precipitation

Materials and Equipment

• Indomethacin
• Ethanol
• Poly-Vinyl-Alcohol
• RESAS apparatus comprising:

 – CO2 pump
 – Solution pump a reaction vessel and a
 – Pressure regulator
 – Reaction vessel
 – Precipitation unit

• Freeze drier
• Stainless steel container

Method

• Indomethacin was dissolved into a 10 mL ethanol to a 20 mg/mL solution
• Liquefied CO2 was added to the vessel at 14 mL/min
• Solvent CO2 was added to the reaction vessel
• Once the pressure reached the desired value, the drug solution and CO2 fluid 

were co-sprayed via a co-axial nozzle
• After co-spraying, the CO2 fluid containing IMC and ethanol was expanded from 

the reaction vessel to an aqueous media of 30 mL using the back pressure 
regulator

• Once the expansion was finished, the suspension was dispersed by sonication
• The suspension was added to a 200 mL stainless steel container and freeze-dried 

at -120 °C for 72 h

Results

• Production of spherical nanoparticles of indomethacin was achieved

 – Pressure and temperature affected yield (26.7–47.7 %) and particle size
25 MPa and 40 °C appeared as optimal conditions

 – In the high pressure vessel the particle size increase with temperature increase. 
Nozzle geometry, solubility and nature of solute sovent interaction affect par-
ticles properties

 – Freeze dried samples reproduced submicron particles when dispersed in water
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• Scanning electron microscopy indicated that spherical shape particle were 
obtained with pressure of 25–40 MPa

• X-ray diffraction demonstrated low crystallinity in the samples with amorphous 
component of indomethacin

 – The stable γ form and metastable α crystalline forms are obtained depending 
on processing parameters

• Dissolution profile indicated that scCO2 treated samples dissolved 90 % of the 
drug in 10 min which was significantly faster than commercial indomethacin

 – This was attributed to the nano-range particles leading to increase surface area 
and formation of a metastable form having higher solubility
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    Chapter 13   
 Emerging Technologies to Increase 
the Bioavailability of Poorly Water-Soluble 
Drugs                     

     Leena     Kumari     Prasad     ,     Justin     R.     Hughey     ,     James     W.     McGinity     ,     Dave     A.     Miller     , 
and     Robert     O.     Williams     III    

    Abstract     The need for novel processes and formulation-based techniques to 
enhance the solubility of poorly water-soluble drugs has increased substantially in 
recent years. This is primarily due to the limitations of traditional techniques such 
as physical and chemical stability of the drug substance or the need for toxic sol-
vents that some techniques require. Alternative solubility-enhancement techniques 
have emerged in recent years to mitigate issues such as these. The purpose of this 
chapter is to describe emerging technologies for solubility enhancement, allowing 
the reader to gain an understanding of their utility.  

  Keywords     KinetiSol ®  Dispersing (KSD)   •   3D printing   •   Electrostatic spinning   • 
  Mesoporous materials   •   Hot-melt extrusion (HME)   •   Multilayer tablets   •   Tablet-in- 
tablet   •   Ordered mesoporous silica (OMS)  

13.1       Introduction 

 With the advent of  high-throughput screening techniques   in drug discovery, the 
number of compounds reaching the formulation development stage has increased 
drastically (Lipinski et al.  2001 ; Lipinski  2004 ). Consequently, this has given rise to 
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a dramatic increase in the number of compounds that exhibit poor water solubility. 
These drug substances may also exhibit instabilities or other properties that severely 
limit standard processing and formulation techniques. The development of new 
techniques to improve the bioavailability of compounds such as these has become a 
major point of interest in the pharmaceutical industry. In recent years, a number of 
novel processing and formulation techniques have emerged that allow for the 
successful manufacture and delivery of these compounds. 

 Emerging technologies that utilize specifi c processes primarily offer novel methods 
of forming  amorphous solid dispersions (ASD)   with traditional materials. These tech-
nologies offer alternatives to methods such as spray drying and hot-melt  extrusion   
(HME). Specifi cally, KinetiSol ®   Dispersing   (KSD),  3D printing  , and  electrostatic spin-
ning   are emerging techniques that have recently been developed for the production of 
ASDs. Emerging formulation techniques include the use of mesoporous materials as 
carriers for adsorbed drugs and the preparation of co-amorphous mixtures. The follow-
ing sections discuss the background of each of these techniques, as well as specifi c 
examples that exhibit the advantages of each bioavailability enhancement technique.  

13.2     Process-Based Techniques 

  Solid dispersions   have received a signifi cant amount of interest in the scientifi c litera-
ture as a method to improve the oral bioavailability of poorly water-soluble compounds 
(Serajuddin  1999 ; Leuner and Dressman  2000 ; Breitenbach  2002 ; Crowley et al. 
 2007 ). These systems, originally described by Sekiguchi and Obi, contain at least one 
drug substance dispersed within an inert carrier in the solid state (Sekiguchi and Obi 
 1961 ; Chiou and Riegelman  1971 ). ASDs, in which the drug is molecularly dispersed 
in a single-phase system, may be prepared by methods that can be broadly classifi ed as 
being solvent- or fusion-based techniques. Traditional high-throughput manufacturing 
processes such as spray drying and HME have been used with great success for the 
production of many solid dispersion systems. However, each technique has inherent 
disadvantages that may prevent the successful processing of some compounds. 

 While the spray-drying process has the advantage of utilizing traditional manu-
facturing equipment, it relies on the use of potentially toxic solvents which must 
ultimately be recovered and properly disposed of. Dispersions prepared by spray 
drying often require extended drying steps in order to reduce residual solvent levels 
to those outlined in International Conference on Harmonization guidelines. 
Furthermore, the spray-drying process can produce dispersions with relatively low 
bulk densities requiring additional downstream processing such as roller compaction. 

 The  HME process   may not be feasible in cases where the drug substance is 
thermally labile or shear sensitive. One major disadvantage of this technology is 
that high temperatures and prolonged residence times are normally required to 
facilitate the transition from the thermodynamically stable crystalline state to the 
high-energy amorphous state. Many drug substances are known to degrade at ele-
vated temperatures (Murphy and Rabel  2008 ; Repka et al.  2003 ,  1999 ; Follonier 
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et al.  1994 ) and degradation due to thermal exposure has been reported for many 
pharmaceutically relevant polymers (El’Darov et al.  1996 ; Crowley et al.  2002 ; 
Capone et al.  2007 ). Simply reducing processing temperature to limit degradation 
may not be feasible due to viscosity and glass-transition temperature limitations. 
To circumvent this issue, liquid or solid-state plasticizers may be incorporated into 
dispersions as a processing aid (Repka et al.  1999 ; Follonier et al.  1994 ; Zhu et al. 
 2002 ,  2006 ). While incorporation of a plasticizer does allow for processing at 
decreased temperatures, it may result in a physically unstable system due to 
reduced glass transition temperature, Tg, and increased molecular mobility 
(Hancock et al.  1995 ; Hancock  2002 ). 

 Residence times at elevated temperatures in a  HME process   will vary with pro-
cessing conditions, but can be expected to fall within the 1–2 min range and in some 
cases as long as 10 min (Verreck et al.  2006 ; Kumar et al.  2008 ). In order to reduce 
the residence time in a hot-melt extruder, the level of mixing can often be adjusted 
by the addition or removal of mixing elements. While reducing the number of mix-
ing elements will, in most cases, decrease residence time, specifi c shear input is 
reduced and drug substances may not fully transition to the amorphous state. 

13.2.1     KinetiSol ®   Dispersing   

 Kinetisol ®  (KSD) is a fusion-based processing technique for the rapid production of 
polymeric amorphous solid dispersions. In this high-energy mixing process, a shaft 
with protruding blades rotates at speeds of up to 3500 rpm within a sealed processing 
chamber containing a drug-polymer blend. A cross-sectional view of the processing 
chamber is illustrated in Fig.  13.1 . Through a combination of kinetic and thermal 
energy, compositions are processed into a molten mass without the need for external 
heat input (DiNunzio et al.  2010c ). Along with the molten transition, KSD rapidly 

  Fig. 13.1    Cross-sectional 
view of the KinetiSol ®  
 Dispersing   processing 
chamber. Reproduced with 
permission from DiNunzio 
et al. ( 2008 )       
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and thoroughly mixes the API with the excipient(s) on a molecular level to achieve 
single-phase, homogenous ASD systems. A computer-control module monitors the 
real-time temperature of the composition and upon reaching the ejection tempera-
ture set point the molten material is ejected. Total processing times are typically less 
than 20 s and elevated temperatures are generally maintained for less than 5 s, thus 
signifi cantly reducing the time the drug-polymer system is exposed to elevated 
temperatures.

   KSD compounders can be operated in batch mode or as a semi-continuous process. 
The batch-mode KSD compounder (Model: KC254B) is shown in Fig.  13.2  and the 
semi-continuous compounder (Model: KC254C) is shown in Fig.  13.3 ; the semi-
continuous unit enables automated feeding and quenching operations every 
0.5–2 min with product throughput of 20–30 kg/h. The proof of concept work with 
KSD for pharmaceutical ASD systems was fi rst evaluated on industrial-scale 
compounders with batch sizes from 1 to 10 kg (Miller  2007 ); however, it has since 
been scaled down to accommodate pharmaceutical development with further 
reduced material needs.

    DiNunzio et al. conducted early evaluations of the KSD technology to prepare 
solid dispersions of itraconazole ( ITZ  ) (DiNunzio et al.  2010c ,  d ,  b ,  2008 ). 
Compositions of ITZ with hypromellose (hydroxypropyl methyl cellulose, HPMC) 
and Eudragit ®  L100-55 prepared using KSD showed  comparable   or more rapid drug 
release in-vitro those prepared by HME; this fi nding did not show a signifi cant 
difference in-vivo using a rat model (DiNunzio et al.  2008 ,  2010c ). However, KSD 
was shown to prepare dispersions that were more homogenous, as seen by single Tg 
values with thermal analysis, and more physically stable, as they did not require a 

  Fig. 13.2    Kinetisol ®  KC254B Compounder for batch-mode operation (Courtesy of Dispersol 
Technologies)       
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plasticizer for processing, as is often the case with HME (DiNunzio et al.  2010b ,  c ). 
The authors showed that 1:2 compositions of ITZ:Eudragit ®  L100-55, an enteric 
polymer with concentration enhancing properties, could not be effectively processed 
by HME due to high viscosity and decomposition of the polymer (DiNunzio et al. 
 2010b ).  Triethyl citrate (TEC)   was incorporated into HME compositions at 20 % (by 
dry polymer weight) as a processing aid. Conversely, compositions containing a 1:2 
ratio of ITZ: Eudragit ®  L100-55 were successfully processed by KSD, primarily due 
to the high torque output inherent to this technology. All samples were determined to 
be amorphous by  powder x-ray diffraction (PXRD)  . Furthermore, modulated DSC 
analysis showed that the HME and KSD compositions exhibited glass transition tem-
peratures of 54.2 °C and 101.3 °C, respectively; the lower T g  of the HME due to the 
incorporation of TEC. Milled samples were placed at accelerated stability conditions 
(40 °C/75 % RH) for 6 months to evaluate the physical stability of compositions 
prepared by each processing method. As shown in Fig.  13.4 , crystalline peaks identi-
fi ed as those characteristic of ITZ were found in HME compositions at the 3- and 
6-month time points, indicating physical instability due to increased molecular 
mobility. Compositions prepared by KSD exhibited physical stability over the same 
6-month testing period. Since these studies, the application of KSD has evolved to 
increase the formulation design space for amorphous solid dispersions, including the 
ability to process high melting point and thermally sensitive materials and high 
viscosity polymer carriers, which are particularly diffi cult to process using HME and 
spray-drying  processes  .

   With HME processing, temperatures must be suffi ciently high to produce molten 
material to enable proper mixing and dispersion and/or solubilization of the drug into 
the polymer carrier; this is usually 15–30 °C above the melting point of the drug 
substance and/or polymer. Thus, with high melting point drugs, high processing tem-
peratures would be required, which could be detrimental to the chemical stability of 

  Fig. 13.3    Kinetisol ®  KC254C Compounder for semi-continuous operation (Courtesy of Dispersol 
Technologies)       
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the drug and/or polymer (Lakshman et al.  2008 ; LaFountaine et al.  2015b ). 
Alternatively, a substantial amount of plasticizer would be required to reduce 
processing temperatures, which could reduce the physical stability of the solid dis-
persion (Verreck  2012 ). The high shear rates imparted by the KSD accelerate the 
solubilization kinetics of a compound in a molten polymer, which allows processing 
temperatures below the melting point of the drug. Because of this, the production of 
ASD systems with high melting point materials (T m  > 225 °C) is possible with KSD 
processing. Hughey et al. demonstrated the ability to process high melting point 
drugs with the  KSD   process, using  meloxicam (MLX)   with a melting point of 270 °C 
as a model compound (Hughey et al.  2011 ). This study utilized Soluplus ®  as the 
polymer carrier. KSD, at all rotor speeds and ejection temperatures studied, rendered 
all samples amorphous; however, higher ejection temperatures yielded more MLX 
degradation. With 3000 rpm rotor speed and an ejection temperature of 110 °C, 
98.6 % MLX recovery was obtained from the fi nal dispersion. Extrusion was carried 
out at temperatures up to 175 °C; however, dispersions still exhibited a low degree of 
residual crystallinity when the molten material was recirculated for 2 min. Additionally, 
the longer residence time led to degradation, with only 87.1 % MLX recovery. 

  Fig. 13.4    PXRD patterns of HME and KSC  ITZ  :Eudragit L100-55 solid dispersions measured 
over 6 months accelerated stability at 40 °C/75 % RH. Samples were stored in 30 cc HDPE induc-
tion sealed bottles. Reproduced with permission from DiNunzio et al. ( 2010b )       

 

L.K. Prasad et al.



697

More recently, KSD was utilized to prepare amorphous solid dispersions of  acetyl-
11-keto-b-boswellic acid (AKBA)   with a melting point of 295 °C, a compound 
unable to be extruded due to its high melting point and thermal liability (Bennett 
et al.  2013 ). KSD was able to render AKBA amorphous with four different polymeric 
carriers: HPMCAS-LF, HPMCAS-MF, Eudragit ®  L100- 55, and Soluplus ®  in combi-
nation with Eudragit ®  L100-55 with potency of greater than 99 %. 

 In addition to being able to process high melting point drug substances, the short 
processing times and lower ejection temperatures with KSD were shown to allow 
processing of thermally labile drugs (DiNunzio et al.  2010a ; Hughey et al.  2010 ). 
The short residence times of the KSD process can also benefi t the thermal stability 
of the polymer carrier; additionally, the high torque outputs allow for the ability to 
process high viscosity, high molecular weight carriers—both of these increasing the 
options for polymeric carriers of amorphous solid dispersion systems. Hughey et al. 
showed that the within a given chemistry of cellulosic polymers, the higher the 
degree of  ITZ   supersaturation was seen with increasing viscosity, albeit up to a 
point (Hughey et al.  2012 ). HPMC E50LV was evaluated as one of the promising 
viscous polymers for ITZ supersaturation; however, at HME processing tempera-
tures above its T g , HPMC has been shown to brown/darken and chemically degrade 
(LaFountaine et al.  2015b ; Coppens et al.  2004 ). Hughey et al. evaluated the effect 
of processing conditions, shown in Fig.  13.5 , and found that the polymer degrada-
tion was related to both shear and thermal energy input, as well as the interaction 

  Fig. 13.5    KSD temperature profi les for 1:2  ITZ  :HMPC E50LV compositions. Reproduced with 
permission from Hughey et al. ( 2012 )       
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between the two suggesting the polymer chains may be more susceptible to shearing 
forces at higher temperatures. KSD was able to render the ITZ: HPMC E50LV 
compositions amorphous, including with increasing drug load up to 50 % w/w, with 
limited polymer degradation and no noticeable browning at processing speeds of 
2250 rpm and ejection temperature of 120 °C, signifi cantly lower than the melting 
point of both the drug or polymer.

   LaFountaine et al. systematically investigated the processability of increasing 
polymer molecular weight and thus viscosity using HPMC (E5, E15, and E50) and 
polyvinylpyrrolidone (PVP) (K17, K30, and K90) using HME and KSD with  gris-
eofulvin (GRIS)   as a model drug (LaFountaine et al.  2015a ). As seen with previous 
studies, HPMC E15, HPMC E50, PVP K30, and K90 were not amenable to HME 
processing without a plasticizer (Fousteris et al.  2013 ; Ghebremeskel et al.  2006 ). 
Additionally, the HME dispersions prepared with HPMC E5 and PVP K17 were 
phase separated at higher drug loads, as shown in Fig.  13.6 . However,  KSD   was 
able to prepare amorphous dispersions for all polymer grades at drugs loads of 10, 
20 and 40 %, with the exception of a small degree of residual crystallinity seen in 

  Fig. 13.6    PXRD profi les (from  bottom to top ) of GRIS crystalline drug (    ), 10 % drug load 
physical mixtures (    ), HME processed dispersions (    ), and KSD processed dispersions 
(    ) (from 10 to 40 % drug load) in ( a ) (PVP K17) and ( c ) (HPMC E5). KSD processed disper-
sions of PVP K30 (    ) and PVP K90 (    ) (from 10 to 40 % drug load) in ( b ) and KSD pro-
cessed dispersions of HPMC E15 (    ) and HMPC E50 (    ) (from 10 to 40 % drug load) in 
( d ). Reproduced with permission from LaFountaine et al. ( 2015a )       
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the PVP K30 40 % drug load formulation. Although, GRIS, a proton acceptor, is 
expected to interact with PVP, a proton acceptor, no chemical interaction was seen 
via FTIR or FT-Raman analysis. After 6 months at open dish accelerated stability 
conditions (40 °C/75 % RH), all formulations showed no physical change via PXRD. 
With no chemical interactions, the stabilization of these systems was attributed solely 
to decreased molecular mobility.

   The ability of  KSD   to process materials not previously amenable to thermal pro-
cessing or spray drying due to melting point and viscosity limitations has opened 
the door to evaluating polymers that were thus far not considered for ASDs. 
 Polyvinyl alcohol (PVA)   is a hydrophilic, non-toxic, semi-crystalline polymer often 
utilized as a stabilizing agent in emulsions, a viscosity increasing agent or lubricant 
in ophthalmic and topical solutions, as well as in composite biodegradable materials 
(Rowe et al.  2012 ). The high viscosity and melting point of the polymer limits its 
use in HME as it requires up to 40 % plasticizer to reduce processing temperatures, 
particularly with PVA grades with a high degree of hydrolysis (De Jaeghere et al. 
 2015 ). Brough et al. evaluated PVA grades with varying degrees of hydrolysis with 
 ITZ  , showing that KSD processing was able to render the ITZ amorphous, while the 
PVA retained its crystalline structure (Brough et al.  2015 ), as shown in Fig.  13.7 . 
The PVA 4-88 and 4-75 grades, indicative of 88 and 75 % hydrolysis, respectfully 
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  Fig. 13.7    PXRD profi les of (from  bottom  to  top ) bulk  ITZ  , ITZ: PVA 4-38 (1:4), ITZ: PVA 4-75 
(1:4), ITZ: PVA 4-88 (1:4), ITZ: PVA 4-88: 40-88 (1:2:2) and ITZ 4-98 (1:4). Reproduced with 
permission from Brough et al. ( 2015 )       
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(Note: 98 % is considered fully hydrolyzed), showed rapid and full drug release, as 
the highly hydrolyzed grades are more water-soluble.

   With the ability to prepare higher drug loads,  KSD   offers a signifi cant advantage 
to reduce pill size and pill burden. Hughey et al. investigated a 1:3 carbamazepine 
( CBZ  )   : Soluplus ®  formulation at a 70 % dispersion loading in tablet and found that 
the drug release was slowed after compression, with less than 80 % release in 2 h 
compared to the 100 % drug release in less than 30 min from the dispersion alone in 
0.1 N HCl dissolution media (Hughey et al.  2013 ). The addition of potassium bicar-
bonate at levels as low as 1 % to the tablet formulation allowed for rapid disintegration 
to obtain a release profi le similar to that of the dispersion alone. In another study, 
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  Fig. 13.8     ITZ   dissolution rates measured by USP Method II at 50 rpm at 37 °C in 0.1 N HCl: ( a ) 
ITZ and PVP solid dispersions at 0.2 mg/mL at ITZ concentration; ( b ) ITZ, PVP, and C888 solid 
dispersions at 0.2 mg/mL ITZ concentration. Reproduced with permission from Keen et al. ( 2015 )       
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Hughey et al. incorporated a low-substituted grade of  hydroxypropyl cellulose 
(HPC)  , a compressible superdisintegrant, in the dispersion composition for  nifedip-
ine (NIF)  : HPMCAS to improve disintegration properties after tablet compression, 
fi nding that the intragranular disintegrant enabled higher drug release in the acid 
phase due to improved wetting (Hughey et al.  2014 ). Alternatively, Keen et al. eval-
uated the use of KSD to prepare monolithic tablets direct shaping/molding from the 
ejected KSD molten mass (Keen et al.  2015 ). To prepare a controlled release tablet 
formulation of  ITZ  , high molecular weight PVP K30 was utilized as the polymer 
carrier and glyceryl behenate (Compritol 888 ATO, C888), a hydrophobic lipid, as 
the release modifi er and plasticizer. When compared to ITZ: PVP K30 formulations 
with and without C888 prepared by HME, followed by milling and tablet compres-
sion, the monolithic tablet exhibited a zero order release with a slowed release from 
the C888 containing formulations, while the compressed tablets showed a  plateau   in 
drug release as shown in Fig.  13.8 , attributed to water ingress into tablet pores that 
enabled local precipitation.

13.2.2        3D Printing 

 The FDA approval of the fi rst 3D printed tablet, Spritam ® , set a precedence for the 
use of  3D printing   for the manufacture of dosage forms. Printing boasts capabilities 
for dispensing low volumes with accuracy, spatial control, and layer-by-layer 
assembly to prepare complex compositions and geometries. 3D printing is defi ned 
as a form of additive manufacturing whereby a structure is assembled by depositing 
or binding materials in successive layers to produce a 3D object (Chua et al.  2014 ). 
Previously utilized as a subset of rapid prototyping to quickly fabricate models and 
prototypes, 3D printing it is now being developed a scalable manufacturing process 
and has become more prevalent in biomedical and drug delivery applications over 
the last 30 years (Günther et al.  2014 ; Dimov  2001 ; Rowe et al.  2000 ; Alomari et al. 
 2015 ; Goyanes et al.  2015a ; Daly et al.  2015 ; Goyanes et al.  2015b ; Skowyra et al. 
 2015 ; Iulia et al.  2003 ; Boehm et al.  2011 ). On-going development activities have 
opened the path to utilizing printing techniques for poorly soluble compounds, par-
ticularly with  fused deposition modeling (FDM)   which utilizes some common  ther-
moplastic   polymer carriers as the feed material. 

13.2.2.1     Fused Deposition Modeling 

 Fused deposition modeling (FDM), also referred to as fused fi lament modeling 
(FFM), is conducted by feeding thermoplastic fi lament(s) via roller; the fi lament is 
heated by heating elements/liquefi er into a molten state to allow for extrusion 
through the nozzle tip. Upon deposition, the material cools or is cooled and solidi-
fi es and the fi nal structure is built in a layer-by-layer fashion, as shown in Fig.  13.9 . 
Some polymers, such as polylactic acid (PLA), PVA, and acrylonitrile butadiene 
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styrene (ABS), are commonly used with the FDM process and are commercially 
available as pre-processed fi laments. More recently, FDM has expanded to include 
the deposition of any material that can fl ow through a nozzle or syringe and harden 
or be hardened for layer-by-layer assembly of a structure/dosage form (Campbell 
et al.  2012 ; Malone and Lipson  2007 ).

   Skowyra et al. incubated commercially available PVA fi laments in a methanol 
solution of prednisolone (PDN) for 24  h   (Skowyra et al.  2015 ). The methanol was 
chosen to both solubilize the poorly water soluble PDN and reduce swelling of the 
PVA fi lament. After drying, a drug load of approximately 1.9 % was achieved, with 
the adsorbed PDN mostly in the amorphous state from the evaporation of the metha-
nol. The drug-loaded fi lament was then used with a FDM printer to prepare tablets 
with varying size and, thus, varying doses, 2–10 mg. With a low drug loading and 
residual crystallinity, most probably due to the rate of drying, incubation may not be 
optimal for the preparation of amorphous solid dispersion fi laments for use with 
FDM. However, fi laments can be prepared by HME or by an extruder incorporated 
upstream from the printer nozzle to allow for more fl exibility on composition, 
including the incorporation of an active drug substance for the preparation of an 
ASD as the feed fi lament (Hoque et al.  2012 ; Sandler et al.  2014 ; Wang et al.  2004 ; 
Hamid et al.  2011 ). 

 Goyanes et al. prepared drug loaded PVA fi laments with each APAP and caffeine 
(CAF) using HME to prepare fi laments for use with FDM (Goyanes et al.  2015b ). 
Fixed dose combination (FDC) tablets were prepared with multilayered and tablet- in- 
tablet geometries containing both drugs, as shown in Fig.  13.10 . APAP was rendered 
amorphous during the  HME process  , but the CAF remained dispersed in its crystalline 

  Fig. 13.9    Schematic of 
fused deposition modeling 
(FDM) printer. Reproduced 
with permission from 
Gross et al. ( 2014 )       
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state. The multilayered tablets exhibited synchronous release of both drugs, while the 
tablet-in-tablet geometry showed delayed release of up to 135 min of the inner 
component when the outer layer was APAP and up to 90 min delayed release when the 
outer layer was  CAF  , shown in Fig.  13.11 . Longer delayed release was observed when 
the drug loading was lower, as the PVA levels are higher and control the erosion-based 
drug release. This study showed the ability to make complex geometries to control 
drug release using HME to prepare ASD as feed fi lament.

13.2.3           Electrostatic Spinning   

 Electrostatic spinning is a technique that has been used successfully in the polymer 
industry for many years to produce a variety of products, such as separation mem-
branes (Doshi and Reneker  1993 ; Reneker and Chun  1996 ). As applied in the polymer 
industry, a polymer in solution is drawn through a capillary tube that is subjected to an 
electric fi eld. As the electric fi eld intensity is increased, the solution forms a Taylor 
cone at the tip of the capillary tube. Once the electric fi eld overcomes the force of 
surface tension, the solution is ejected in the form of an electrically charged jet. As the 
solvent evaporates, narrow unwoven fi laments are formed that have  diameters   rang-
ing from 50 nm to 5 μm (Doshi and Reneker  1993 ). An illustration of a simple  elec-
trostatic spinning   process is shown in Fig.  13.12 . Factors affecting the overall diameter 
of the electrostatically spun fi bers include, but are not limited to, polymer solution 
viscosity, surface tension of the polymer solution, electric fi eld strength, feed rate, and 
dielectric constant (Deitzel et al.  2001 ). This technique was then applied to the phar-
maceutical industry for both controlled and immediate release applications (Baldoni 
and Ignatious  2001 ; Igantious and Sun  2004 ; Kenawy et al.  2002 ; Verreck et al.  2003a , 
 b ). In pharmaceutical applications, a drug substance and polymer are dissolved in 
a solvent system, as would be required in a spray-drying process. In another 
embodiment, the polymer could be melted in a solvent-free system, provided that 
the drug substance and polymer are not thermally labile and the resulting viscosity 

  Fig. 13.10    Schematic of ( a ) multilayer and ( b ) tablet-in-tablet geometry for acetaminophen and 
caffeine FDC tablets. Reproduced with permission from Goyanes et al. ( 2015b )       
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  Fig. 13.11    Drug release 
from multilayered tablets 
( top ) and tablet-in-tablet 
(DuoCaplet) with APAP 
outer layer ( middle ) and 
CAF outer layer ( bottom ) 
prepared with varying drug 
load. Reproduced with 
 permission   from Goyanes 
et al. ( 2015b )       
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is suffi ciently low; this process is also referred to as melt electrospinning (MES) 
(Ignatious et al.  2010 ).

   In one of the fi rst pharmaceutical-related studies, Verreck et al. investigated the 
use of  electrostatic spinning   for the preparation of hydrophilic amorphous solid 
solutions containing  ITZ   (Verreck et al.  2003a ). HPMC-based compositions con-
taining 20 % (w/w) and 40 % (w/w) ITZ were prepared in an ethanol and methyl 
chloride co-solvent system. A solids concentration of 12 % (w/w) was chosen 
based on optimal viscosity. A voltage of 16 or 24 kV was applied and unwoven 
fi bers were collected. Fibers containing 40 % ITZ processed at 16 and 24 kV were 
found to have diameters ranging from 1 to 4 μm and 300–500 nm, respectively, as 

Syringe Polymer solution
Spinneret

Collector

Fibers
High Voltage

  Fig. 13.12    Schematic of  electrostatic spinning   system in a ( a ) vertical set-up and ( b ) horizontal 
set-up. Reproduced with permission from Bhardwaj and Kundu ( 2010 )       

  Fig. 13.13    Scanning electron micrograph of ( a )  ITZ  /HPMC 40:60 w/w electrostatically spun 
fi bers at 16 kV (magnifi cation 2000×), ( b ) ITZ/HPMC 40:60 w/w electrostatically spun fi bers at 
24 kV (magnifi cation 500×). In the insert (magnifi cation 8500×), the bar represents 3 μm, and ( c ) 
ITZ/HPMC 20:80 w/w electrostatically spun fi bers at 24 kV (magnifi cation 2000×). Reproduced 
with permission from Verreck et al. ( 2003a )       
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shown in Fig.  13.13a, b . However, as the drug loading was decreased to 20 % and 
processed at 24 kV, fi ber diameters ranged from 500 nm to 3 μm, as shown in 
Fig.  13.13c . These fi ndings  demonstrated   that drug concentration within the fi ber and 
the electric potential applied can both have a signifi cant impact on the morphology 
of the resulting fi ber.

   Unmilled fi bers were found to be amorphous in nature and showed no signs of 
crystalline character, but the presence of a solid solution was not verifi ed. It was 
found that when milled, the composition containing 40 %  ITZ   exhibited a small 
degree of crystallinity. An in vitro dissolution analysis of the unmilled fi bers in 
0.1 N HCl showed complete ITZ release; however, the rate was slower than that of 
solvent cast fi lms and HME-processed compositions. 

 Ignatious et al. further demonstrated the utility of  electrostatic spinning   for the 
preparation of solid dispersions (Ignatious et al.  2010 ). In this work, the research-
ers evaluated three compounds in  poly(ethylene oxide) (POLYOX ® )  , 
polyvinylpyrrolidone- vinyl acetate copolymer (PVPVA)   , and poly(vinyl pyrrol-
idone) (PVP) matrices. In one example by Ignatious et al., a proprietary com-
pound (Compound I) was electrostatically spun in a PVP matrix at a concentration 
of 40 % and demonstrated by DSC and XRPD analyses to be amorphous. The 
nanofi bers were dosed to fasted adult male beagle dogs to assess their absorption. 
Similarly, compressed nanofi bers (pellets), non-milled compound I, and wet-
bead-milled compound I were assessed. The plasma AUC values demonstrated 
that wet-bead- milled compound I provided the highest degree of absorption, fol-
lowed by the nanofi bers, nanofi ber pellets, and non-milled compound I. The 
researchers stated that the nanofi ber composition could be optimized to further 
improve absorption. 

 In a second example by Ignatious et al., another proprietary compound (com-
pound II) was formulated by  electrostatic spinning   in both POLYOX ®  and Eudragit ®  
L100-55 matrices. The in vitro dissolution rates were studied at pH values of 1.0 
and 7.5, as illustrated in Fig.  13.14 . At pH 1.0, the matrix utilizing POLYOX ®  
exhibited release rates similar to a nano-milled formulation. The dissolution rate of 
Eudragit ®  L100-55-based matrices was very low due to its poor solubility at this pH 
value. At a dissolution  medium   pH of 7.5, the Eudragit ®  L100-55-based electrostati-
cally spun formulation provided a signifi cantly faster dissolution rate than the nano- 
milled formulation and the POLYOX ® -based fi bers. This dissolution rate increase 
was primarily due to the amorphous nature of compound II and/or the concentration 
enhancing properties of Eudragit ®  L100-55.

   More recently, coaxial electrospinning was utilized to prepare a multi- component 
fi ber system (Yu et al.  2011 ). For this system, a core formulation was prepared using 
acyclovir and PVP, with a surrounding sheath consisting of PVP, sodium dodecyl 
sulfate, and sucralose. With a high melting point (257 °C) and poor solubility in water, 
as well as many organic solvents,  acyclovir   was especially challenging to process 
using conventional HME or spray drying methods. However, using coaxial electros-
pinning, the core solution of 10 %w/v PVP and 2 %w/v acyclovir in a dimethylacet-
amide: ethanol (4:6), not typically amenable to electrospinning, was able to be 
processed as the sheath solution, consisting of 10 %w/v PVP, 0.5 %w/v SDS, and 
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0.2 %w/v sucralose in a water:ethanol (2:8) acted as a guide, enabling the formation 
of core-sheath nanofi bers. These prepared fi bers resulted in rapid drug release, 100 % 
within 1 min due the amorphous nature of the drug and high surface area, compared 
to the 40 % drug release in 60 min from micronized (<100 μm) acyclovir particles. 
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  Fig. 13.14    In vitro dissolution profi les of Compound II at ( a ) pH 1.0 and ( b ) pH 7.5. Reproduced 
with permission from Ignatious et al. ( 2010 )       
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 Nagy et al. conducted a study to evaluate the properties of a dispersion of 
carvedilol (CAR) with  Eudragit ®    E prepared using HME, electrospinning, and MES 
(Nagy et al.  2013 ). All methods produced amorphous solid dispersions with a 20 % 
drug load; however, the mean fi ber diameter of the MES material was signifi cantly 
larger than that from electrospinning, 250 μm versus 0.7 μm, respectively, which 
also resulted in lower specifi c surface area with the MES fi bers. The HME particles 
were milled to 20 μm mean particle size, and they were all evaluated for drug release 
against he crystalline CAR, as shown in Fig.  13.15 . Surprisingly, the MES material, 
with larger fi ber diameter and lower surface area, exhibited a faster release profi le 
than the electrospun fi bers; while both fi bers showed faster release than the HME 
particles. A similar drug release trend was seen with CAR from a copovidone 
(PVPVA 64)    carrier (Balogh et al.  2015 ). As with HME, plasticizers can be added to 
reduce processing temperatures as needed (Balogh et al.  2014 ).

   Electrostatic and MES are promising processes to produce ASDs that exhibit 
very large surface areas due to the production of nano- and micro-sized fi bers. The 
rapid drying of the solvent-based electrospinning process is able to produce amor-
phous drug molecules dispersed in the polymer matrix and allow for higher drug 
loading than HME (Nagy et al.  2012 ; Yu et al.  2011 ). The continued development 
of the electrospinning process has allowed for the introduction of new techniques, 
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  Fig. 13.15    CAR drug release in 900 mL 0.1 M HCl, USP II at 50 rpm. ( MES  melt electrospun 
fi bers,  SES  solvent-based electrospun fi bers,  EX  HME particles,  CAR  unprocessed crystalline 
carvedilol). Reproduced with permission from Nagy et al. ( 2013 )       
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such as coaxial electrospinning, for pharmaceutical dosage form design and will 
continue to lead to more novel and multi-functional dosage  forms  .   

13.3     Formulation-Based Techniques 

 While the formation of ASDs is an effective technique to enhance the bioavailability 
of poorly water-soluble compounds, there are a variety of other formulation- based 
techniques that can achieve the same goal. Many of these techniques are covered in 
previous chapters, including formation of salts, co-crystals, co-solvent or com-
plexed systems, and lipid based or self-emulsifying drug delivery systems. However, 
some of these systems have limitations, such as toxicity limits with surfactants and 
other lipids; thus, formulation techniques continue to be developed for bioavailability 
enhancement. 

13.3.1     Mesoporous Materials 

  Mesoporous materials  , defi ned as having pore diameters from 2 to 50 nm, have 
emerged as promising carriers for poorly soluble compounds. The distribution of 
nanosized pores provides a high surface area for drug loading and thin channels that 
prevent formation of highly ordered crystals, maintaining deposited drug in its 
metastable amorphous state (Wang et al.  2010 ). Additionally, the pore size or sur-
face chemistry of the material can be readily tailored to allow for immediate, sus-
tained or controlled release of the adsorbed drug (Wang et al.  2015 ). 

13.3.1.1      Mesoporous Silica   

 Ordered mesoporous  silica   ( OMS  ) materials were discovered in the early 1990s by 
the Mobil Corporation for use in a broad range of applications such as catalysis and 
optics; however, by 2001, these high surface area and highly porous materials were 
being evaluated as carriers for drug delivery (Vallet-Regi et al.  2001 ). With the 
recent clinical approval of the Cornell Dots (C dots), the safety of these inorganic 
materials is being evaluated, opening the door for future clinical studies for OMS 
for drug delivery (Bradbury et al.  2015 ). 

  OMS   materials can have a wide range of mesostructures from 1D lamellar to 
tetragonal (Garcia-Bennett et al.  2005 ); however, the most commonly used OMS 
materials for drug delivery are characterized as having a 2D hexagonal or 3D cubic 
mesostructures, as shown in Fig.  13.16 . Materials are available in a wide range of 
mesopore diameters (2 nm <  Dp  < 50 nm) and have relatively large pore volumes of 
0.6–1.0 mL/g (Mamaeva et al.  2013 ). Two of the most commonly used OMS mate-
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rials investigated in recent years are MCM-41 (Mobil Composition of Matter 
No. 41) and SBA-15 (Santa Barbara Amorphous No. 15) (Mellaerts et al.  2008b ; 
Wang et al.  2013 ). The pore diameter ranges between 2 and 10 nm for MCM-41 and 
5 and 15 nm for SBA-15 (Zhao et al.  1998 ). Note that SBA-15 can be prepared to 
exhibit a 2D hexagonal or 3D cubic structure (Kruk et al.  2000 ). In addition to small 
pore diameters and high pore volumes, these materials have a high surface area 
(600–1000 m 2 /g) and a dense distribution of silanol groups (2–3 groups/nm) to 
serve as adsorption sites or as sites for complexation with other functional groups, 
such as carboxylic acids or amines (Mamaeva et al.  2013 ; Wang et al.  2015 ).

    OMS   materials are  prepared   by a sol–gel or ion reaction method in acid or alka-
line conditions to produce homogeneous size particles with the addition of a surfac-
tant as a structure or pore-forming agent. A washing or calcination step is used to 
remove the surfactant leaving behind empty pores (Kresge et al.  1992 ; Inagaki et al. 
 1993 ). The particle size, pore size and volume, and mesostructures can be readily 
tailored by processing parameters, such as surfactant type and temperature (Hu et al. 

  Fig. 13.16    TEM image ( left top ) and model of unit cell ( left bottom ) of 2D hexagonal mesostruc-
ture and TEM image ( right top ) and model unit cell ( right bottom ) of 3D cubic mesostructure. 
Reproduced with permission from Fadeel and Garcia-Bennett ( 2010 )       
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 2011 ). Drug loading and addition of functional groups typically occur post- synthesis. 
Methods for drug loading include adsorption from solution, electrostatic adsorption, 
incipient wetness impregnation, the melt method, or co-spray-drying (Mellaerts 
et al.  2008a ; Shen et al.  2010 ). Adsorption from solution is the most common method 
for poorly soluble compounds, whereby the OMS particles are immersed in a 
concentrated organic solution of the active compound and the resulting suspension is 
dried to remove residual solvent, leaving behind the adsorbed drug. Notably, the 
polarity of the solvent can affect drug-loading effi ciency, as polar solvents will 
compete for the adsorption sites (Xu et al.  2013 ). 

 Vallet-Regi, et al. ( 2001 ) fi rst evaluated  OMS   as a reservoir for controlled 
drug- delivery systems (Vallet-Regi et al.  2001 ). In this initial study, the researchers 
utilized MCM-41 with two different pore sizes for the delivery of ibuprofen, whose 
molecular size was in the range of the mesopores. In order to load the OMS, sub-
strates were submerged in a solution of ibuprofen and hexane (33 mg/mL). Upon 
removal, substrates contained 30 % (w/w) ibuprofen, demonstrating that ibuprofen 
was absorbed into the mesopores, which was further confi rmed by BET analysis. 
In vitro dissolution analysis of the ibuprofen-loaded OMS exhibited rapid initial 
release followed by a sustained release, with 80 % release reached after 3 days. This 
type of two-phase release behavior has been seen across various OMS studies due 
to the release of the surface adsorbed drug followed by the diffusion of drug from 
the pores (Thomas et al.  2010 ); the desorption of drugs in the pores in the presence 
of water is explained by the affi nity OMS has for water over hydrophobic com-
pounds and is diffusion controlled (Mellaerts et al.  2008a ,  b ; Andersson et al.  2004 ). 
While the focus of initial studies conducted by Vallet-Regi et al. was on controlled 
drug-delivery systems, a major focus of OSM research has shifted to immediate 
release systems for the delivery of poorly water-soluble compounds; this section 
will highlight the recent  work   on the use of OMS for the delivery of poorly soluble 
compounds. 

 For immediate release applications of  OMS   materials, the dissolution rate of the 
drug substance can be tailored by the pore size and surface area. Zhang et al. studied 
the loading of poorly water-soluble telmisartan (TEL) onto OMS using pore sizes of 
4, 8 and 13 nm, obtaining drug loading of 50.7, 61.2 and 60.3 % drug loading (Zhang 
et al.  2010b ). These loading effi ciency of the OMS was attributed to the OMS 
silanol groups forming hydrogen bonding with the drug, albeit weak bonds as seen 
by the rapid release of the drug from the carrier during in-vitro release testing. The 
release behavior was consistent with the pore diameter, with 83.5, 95.4 and 100 % 
release seen at 30 min with increasing pore diameter. Zhang et al. prepared OMS 
carriers with 28.3 nm pore diameter, also referred to as a mesocellular foam, to 
increase drug release rate of poorly soluble drug simvastatin (SIM) for 100 % 
release by 60 min, compared to 62 % from SBA-15 with a 6.5 nm pore diameter 
(Zhang et al.  2011 ). Wang et al. showed that the preparation of 3D continuous and 
interconnected macroporous (pore size 200 and 500 nm) silica particles resulted in 
faster dissolution of adsorbed  indomethacin (IND)   when compared to conventional 
OMS carriers, MCM-41 and SBA-15 OMS. However, this led to reduced physical 
stability showing recrystallization after 3 months at accelerated stability conditions 
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(40 °C/75 % RH) (Wang et al.  2013 ), demonstrating the trade-off between rapid dis-
solution and physical stability as a function of pore size. 

 Mellaerts et al. stored itraconazole ( ITZ  ) loaded SBA-15 particles (10 and 20 % 
w/w drug loading) at 25 °C at 0, 52 and 97 % RH for up to 12 months to determine 
the long-term stability of adsorbed amorphous ITZ (Mellaerts et al.  2010 ). Storage at 
the high humidity (52 and 97 % RH) conditions lead to increased adsorbed water, up 
to 30 % water content in the 10 % ITZ formulation. The majority of this water was 
only physically adsorbed, while a small percentage (1.39–1.64 %) was determined to 
be chemically bound to the SBA-15 surface via hydroxylation. This yielded a faster 
and more complete release of ITZ from the SBA-15. These changes in drug release 
were attributed to the hydroxylation of the SBA-15 surface from the bound water, 
rendering the surface more hydrophilic and more prone to liberating the ITZ when 
placed in an aqueous environment, as shown in Fig.  13.17 . The physical stability of 
the ITZ was maintained, most probably due to the unchanged or decreasing pore 
volume that prevented molecular mobility for crystal formation, further emphasizing 
the benefi ts of mesoporous materials for use with poorly soluble  compounds  .

   As with amorphous solid dispersion systems, the use of a precipitation inhibitor 
can be advantageous to maintain supersaturated concentrations. Van Speybroeck 
et al. was able to show improved maintenance of supersaturation of  ITZ   in FaSSIF 
media with the inclusion of HPMC AS and a small improvement with HPMC, when 
physically mixed with the drug-loaded SBA-15 particles (Van Speybroeck et al. 
 2010 ). Interestingly, the improvement from HPMC AS was not seen in-vivo due to 

  Fig. 13.17    Adsorbed water from humid storage conditions causes hydroxylation of silanol sur-
face, leading to increased release rate of drug upon contact with aqueous fl uids. Reproduced with 
permission from Mellaerts et al. ( 2010 )       
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its low solubility at pH < 5.5; however, the HPMC was able to produce a 60 % 
increase in bioavailability when compared to the  OMS   (SBA-15)-ITZ alone 
(AUC sum  14,937 ± 1617 nM h versus 8987 ± 2726 nM h). 

 Vialpando et al. evaluated the downstream processing of itraconazole ( ITZ  ) 
loaded  OMS   in a oral tablet formulation (Vialpando et al.  2011 ). This study showed 
that compression of neat OMS and ITZ-loaded OMS resulted in decreased pore 
volume and surface area due to the collapse of the pore walls which subsequently 
lead to reduced drug release, particularly at high compression forces. With the addi-
tion of microcrystalline cellulose, a plastically deforming fi ller, and sodium cross-
carmellose sodium, a disintegrant, there was some recovery of drug release seen 
when compressed at 120 MPa. In another study, Vialpando et al. evaluated the sta-
bility of drug loaded ITZ-OMS particles during a small-scale wet granulation pro-
cess to improve bulk powder properties (Vialpando et al.  2012 ). Using a 20 % PVP 
aqueous solution, granules were prepared without an impact to the OMS pore diam-
eter and volume, indicating physical integrity of the particles. Subsequent compres-
sion at 120 MPa compression force did produce a drop in the pore diameter and 
volume; however, the addition of a disintegrant to the tablet  formulation   enabled 
comparable drug release when compared to the granules alone. 

 In addition to the loading and stabilizing benefi ts from the nanosized pores of  OMS   
materials, many of these materials are often precipitated as nanosized particles or 
 mesoporous silica nanoparticles (MSN)  . This offers an obvious advantage to increase 
cellular uptake, as seen by its early adoption and continuing development for paren-
teral formulations of cancer drugs and particularly, poorly soluble cancer agents such 
as paclitaxel (Wang et al.  2015 ; Meng et al.  2010 ; Lu et al.  2007 ; Slowing et al.  2006 ; 
Mekaru et al.  2015 ). Zhang et al. evaluated the use of MSNs for the oral delivery of 
TEL and showed not only increased cellular uptake when compared to  mesoporous 
silica microparticles (MSM)  , but also a reduced rate of effl ux and thus greater perme-
ability when compared to a control TEL solution (Zhang et al.  2012 ). This increased 
permeability correlates well with previous fi ndings of increased permeability of other 
poorly soluble compounds, such as GRIS, from MSNs (Bimbo et al.  2011 ). In-vivo 
studies conducted in beagles (n = 6) showed tablets prepared using  ITZ  -MSNs and 
MSMs performed better than the commercial tablet, Micardis ® , with relative bioavail-
abilities of 154.4 and 129.1 %, respectively. This higher bioavailability of the MSN 
formulation was attributed to the improved absorption of the amorphous TEL from 
the MSN and the reduced rate of P-gp mediated effl ux. 

 With a high concentration of silanol groups on the mesoporous silica wall sur-
faces, functionalization with many types of organic molecules to modulate drug- 
release kinetics is possible, as shown in Fig.  13.18  (Ukmar and Planinšek  2010 ; 
Yang et al.  2012 ). Functionalized  OMS   systems are especially desirable from a drug 
delivery standpoint, allowing for targeted release and/or increased protection of the 
API form harsh biological environments. Researchers have reported the use of a 
variety of functional moieties for sustained, controlled (Zhang et al.  2010b ; Muñoz 
et al.  2003 ; Song et al.  2005 ; Wang et al.  2009 ; Qu et al.  2006 ; Tang et al.  2006 , 
 2010 ; Bernardos et al.  2008 ; Xu et al.  2008 ), or pH-dependent release (Peng et al. 
 2013 ; Yang et al.  2005 ). With the addition of an aminopropyl group, Zhang et al. 
showed that TEL release form OMS could be signifi cantly retarded (Zhang et al. 
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 2010b ). The grafted aminopropyl groups exhibited stronger bonding with the TEL 
than seen with the OMS silanol groups, slowing drug release signifi cantly. In-vitro 
drug release testing showing 100 % release by 24 h. These results correlate well 
with previous studies conducted with aminopropyl group modifi cations to MCM-41 
carriers for the delivery of IBU (Muñoz et al.  2003 ).

   As an alternative to the synthesis of  OMS   materials, existing pharmaceutical 
grade silicas, i.e. fumed or colloidal  silica   (Aerosil ® ) or magnesium aluminum sili-
cate ( Neusilin ®   ), have also been utilized as carriers for poorly soluble compounds 
(Kinnari et al.  2011 ; Kim  2013 ). These materials tend to exhibit a more non-ordered 
structure and can be driven mostly by surface adsorption as opposed to adsorption 
within the pore walls of the mesostructures previously described; therefore, are 
often prepared using by adsorption of the poorly soluble compound with a polymer, 
precipitation inhibitor, and/or solubilizer (Kim  2013 ). This is the premise of the 
 Spray-dried NanoAdsorbate technology   developed by  Bend Research ®   , whereby 
the dissolved drug and polymer and suspended silica carrier are spray dried to form 
solid particles with adsorbed amorphous drug-polymer dispersion on the surface of 
the silica particles. These particles are then amenable for downstream processing, 
such as encapsulation or tableting.  

  Fig. 13.18    Loading and functionalization possibilities using  OMS   for drug delivery. Reproduced 
with permission from Rosenholm et al. ( 2010 )       
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13.3.1.2      Mesoporous Carbon   

 The physical liabilities with  OMS   materials may limit its pharmaceutical applica-
tion, including the hydroxylation of its silanol groups upon aging and the ease of 
collapse upon compression. Additionally, safety studies conducted with OMS mate-
rials have shown an increased production of reactive oxygen species (ROS), specifi -
cally the superoxide O 2  .− , in Caco-2 cells at a threshold concentration of 1 mg/mL 
(Heikkilä et al.  2010 ; Bimbo et al.  2011 ). Increased levels of ROS can lead to weak-
ened cell membranes, diminished cell metabolism and increased apoptotic signal-
ing. The production of these species was attributed to the silanol groups along the 
surface of these OMS materials. Based on this, development of inert  ordered meso-
porous carbon (OMC)   materials was initiated for use in drug delivery (Kim et al. 
 2008 ; Oh et al.  2010 ; Saha et al.  2014a ). Cytotoxicity studies with OMC materials 
in Caco-2 cells showed no apparent toxicity at concentrations up to 800 μg/mL 
(Zhao et al.  2012b ). At higher concentrations, cell survival was reduced, although it 
remained above 80 %, due to carrier agglomeration inside the cell. Studies in HeLa 
cells also showed positive cell viability for concentrations up to 500 μg/mL, with 
slight toxicity seen with the highest surface area OMC tested (~70 % survival) at the 
highest concentration (Gencoglu et al.  2014 ). 

 As with  OMS  , OMC materials are also utilized in other systems and processes, 
including catalysis and separations. Additionally, porous carbon (or activated char-
coal) has been administered to treat acute poisoning in an emergency setting due to 
its highly absorptive properties (Kulig et al.  1985 ; Neuvonen and Olkkola  1988 ; 
Yachamaneni et al.  2010 ). The preparation of OMC materials involves hard- 
templating or soft-templating, also referred to as self-assembly (Liang et al.  2008 ; 
Ma et al.  2013 ). Hard-templating involves preparation of an OMS structure, fol-
lowed by the incorporation of a carbon source, i.e. sucrose; the particles are then 
washed to remove the silica template. Soft-templating, shown in Fig.  13.19 , involves 

Phenolic Precursor

Solvation Cross-
Linking

Amphiphilic
Surfactant

[PEO]x-[PPO]y-[PEO]z

O O O O O O O O O
OHH

Pyrolysis

Mesoporous CarbonCross-Linked Phenolic Precursor

  Fig. 13.19    Schematic of soft-templating for the preparation of OMC particles. Reproduced with 
permission from Saha et al. ( 2014b )       
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cross-linking a suitable organic resin in the presence of pore forming surfactants; 
suitably those that do not have a char yield. The cross-linking is followed by pyroly-
sis, which removes the surfactant, and lastly, the carbonization of the matrix. OMC 
materials have been shown to exhibit larger pore volumes and greater surface areas 
than their silica counterparts (Zhang et al.  2013 ).

   Wang et al. showed the effect of  ibuprofen (IBU)   solution concentration and pore 
volume on OMC drug loading, revealing adsorption isotherms which plateaued as 
shown in Fig.  13.20 , due to saturation of adsorption sites (Wang et al.  2011a ). The 
drug release from the OMC is similar to that of  OMS   materials in that there is a 
rapid release of surface adsorbed materials, followed by a slower release of drug 
from the pores; however, with the absence of the silanol groups, the release of the 
drug from the OMC carrier is much faster. Zhao et al. evaluated the use of OMC for 
delivery of a poorly soluble drug, using  lovastatin (LOV)   as a model  compound   
(Zhao et al.  2012b ). 2D hexagonal and 3D cubic structures, also referred to as  meso-
porous carbon spheres (MCS)  , of OMC materials were prepared with varying pore 
sizes and loaded with LOV using a 60 mg/mL organic solvent solution. The 3D 
cubic material produced higher pore volumes and surface areas than the 2D hexago-
nal materials. The 3D structure also showed less residual crystallinity of the 
adsorbed LOV than seen with the 2D cubic materials; however, XPS analysis 
showed that approximately 53 % of the drug was present on the surface of the 3D 
structure (10–15 nm depth of analysis), compared to the 38 % on the surface of the 
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  Fig. 13.20    Adsorption isotherms showing IBU solution concentration impact on OMC drug load-
ing with the following sample name (pore diameter, pore volume): C-70 (4.1 nm, 0.97 cm 3 /g), 
C-70 (4.1 nm, 0.97 cm 3 /g), C-70* (3.9 nm, 1.42 cm 3 /g), C-100 (3.5 nm, 0.64 cm 3 /g), C-100* 
(3.4 nm, 1.11 cm 3 /g).  Reproduced   with permission from Wang et al. ( 2011a )       
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2D hexagonal material. The in-vitro drug release, shown in Fig.  13.21 , showed 
rapid release of LOV from the 3D OMC with complete release around 90 min for 
all pore sizes. The release from the 2D structure showed in initial rapid release, 
attributed to the surface adsorbed LOV, followed by a slow release of LOV, attributed 
to release of LOV adsorbed on the pore walls, with only 60–70 % release by 90 min. 
Although, the rate of release trended with pore size, the small range used (3.8–7.0 nm) 
provided only small differentiations between the drug release curves.

    Zhang et al. utilized carboxylated mesoporous carbon microparticles (c-MCM) 
to enhance the oral bioavailability of  carvedilol (CAR)   (Zhang et al.  2013 ). The 
carboxylation was incorporated to increase wetting of the MCM upon ingestion. 
The c-MCMs showed signifi cantly higher pore volume and surface area to MSMs 
prepared, as shown in Table  13.1 , even with only a small difference in pore diame-
ter. These properties enabled a higher drug loading with the c-MCM particles 
(41.6 %) than with the MSM particles (30.1 %). The c-MSM  formulation   showed a 
signifi cant increase in bioavailability in-vivo in beagle dogs against the commercial 

  Fig. 13.21    Drug release from pure crystalline LOV ( A ), 3D OMC with pore size 6.0 nm ( B ), 
5.1 nm ( C ), 3.8 nm ( D ), and 2D OMC with pore size 5.0 nm ( E ), 4.4 nm ( F ), 7.0 nm ( G ). 
Reproduced with permission from Zhao et al. ( 2012b )       

   Table 13.1    Properties of MSM and c-MCM particles, empty and loaded with CAR. Reproduced 
with permission from Zhang et al. ( 2013 )   

 Sample  S BET  (m 2 /g)  V t  (cm 3 /g)  w BJH  (nm)  V mi  (cm 3 /g)  Drug loading (%) 

 MSMs  893.1 ± 8.5  1.03 ± 0.04  9.1 ± 1.8  0.1 ± 0.02 
 c-MCMs  1736.2 ± 13.3  1.82 ± 0.1  7.8 ± 1.9  0.37 ± 0.09 
 CAR-MSMs  271.8 ± 9.5  0.36 ± 0.04  3.4 ± 1.5  0  30.1 ± 0.4 
 CAR-c-MCMs  141.0 ± 23.7  0.15 ± 0.11  2.6 ± 0.3  0  41.6 ± 1.2 
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Dilatrend ®  tablet at a 200 mg dose with AUC 0–24h  of 784.79 ± 56.29 ng h/mL vs. 
420.27.2 ± 41.22 ng h/mL of the control. This relative bioavailability of nearly 
180 % was attributed to the amorphous state of the CAR, the highly dispersed nature 
of the drug along the high surface area of the carrier, as well as the limited crystal 
size restricted by the mesopore size.

   In addition to the benefi ts of increased dissolution, OMC systems can provide 
other advantages as drug delivery systems. A study conducted using  celecoxib 
(CEL)   loaded MCSs with a Caco-2 cell line showed similar suppression of effl ux as 
seen with MSNs (Wang et al.  2014 ), leading to higher bioavailability. Another study 
showed reduced mucosa irritation, a side effect of large doses of CEL, when dosed 
with CEL-OMC attributed to reduced contact of the drug with the mucosal surface 
as the drug is dispersed on the surface or within the pores of the OMC carrier, as 
well as the rapid absorption of the small, dispersed amorphous CEL from the carrier 
(Zhao et al.  2012a ). 

 As with  OMS   materials, OMC materials can also be functionalized or coated to 
release drug when triggered by temperature (Zhu et al.  2011 ), pH (Zhu et al.  2012 ; 
Zhang et al.  2015a ), applied magnetic fi eld (Oh et al.  2010 ; Wang et al.  2011b ) or 
other stimuli (Amritha Rammohan et al.  2013 ), as well as for targeted drug delivery 
(Zhang et al.  2015b ). As the OMC surface does not contain the silanol groups pres-
ent on OMS surfaces, chemical treatment or activation may be required to introduce 
functional groups onto the surface for more effi cient adsorption and/or functional-
ization. For example, Saha et al. chemically activated the surface of their OMC 
materials using KOH to introduce oxygen onto the carbon surface to promote 
mucoadhesion properties (Saha et al.  2015 ). 

 To obtain a sustained release profi le and  reduce   burst release from surface 
adsorbed drug, Zhang et al. prepared  nimeodipine (NIM)   loaded OMC with a lipid 
bilayer or shell (Zhang et al.  2015c ). This composite system was able to reduce 
burst release from 50 to 35 % of drug release within 2 h and extended the release 
profi le to 18 h vs. 12 h for 100 % release when compared to the NIM-OMC alone. 
Alternatively, for a stimulus based release, Rommohan et al. utilized the slightly 
negative zeta potential (−0.3 mV) of their OMC particles to facilitate a layer by 
layer (LbL) polymer coating using positively charged polyelectrolyte, polyethylene 
imine (PEI), followed by negatively charged polystyrene sulfonates (PSS) and 
lastly by positively charge polyallylamine hydrochloride (PAH) (Amritha 
Rammohan et al.  2013 ). In this system, the drug is released in the presence of high 
salt concentrations (i.e. 5 M) due to the disruption of electrostatically interacting 
polymer layers. 

 For targeted drug delivery, Zhang et al. prepared glucose-based  mesoporous car-
bon nanospheres (MCN)   stabilized by phospholipids for increased hydrodynamic 
stability needed for i.v. administration, as shown in Fig.  13.22  (Zhang et al.  2015b ). 
The particles were able to adsorb a drug loading of 42.7 % of poorly soluble com-
pound SNX-2112, an Hsp90 inhibitor to induce apoptosis (Liu et al.  2012 ). When 
compared to a ANX-2112 solution, enhanced antitumor effect was seen with these 
phospholipid stabilized MCN due to targeting glucose transporters, which are over-
expressed in breast cancer cells, for increased cellular uptake and due to the 
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nanoparticle size of the carriers which allowed for passive accumulation due to the 
 enhanced permeation and retention (EPR)   effect seen with the leaky vasculature in 
tumor tissues, also shown in Fig.  13.22 .

13.3.1.3        Other  Mesoporous Materials   

 The evaluation of alternative mesoporous materials has also gained interest for drug 
delivery. Inorganic mesoporous carriers have included hydroxycarbonate apatite 
and titanium dioxide (Jiang et al.  2012 ). Organic mesoporous carriers have included 
starch and porous polymers, such as PVA (Roberts and Zhang  2013 ; Wu et al.  2011 ). 

 Hydroxycarbonate apatite ( HCA  )    is another material commonly employed for 
tissue and bone engineering scaffolds. HCA is a calcium phosphate-based inorganic 
material that has often been used as artifi cial bone materials. Its inert nature, bio-
compatibility, relatively high surface area and uniform pore formation has led to the 
adoption of HCA and hydroxyapatite (HA) as drug delivery systems (Zhang et al. 
 2010a ; Zhao et al.  2012c ; Ye et al.  2010 ; Mizushima et al.  2006 ). Zhao et al. 
prepared mesoporous HCA particles using a hard-template method with CaCO 3  as 
the sacrifi cial template and CTAB as the pore-forming agent (Zhao et al.  2012c ). 
The particles with the largest pore volume and surface area (0.175 mL/g and 
121.9 m 2 /g, respectively) were then loaded with CAR using carrier to drug ratios of 
3:1, 2:1, and 1:1 to obtain drug loading of 23, 31, and 48 %, respectively; however, 

  Fig. 13.22    Glucose based MCN stabilized by phospholipids for i.v. administration for targeted 
drug delivery to tumor site. Reproduced with permission from Zhang et al. ( 2015b )       
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the higher drug load particles (31 and 48 %) showed a higher degree of residual 
crystallinity. The 23 % drug loaded formulation showed a faster and more complete 
drug release with over 90 % release seen by 20 min when compared to the other 
drug loads and raw drug, attributed to higher degree of amorphous CAR on the 
lower drug loaded formulation. The 23 % drug loaded particles were also shown to 
be physically stable for when held in a desiccator at 25 °C for 6 months; however, 
as FTIR analysis showed no physical interaction, the stability of the adsorbed drug 
was attributed to the inhibition of recrystallization by the restrictive pore size. 

 Porous starch has been used for tissue engineering and bone cements due their 
biocompatible and biodegradable nature (Gomes et al.  2001 ,  2002 ). Additionally, the 
availability of hydroxyl groups on the surface of starch enables interactions for 
adsorption and/or functionalization. Porous starch can be prepared by various 
techniques, including injection molding, in-situ polymerization, or using a solvent- 
exchange method to produce a porous gel (Nakamatsu et al.  2006 ). Wu et al. evalu-
ated those use of porous starch as a carrier for poorly soluble drug, LOV (Wu et al. 
 2011 ). Although the large and irregular pore diameters, 20–80 nm, resulted in 
adsorbed LOV present in a partially amorphous form, the dissolution rates were still 
faster than the commercially available  capsules  .   

13.3.2      Co-amorphous Mixtures   

 The amorphous state of a drug is a high-energy, highly disordered state that enables 
higher apparent solubility and a faster dissolution rate than its crystalline form 
(Hancock and Zografi   1997 ). However, this is a metastable form that has a tendency 
to crystallize during manufacture, storage, or during drug release. ASDs using poly-
mer carriers have become a preferred method to enhance solubility and bioavail-
ability of poorly soluble compounds utilized in several marketed products including 
Sporanox ® , Kaletra ® , and Incivek ® . In these polymer-based systems, the drug is 
molecularly dispersed in a polymer carrier and can be kinetically stabilized by high 
T g  and/or high viscosity polymers to reduce molecular mobility. Additionally, 
chemical bonding between the polymer and drug can lead to additional stabilization 
(Janssens and Van den Mooter  2009 ; Laitinen et al.  2013 ). One of the limitations of 
polymer-based solid dispersions is the high weight percentage of polymer that is 
often needed to form a molecular dispersion or glassy solution; this can lead to a 
higher pill burden for drugs that require higher doses. Additionally, many of the 
polymer carriers used require a plasticizer for processing and/or are hygroscopic; 
plasticizer and adsorbed water, which has a plasticizing effect, can lower the system 
T g , leading to physical instability. Co-amorphous systems, defi ned as a combination 
of two small molecules, have been found to increase apparent solubility and disso-
lution rate, as well as maintain physical stability with drug-small molecule ratios of 
1:2, 1:1, and 2:1 (Allesø et al.  2009 ; Chieng et al.  2009 ; Löbmann et al.  2011 ,  2012 ; 
Dengale et al.  2014 ; Knapik et al.  2015 ; Teja et al.  2015 ), making them a promising 
alternative to the conventional polymer-based amorphous dispersion. Many of these 
co-amorphous systems have been prepared using sugars, urea, and citric acid (Lu 
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and Zografi   1998 ; Ahuja et al.  2007 ; Masuda et al.  2012 ; Ewing et al.  2015 ); how-
ever, much of the research has focused on the use of drug-drug and drug-amino 
acid mixtures (Löbmann et al.  2014 ). Preparation of these co-amorphous mixtures 
involves conventional manufacturing methods, such as co-milling, shown in 
Fig.  13.23 , or solvent evaporation methods, including spray drying.

13.3.2.1       Co-amorphous Drug-Drug Mixtures 

 First published investigations of co-amorphous mixtures were as early as 1989, 
with the preparation of phenobarbital-salicin and phenobarbital-antipyrine binary 
systems (Fukuoka et al.  1989 ). Both systems showed resulting T g s that correlated 
well with theoretical values calculated by the Gordon-Taylor equation, which pre-
sumes no interaction between the two components. However, solid state character-
ization of other systems, including  cimetidine (CIM)  - naproxen (NAP)   co-amorphous 
mixtures exhibited T g s higher than the Gordon-Taylor prediction, suggesting an 
interaction between the imidazole ring of the  CIM   with the carboxyl group of the 
NAP, which may contribute to the formation and stability of the mixture (Yamamura 
et al.  1996 ; Allesø et al.  2009 ). This interaction was also seen with a CIM- indo-
methacin (IND) mixture (Yamamura et al.  2000 ), while a CIM-difl unisil mixture 
showed a stronger interaction, forming an amorphous salt (Yamamura et al.  2002 ). 

drug amino acid

crystals

co-amorphous

Mechanical processing
(ball milling)

Loss of molecular
order and gain in
molecular mobility

  Fig. 13.23    Preparation of 
co-amorphous drug-amino 
acid via milling. 
Reproduced with 
permission from Jensen 
et al. ( 2015b )       
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Alesso et al. further evaluated the CIM-NAP co-amorphous mixture prepared by 
co-milling, in place of the solvent evaporation methods from the previous studies. 
These studies showed that milling of NAP alone was not suffi cient to produce amor-
phous NAP; however, co-milling with CIM produced co-amorphous mixtures at 
1:2, 1:1, and 2:1 NAP-CIM. Of these, only the 1:1 ratio was found to be physically 
stable, as shown in Fig.  13.24 , attributed to the 1:1 molecular interaction between 
the two drug molecules.

   In another system, also prepared by co-milling, IND with  ranitidine hydrochloride 
(RAN)   formed a co-amorphous mixtures, with the 1:1 ratio showing a higher degree 
of physical stability after 30 days than the 1:2 and 2:1 IND-RAN mixtures on stabil-
ity, although all showed some degree of recrystallization when held at 40 °C (Chieng 
et al.  2009 ). As with the phenobarbital-salicin and phenobarbital- antipyrine co-
amorphous mixtures, the IND-RAN mixture T g s correlated well with predicted val-
ues, indicating no chemical interaction. FTIR analysis showed some interaction 
between the carboxylic acid of the IND with the imine group (C=N) of the  RAN  ; 
however, these interactions were not strong enough to form a salt or co-crystal. 

 IND was also evaluated with NAP and again showed that the presence of IND 
enabled the formation of co-amorphous IND-NAP, even when amorphous NAP 
could not be prepared alone (Löbmann et al.  2011 ). It was theorized that the IND- 
NAP formed a heterodimer though hydrogen bonding between the each drug’s car-

  Fig. 13.24    PXRD diffractograms of CIM-NAP co-amorphous mixtures prepared at varying ratios 
after 33 days of storage in desiccators at 4, 25, and 40 °C. Reproduced with permission from Allesø 
et al. ( 2009 )       
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boxylic group, as shown in Fig.  13.25 ; this was later confi rmed using IR and quantum 
mechanical calculations (Löbmann et al.  2013b ). Predicted T g  values, assuming no 
interaction, deviated for the experimentally determined values;  however, when the 
1:1 drug ratio was inserted as an individual component (assuming interaction) with 
excess drug representing the second compound, the 1:2 and 2:1 predicted T g  values 
matched the experimentally determined values. The  intrinsic dissolution rate (IDR)   
testing of the 1:1 IND-NAP mixture showed synchronous release, shown in 
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  Fig. 13.25    Chemical structures and proposed mechanism of interaction between IND and 
NAP. Reproduced with permission from Löbmann et al. ( 2011 )       
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  Fig. 13.26    Intrinsic drug release of co-amorphous IND-NAP (1:1) showing synchronized release 
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Fig.  13.26 , with both drugs showing increased drug release rates than their crystal-
line counterparts (NAP: 0.30–0.41 mg/cm 2  min; IND: 0.055–0.42 mg/cm 2  min). IND 
also showed an improvement over amorphous IND alone (0.36 mg/cm 2  min); this 
fi nding is counter to previous reports of decreased drug release in the presence of 
another amorphous compound (Trasi and Taylor  2015 ). Increased saturation solubil-
ity was also seen with  talinolol (TLN)   in a TLN: naringin (NRG) co- amorphous 
mixture when compared to the amorphous TLN alone (Teja et al.  2015 ).

    IND-Ritonavir (RTV) co-amorphous mixtures showed good correlation with 
predicted T g  and no evidence of bonding via FTIR analysis, indicating no heterodi-
mer formation as seen with IND: NAP mixtures (Dengale et al.  2014 ). Dengale 
et al. showed this system to be stable for 90 days with all ratios studied, 1:2, 1:1, and 
2:1, and stability was attributed to the miscibility of the drug-drug mixture. Notably, 
even with threefold increase in the solubility of both drugs, only the  RTV   dissolu-
tion rate was signifi cantly enhanced from the co-amorphous dispersion. 

 In another study, ezetimib (EZB)-indapamid (IDP) co-amorphous mixtures were 
made at ratios varying from 10:1 to 1:2 to evaluate physical stability in the absence 
of any signifi cant molecular interaction (Knapik et al.  2015 ). In this particular 
 mixture, the EZB:IDP (10:1) was found to be stable for 72 days at room temperature 
when prepared with a low level of IDP; this was attributed to an anti-plasticizing 
effect by the IDP on the EZB. It should be noted that the stability studies conducted 
with these co-amorphous mixtures were done in dry conditions, so the effect of 
humidity on physical stability is yet to be reported. Although the exact mechanism 
of formation and stabilization of these co-amorphous mixtures are not fully under-
stood, the intimate molecular mixing and interactions between the two molecules, 
even if they are weak interactions, are considered barriers to prevent recrystalliza-
tion (Grohganz et al.  2013 ).  

13.3.2.2      Co-amorphous Drug-Amino Acid Mixtures   

 Although, drug-drug co-amorphous mixtures for FDC products may be advantageous 
in some cases, co-amorphous mixtures using an inactive small molecule offer an 
alternative for monotherapy applications. Mura et al. showed the ability of  arginine 
(ARG)   to form strong interactions with NAP, produce a mostly amorphous system 
upon grinding, and exhibit enhanced dissolution properties (Mura et al.  2003 ,  2005 ); 
thus, opening the door to the use of amino acids as an inactive small molecule for 
co-amorphous formulations. Amino acids, consisting of both an amine and carbox-
ylic group, have previously been utilized as salt-formers to improve drug solubility 
(Bastin et al.  2000 ; Hirano et al.  2010 ). As they are organic molecules, crucial to 
protein synthesis and other biological processes, they are inherently biocompatible 
(Dutta and Dey  2011 ). Furthermore, amino acids can facilitate enhanced and/or 
targeted drug delivery from increased permeability and cellular uptake due to amino 
acid transporters along the cellular membrane, particularly when those transporters 
are upregulated as seen with cancer cells (Tsume et al.  2011 ; Bhutia et al.  2015 ; 
Gynther et al.  2008 ; Maeng et al.  2014 ). 
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 Löbmann et al. screened formulations utilizing carbamazepine ( CBZ  )    and IND 
and amino acids ARG,  phenylalanine (PHE)  ,  tryptophan (TRP)  , and  tyrosine (TYR)   
at 1:1 and 1:1:1 ratios of drug: amino acid or drug: amino acid: amino acid (Löbmann 
et al.  2013a ). The amino acids were chosen based on the binding site of the biologi-
cal receptors of the respective drugs, ARG and TYR for IND binding to COX-2 and 
PHE and TRP for CBZ binding to neuronal Na+ channels; however, formulations 
were made for each drug using all four amino acids by co-milling. Calculated solu-
bility parameters for CBZ, IND and the four amino acids were not signifi cantly 
different with a range of 24.9 MPa (CBZ) to 30.6 MPa (TRP), indicating good 
miscibility. Co-amorphous mixtures were formed with IND with ARG, PHE and 
TRP, as well as 1:1:1 ratios with PHE:TRP and ARG-PHE. CBZ was only able to 
form co-amorphous mixtures with TRP and PHE:TRP and ARG:TRP; additionally, 
amorphous CBZ was unable to be prepared by milling. All of the co-amorphous 
mixtures exhibited higher T g  values than the amorphous drug alone (CBZ was pre-
pared by quench cooling for this analysis), showing the ability to improve physical 
stability of the amorphous API by increasing the mixture T g . The mixtures were 
shown to be physically stable for 6 months at room temperature, while the amor-
phous IND and CBZ recrystallized within 1 week, further supporting the stabilizing 
effect of the amino acid. The mechanism of stabilization was also attributed to the 
molecular mixing and interactions seen using FTIR analysis (Löbmann et al.  2013c ). 

  Fig. 13.27    PXRD diffractograms of milled IND,  FUR  , and TRP ( top ) and 1:1 IND-TRP and 1:1 
FUR-TRP mixtures ( bottom ) as a function of milling time. Reproduced with permission from 
Jensen et al. ( 2015b )       
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  Fig. 13.28    Drug release 
( top ) from tablets 
containing spray-dried 
(SD) IND–ARG, PM 
IND–ARG or crystalline 
IND prepared with 50 mg 
IND at compaction 
pressures of 82 MPa and 
( bottom ) SD IND-ARG 
powder in 900 mL 
phosphate buffer pH 4.5 
(non-sink), 50 rpm USP II 
paddle speed. Reproduced 
with permission from Lenz 
et al. ( 2015 )       

However, this screening showed that it was is not necessarily predictable as to 
which amino acids could form co-amorphous mixtures with which drug substance 
solely based on receptor binding properties. These results are in line with results 
found from another study, showing SIM and glibenclamide (GBC) co-amorphous 
mixture with and without a receptor amino acid (Laitinen et al.  2014 ). 

 Jensen et al. showed the formation of the co-amorphous mixtures as a function 
of milling time, further demonstrating the ability of the two small molecules to 
facilitate conversion to amorphous of molecules that cannot otherwise be readily 
converted to the amorphous state upon milling (Jensen et al.  2015b ). Figure  13.27  
shows that milling of individual components, IND, furosemide ( FUR  )    and amino 
acid, TRP, was unable to produce completely amorphous material within 90 min of 
milling; however, with the mixtures, signifi cant reduction in crystallinity was seen 
after 5 min, with complete co-amorphous formation by 30  min  .

   Spray-drying has been demonstrated as a more scalable process to prepare co- 
amorphous drug-amino acid mixtures (Jensen et al.  2015a ; Lenz et al.  2015 ). Lenz 
et al. also evaluated the impact of tableting spray-dried co-amorphous mixtures on 
release properties and release, using an IND-ARG co-amorphous formulation. 
When compared to a tablet containing crystalline IND and physical mixture (PM) 
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of crystalline IND and ARG, the IND-ARG co-amorphous tablet showed a longer 
maintenance of supersaturation, as shown in Fig.  13.28 . Although, the release rate 
from the tablet was slower than the neat spray-dried powder, also shown in 
Fig.  13.28 , this seems to be advantageous for the maintenance of supersaturation. 
Surprisingly, the PM formulation showed in-situ formation of IND-ARG salt that 
lead to a high degree of supersaturation; however, it was also quicker to recrystal-
lize in solution, with fi nal concentrations near that of the crystalline IND.

   Overall, these co- amorphous   mixtures provide a promising alternative formulation 
techniques for creating and stabilizing amorphous drug for enhanced bioavailability. 
Although the mechanism of formation and stabilization is not completely understood, 
it is presumed that the increase in T g , molecular mixing, and/or molecular interac-
tions, from hydrogen and π-π interactions to the formation of co-crystals or salts, 
contribute to the inhibition of recrystallization.    

13.4     Summary 

 A number of techniques have emerged in recent years that have applications in the 
formulation of poorly water-soluble compounds. However, selection of a suitable pro-
cessing or formulation technique is highly dependent on the specifi c physicochemical 
properties of the drug substance being studied, as well as the target release properties. 
Many drug substances exhibit instabilities or other properties that severely limit the 
number of feasible formulation and processing techniques. The emerging technolo-
gies described in this chapter offer specifi c advantages over traditional processing and 
formulation techniques, which may allow certain drugs to be formulated that would 
otherwise not be possible. 

13 Emerging Technologies to Increase the Bioavailability of Poorly Water-Soluble Drugs



728

  Method Capsule 1 

 Preparation of Solid Dispersions: KinetiSol ®   Dispersing   
 Based on the method reported by DiNunzio et al. ( 2010b )

  Objective 

•   To rapidly prepare plasticizer-free solid dispersions containing Eudragit ®  
L100-55   

  Equipment and Reagents 

•   Eudragit ®  L100-55  
•   Itraconazole  
•   Liquid nitrogen  
•   KinetiSol ®   Dispersing   Compounder  
•   Impact mill  
•   60-mesh screen   

  Method 

•   Input an ejection temperature of 158 °C and a rotational speed of 3000 rpm into 
the control module.  

•   Mix a 1:2 blend of itraconazole:Eudragit ®  L100-55 in a polyethylene bag for 1-min.  
•   Charge the blended material into the processing chamber.  
•   Pre-cool steel plates with liquid nitrogen.  
•   Start the compounding process.  
•   Using the data-acquisition system, monitor temperature and rotational speeds.  
•   After material is discharged, quench between chilled plates.  
•   Grind the brittle material in an impact mill and pass through a 60-mesh screen.   

  Results 

•   The temperature of the blend reached 158 °C in 14.1 s with exposure to tempera-
tures greater than 100 °C for only 2 s, resulting in no chemical degradation of 
Eudragit ®  L100-55.  

•   X-ray powder diffraction patterns indicated that the composition was 
amorphous.  

•   Differential scanning calorimetry thermograms showed the presence of a single- 
phase system with no endothermic events.  

•   The plasticizer-free composition exhibited a high degree of physical stability due 
to its high glass transition temperature.     
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  Method Capsule 2 

 Preparation of Solid Dispersions:  Electrostatic Spinning   
 Based on the method reported by Verreck et al. ( 2003a )

  Objective 

•   To prepare solid dispersions of itraconazole by  electrostatic spinning     

  Equipment and Reagents 

•   Hypromellose  
•   Itraconazole  
•   Ethanol  
•   Methylene chloride  
•   Electrostatic spinner  
•   Turbula mixer  
•   Cryogenic mill  
•   Liquid nitrogen   

  Method 

•   Prepare physical blends containing 20 % w/w or 40 % w/w itraconazole by mix-
ing in a Turbula mixer for 10 min  

•   Prepare a 12 % w/w solution of the itraconazole: hypromellose blend in a mix-
ture of ethanol and methylene chloride (40:60 ethanol: methylene chloride w/w)  

•   Place the solution into the spinneret and apply a high voltage (16–24 kV)  
•    Optional : Mill the resulting fi bers by cryogenic grinding   

  Results 

•   SEM analysis demonstrated that drug concentration and processing voltage can 
signifi cantly impact fi ber size and shape.  

•   Differential scanning calorimetry thermograms showed that compositions 
containing 20 % (w/w) and 40 % (w/w) itraconazole were amorphous.  

•   Differential scanning calorimetry thermograms indicated that the milling process 
facilitated recrystallization of amorphous itraconazole.  

•   Dissolution rates of itraconazole were found to be highly dependent on the 
drug: polymer ratio, fi ber diameter, and presentation used (nonwoven fabrics, 
milling, etc.).     
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  Method Capsule 3 

 Preparation of Solid Dispersions: Mesoporous Silica 
 Based on the method reported by Mellaerts et al. ( 2008b )

  Objective 

•   To prepare mesoporous silica loaded with itraconazole   

  Equipment and Reagents 

•   Itraconazole  
•   Ordered mesoporous  silica   ( OMS  )  
•   Methylene chloride  
•   Rotary mixer   

  Method 

•   Prepare a 5 mg/mL solution of itraconazole in methylene chloride.  
•   Add  OMS   at a OMS:Itraconazole ratio of 75:25 and agitate for 24 h with a rotary 

mixer.  
•   Remove methylene chloride by evaporation and dry powder overnight at 35 °C.  
•   Heat mixture to 100 °C for 5 min under vacuum and at 40 °C for 48 h to ensure 

complete removal of methylene chloride.   

  Results 

•   Differential scanning calorimetry thermograms did not exhibit glass transition or 
endothermic events, indicating that itraconazole was molecularly dispersed 
within the  OMS  .  

•   BET analysis showed that the surface area of  OMS   decreased from 844 to 
355 m 2 /g after loading with itraconazole.  

•   Dissolution studies demonstrated that release rates of itraconazole from  OMS   
were signifi cantly faster than crystalline itraconazole.  

•   Bioavailability of itraconazole-loaded  OMS   was found to be similar to that of the 
marketed product, Sporanox ® .         
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    Abstract     This chapter focuses on the Chemistry, Manufacturing, and Controls (CMC) 
from the scientifi c and regulatory perspective of the development of poorly water-sol-
uble drugs to provide insights into regulatory fi ling from Investigational New Drug 
Application (IND) to New Drug Application (NDA) submission. The chapter includes 
two primary sections to cover the two regulatory stages for CMC module of fi ling, IND 
and NDA. The IND section of the chapter includes the following contents: (1) brief 
description of general fi ling requirements as outlined in the Code of Federal Regulations 
(CFR) and relevant guidances; (2) discussion of potential regulatory issues for devel-
oping poorly water-soluble drugs using various pharmaceutical technologies in the 
IND stage, i.e., solid-form selection, particle- size reduction, lipid formulation, and 
amorphous solid dispersion. The NDA section of the chapter includes the following: 
(1) general regulatory fi ling requirements of an NDA application; (2) potential regula-
tory issues associated with poorly water- soluble drugs; detailed discussions are carried 
out on topics including solid-form selection of the drug substance, drug product devel-
opment using novel pharmaceutical technologies, development of control strategies, 
etc.; (3) case studies of marketed drug products of poorly water-soluble drugs in vari-
ous dosage forms; this part uses the public information of the approved products as 
examples to support the discussions as outlined in part (2); and (4) brief discussion on 
the concept of Biopharmaceutics Classifi cation System (BCS) in the development of 
poorly soluble drugs. The book chapter concludes with a brief summary which empha-
sizes on the link between regulation and science.  
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14.1       Introduction 

 The  drug-development process   is a multidisciplinary effort, from therapeutic  target 
identifi cation   and validation (Lowe et al.  2009 ), lead series selection and structural 
optimization, preformulation characterization (Borchardt et al.  2004 ) and 
formulation development, process development for both the drug substance and 
drug product, nonclinical safety assessment, to the demonstration of safety and 
effi cacy in clinical trials, and eventual submission of a  New Drug Application 
(NDA)  , and fi nal approval for marketing upon review by the agency (Guarino  2004 ; 
Rogge and Taft  2010 ). Similarly, regulation of drug development and approval 
involves expertise from many areas (chemistry, medicine, toxicology, clinical 
pharmacology, statistics, etc.) to assure the safety and rights of the subjects in all 
phases of an Investigational New Drug Application (IND), to help assure adequate 
quality of the scientifi c evaluation of drugs to permit an evaluation of the drug’s 
safety and effi cacy in Phases 2 and 3 clinical studies, and to ensure both the safety 
and effi cacy of a commercial drug product in the patients upon approval of an NDA 
(FDA  2010 ; 21 CFR 312.22(a)). 

 With the advancement of science and technology, a large number of  new 
chemical entities (NCE)   are generated in the discovery stage. Through modern 
screening technologies, including in silico and/or high-throughput screening, the 
 pharmacophore   for the therapeutic target is identifi ed (Florence  2009 ; Hou and 
Xu  2004 ; Yang  2010 ). With further  in vitro screening/characterization   in late 
discovery/early development stage, if satisfactory preliminary reading on the 
safety and effi cacy of the lead(s) is obtained from preclinical testing in animals, 
the lead compound(s) is moved forward into clinical development (Salyers  2009 ; 
Rogge and Taft  2010 ). It is estimated that 40–60 % of these new chemical com-
pounds pose technical challenges to the formulation scientists due to poor aque-
ous solubility (Dubin  2006 ; Lipinski  2000 ; Merisko-Liversidge and Liversidge 
 2008 ). With the challenging solubility hurdle for this type of compounds, their 
development into a potential drug candidate will be limited due to severely com-
promised bioavailability, unless appropriate pharmaceutical technologies, such 
as those discussed in the previous chapters of this book, are utilized. With this 
background information, this chapter focuses on the scientifi c and regulatory 
considerations for developing and commercializing poorly water-soluble small 
molecule drugs for oral administration from the perspective of Chemistry, 
Manufacturing, and Controls (CMC).  

14.2     Investigational New Drug Application (IND) Stage 

 With adequate preclinical characterization of and data generation for a new chemical 
compound on its physicochemical properties,  drug metabolism and pharmacokinetics 
(DMPK)  , toxicology, and demonstration of effi cacy in animal models, a sponsor 
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may decide to bring the compound to further testing in human subjects through an 
IND. IND submission and maintenance are regulated by 21 CFR Part 312. 
Specifi cally, the subparts that are related to the CMC portion of an IND submission 
are 21 CFR 312.23(a)(7), 312.31, and 312.33. According to the regulation, for each 
phase of the investigation, the sponsor is required to submit suffi cient information 
to assure the proper identifi cation, quality, purity, and strength of the investigational 
drug. However, with the progress of the investigation, and with more knowledge 
and experience gained, new  CMC information   is required to be submitted in 
amendments with updates on drug substance and drug product to support ongoing 
clinical studies as well as future NDA submission. 

14.2.1     Initial IND Submission for  Phase 1 Clinical Study   

 Per regulations, the initial phase 1 CMC submission generally emphasizes on the 
identifi cation and control of the raw materials, the new drug substance, 1  and the 
investigational new drug product 2  to ensure the safety of the subjects in the proposed 
clinical studies. The following is a brief summary of the documentation needed for 
submission. For detailed information, please refer to the relevant FDA guidance 
(FDA  1995 ). 

 Before entering into a phase 1 clinical study, as per 21 CFR 312.23(a)(7)(iv)( a ), 
the following information for the new drug substance is required to be submitted to 
the agency for evaluation (FDA  1995 ): (1) “a description of the drug substance, 
including its physical, chemical, or biological characteristics.” This includes the 
physicochemical properties and preliminary characterization for the elucidation of 
the molecular structure. (2) “the name and address of its manufacturer.” The sponsor 
should provide the street address of the manufacturer of the drug substance for 
phase 1 clinical trial. (3) “the general method of preparation of the drug substance.” 
The sponsor should provide a brief description of the manufacturing process. A 
detailed fl owchart is also recommended. (4) “the acceptance limits and analytical 
methods used to assure the identity, strength, quality, and purity of the drug 
substance.” A set of scientifi cally acceptable specifi cations (tests, acceptance 
criteria, and analytical procedures) should be provided. There is no need to submit 
any validation data at this stage of investigation. (5) “information suffi cient to 
support stability of the drug substance during the toxicological studies and the 
planned clinical studies.” Preliminary stability data to support the proposed clinical 

1   Drug substance means an active ingredient that is intended to furnish pharmacological activity or 
other direct effect in the diagnosis, cure, mitigation, treatment, or prevention of disease or to affect 
the structure or any function of the human body, but does not include intermediates use in the 
synthesis of such ingredient (21 CFR 314.3(b)). 
2   Drug product means a fi nished dosage form, for example, tablet, capsule, or solution, that con-
tains a drug substance, generally, but not necessarily, in association with one or more other ingre-
dients (21 CFR 314.3(b)). 
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study(ies), along with the tests, acceptance criteria and the analytical methods, 
should be provided for review. 

 According to 21 CFR 312.23(a)(7)(iv)( b ), the following information for the 
investigational drug product is required before a phase 1 study begins: (1) “a list 
of all components (active 3  and inactive), which may include reasonable alterna-
tives for inactive compounds, used in the manufacture of the investigational drug 
product, including both those components intended to appear in the drug product 
and those which may not appear but which are used in the manufacturing pro-
cess.” Information on the quality of the inactive ingredients such as compendial 
grade (USP), GRAS (i.e., Generally Regarded As Safe as per 21 CFR 170–199) 
should be provided. For those excipients (e.g., novel excipients) that are non-
compendial or not included in the GRAS list, additional information may be 
needed to demonstrate their safety. (2) “where applicable, the quantitative com-
position of the investigational new drug product, including any reasonable varia-
tions that may be expected during the investigational stage.” A brief summary of 
the composition of the investigational new drug product should be submitted. (3) 
“the name and address of the drug product manufacturer.” (4) “a brief, general 
description of the method of manufacturing and packaging procedures as appro-
priate for the product.” Usually, a manufacturing fl ow diagram is submitted 
together with the brief description of the manufacturing process. (5) “the accept-
able limits and analytical  methods   used to assure the identity, strength, quality, 
and purity of the drug product.” A brief description of the acceptance limits and 
their justifi cations, and the scientifi cally sound analytical methods should be 
submitted. Method validation data are not needed at this early stage of the inves-
tigation. (6) “and information suffi cient to assure product’s stability during the 
planned clinical studies.” The sponsor should provide a brief description of the 
stability study and stability specifi cations (tests, acceptance criteria, and analyti-
cal procedures). Preliminary stability data of a representative batch in the pro-
posed container closure should be provided (FDA  1995 ). 

 At phase 1 stage, preliminary information on the physicochemical properties of 
a drug substance is usually available, such as pKa, logP, solubility in various sol-
vents, pH-solubility profi le, solution stability, early reading of solid state stability, 
etc. Depending on the development strategies among different sponsors, certain 
information may not be available at this stage of development, such as polymor-
phism/solid-form selection, or drug–excipient compatibility for supporting formu-
lation development. In the case of poorly water-soluble compounds, based on the 
characterization data (chemistry and nonclinical studies) from early development, a 
number of approaches may be tested during formulation development for phase 1 
studies, but the most commonly used approaches are solid-form selection, particle- 
size reduction, lipid formulation, solubilization using cosolvent, or higher energy 
form (e.g., solid dispersion) of the drug substance with the fi nal dosage forms usu-
ally suspension, tablet, or capsule. 

3   Active also refers to drug substance. 
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 In the early stage of clinical trials, from the regulatory perspective, the main 
focus is to ensure the safety of the subjects. The initial proposed drug substance 
specifi cations are usually based on the limited information from the batch anal-
ysis results and the stability data of the drug substance used in the pre-clinical 
toxicology studies for the IND submission. Generally speaking, toxicology 
thresholds as recommended by ICH Q3A ( 2006a ), Q3B ( 2006b ) are one reason-
able approach. Known genotoxic and other noxious impurities may require 
additional controls. It may be premature to include certain specifi cation items in 
an initial IND, such as crystalline form, particle size, or surface area, due to 
limited body of available information. However, if suffi cient information and 
data are already generated, it is desirable to include preliminary acceptance cri-
teria for these items to ensure the quality of the test drug product. Similarly, the 
proposed specifi cations for the drug product are usually based on the informa-
tion from a very limited number of batches of drug product manufactured and 
any short-term stability study results. Prior knowledge of similar drug products 
developed may be a useful source of reference. Therefore, at this stage of the 
investigation, clear establishment of the acceptance criteria for certain specifi -
cation items may not be realistic due to limited experience and lack of data 
accumulation for the drug substance and the drug product. The limits or accep-
tance ranges proposed for these specifi cation items are usually tentative, and 
some parameters may be monitored simply for the purpose of information col-
lection. In addition, during the development, it is very likely that changes will 
be made to the drug substance (such as synthetic routes, reagents, organic sol-
vents, reaction conditions, batch size, crystalline form, etc.) or drug product 
(formulation composition, manufacturing process/equipment, etc.) for improve-
ment. Under these circumstances, the specifi cations of the drug substance and 
drug  product   may be revised accordingly during Phase 1 trial, provided that 
these changes can be justifi ed scientifi cally with supporting data.  

14.2.2       CMC Submissions   After Initial Phase 1 Study 

 Any new CMC information generated after the initial IND submission is 
required to be submitted as an information amendment as per 21 CFR part 
312.31 to ensure the identity, strength, potency, quality, and purity of the drug 
used in the clinical trials. As per FDA ( 2003 ) guidance for INDs for phase 2 and 
phase 3 studies, any CMC modifi cations that are critical to ensure the safe use 
of the test article should be submitted through information amendments before 
any clinical studies start. 

 Regarding the manufacture of drug substance, generally the sponsor should 
provide more detailed information on process description, establishment of 
critical steps, control of intermediates, and fi nal drug substance (FDA  2003 ). 
Changes in the manufacturing process that may affect safety should be highlighted. 
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As the drug- development program progresses, physical properties linked to the 
performance of the drug product should be well characterized and should be 
included in the drug substance specifi cations, and submitted to the IND with the 
data. As more knowledge is gained and batch analysis, toxicology studies results, 
and stability data become available, the control of drug substance (specifi ca-
tions) may be refi ned. The sponsor should report any changes in the specifi ca-
tions to the IND in an amendment. Validation data for the analytical methods that 
are not from the offi cial references (e.g., United States Pharmacopeia (USP)) 
should be available and be submitted upon request. Because of major safety con-
cern, new impurities should be qualifi ed and reported in the information amend-
ment. In addition, stability data from an earlier phase study should be submitted. 
Description of the stability program (and any changes thereafter) supporting the 
clinical studies should be submitted, including tests, acceptance criteria, analyti-
cal procedures, time points, storage conditions, and the duration of the study. 
Generally, as the development program moves to a later stage and larger-scale 
clinical trials, more detailed information on the drug substance will be needed, 
including, but not limited to, the manufacturing process, characterization, con-
trol of starting materials, critical steps and intermediates, as well as the fi nal drug 
substance and its stability. 

 Regarding the manufacture of the drug product, information amendments sup-
porting phase 2 and phase 3 studies should update any changes from the previous 
submission (FDA  2003 ). This includes components and composition of the 
formulation, manufacturers, manufacturing process and controls, control of 
excipients and drug product, container closure system (packaging), and stability. 
Any changes in the drug product specifi cations, such as adding or deleting 
specifi cation items, relaxing acceptance criteria, should be reported with justifi cation 
and supportive data. At this stage, the dissolution method (FDA  1997a ) should 
usually be developed, fi nalized, and validated, as appropriate. Ideally, the dissolution 
method should be discriminatory to detect any signifi cant changes in the critical 
product quality attributes caused by any major manufacturing deviations. A well- 
designed dissolution method may help establish  in vivo – in vitro  correlation (IVIVC) 
if the sponsor plans for that route (FDA  1997b ). With successful validation, the 
dissolution method may also possibly be used as a key parameter to link between 
the drug product batches used for bioequivalence (BE) studies, clinical trials, and 
to-be-marketed formulations (FDA  2014 ). Similar to drug substance, stability 
program for the drug product development should be submitted and any changes be 
reported. Stress tests on both the drug substance and drug product should be carried 
out to investigate the potential degradation pathway as well as validate the analytical 
procedures (FDA  2003 ). 

 During the development of a poorly water-soluble drug substance for oral 
administration, in order to improve the bioavailability, it almost becomes the routine 
strategy for the pharmaceutical  industry   to take one of the following approaches, 
which have been covered from the technology perspective in the previous chapters 
of this book.
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    (a)    Selection of an appropriate solid form of the drug substance for formulation 
development. This route usually involves a comprehensive salt/cocrystal/
polymorph screening (Brittain  2009 ; Flinn et al.  2008 ; Stahl and Sutter  2006 ). 
Based on the screening results, the solid forms that have satisfactory 
physicochemical properties (such as aqueous solubility, hygroscopicity, 
stability, etc.) are further investigated and evaluated for formulation development, 
and tested for improved bioavailability. After the fi nal decision is made regarding 
which solid form is to be used for product development to support clinical 
studies, a full characterization and continuous understanding of this form will 
carry through the whole drug development. Properties of the solid form that are 
critical to the product quality, safety, and effi cacy should be built into the control 
strategies. For example, if a metastable form of a drug substance is used in a 
solid oral dosage form rather than a stable crystalline form, it is appropriate to 
characterize the drug product to ensure that there is no phase transition induced 
during manufacturing and/or storage (Gift et al.  2009 ). The stability of the 
meta-stable polymorph in the drug product can be assured by the long-term 
stability studies, and appropriate regulatory control on the solid form should be 
established based on these results (ICH Q6A  1999 ).   

   (b)    Control of the drug substance particle size. Due to the poor aqueous solubility of 
the drug substance, its absorption/bioavailability may be far from expectation to 
achieve the desired therapeutic effect. However, the bioavailability of a poorly 
soluble drug substance may be greatly enhanced by reducing the particle size to 
micron- or nano-level to increase the surface area and therefore faster dissolu-
tion (Hu et al.  2004 ; Merisko-Liversidge et al.  2003 ). If particle-size reduction is 
the selected route for formulation development for clinical trials and future com-
mercial drug product, the challenge would be to defi ne the particle-size range 
and link it to the desired exposure. In addition, experimental data can be col-
lected to demonstrate that the particle size of the drug substance does not change 
signifi cantly during routine manufacturing and during long- term storage within 
the proposed retest period. For this purpose, appropriate regulatory specifi cation(s) 
(e.g., particle-size distribution and specifi c surface area) should be developed 
and established based on suffi cient data (ICH Q6A  1999 ).   

   (c)    Lipid formulation (Cuine  2009 ; Porter et al.  2008 ; Pouton  2006 ). This is being 
used as a broad defi nition in the context of covering use of any lipid, surfactant, 
or cosolvent to solubilize the drug substance for oral formulation development, 
for example, Self-Emulsifying Drug Delivery System (SEDDS) (Tang et al. 
 2008 ). In this case, the drug substance is completely dissolved in the formulation 
vehicle and the solution is then fi lled in capsules. Due to the solution state of the 
poorly soluble drug substance in the vehicle, it is desirable to characterize the 
formulation system, which includes, but not limited to, the solubility of the drug 
substance in the vehicle at a relevant temperature range, potential precipitation/
crystallization because of supersaturation, chemical stability, etc. Under 
ambient temperature conditions, the formulation solution could be in a liquid, 
semi-solid, or solid state, depending on the composition of the vehicle as well 
as drug loading.   
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   (d)    Amorphous solid dispersion prepared through various technologies. This 
includes most of the amorphous formulation development involving 
pharmaceutical technologies such as hot-melt extrusion, spray drying, drug- 
carrier coprecipitation, and bead layering (Lakshman et al.  2008 ; Serajuddin 
 1999 ). The physical stability (and possibly, the chemical stability depending on 
the technology being used) of the drug product is the primary concern for this 
approach. Again, the desired stability profi les of the drug product can be 
supported by characterization and understanding of the amorphous system. It is 
recommended to use scientifi cally sound strategy for the screening of the 
dispersion carrier, selection of a plasticizer, as well as technology for the 
manufacturing process. With the data collected during formulation development 
using this approach, the critical process parameters and their operation 
conditions can be fi nalized and justifi ed.    

  The above four  approaches   are the most commonly used strategies for the 
formulation development of poorly water-soluble drugs. These four approaches are 
far from a complete list of approaches used for this type of drugs. Throughout the 
clinical studies, suffi cient controls should always be in place to ensure the safety of 
the subjects. In the late-stage pivotal clinical trials to support the effi cacy claim of 
the drug product, additional or more stringent controls are strongly recommended to 
ensure the consistent product quality as well as satisfactory performance of the drug 
product. For instance, it is a good idea to monitor the solid-form stability of the drug 
substance in the drug product by powder X-ray diffraction/FT-Raman and by 
dissolution when a meta-stable form is used in the drug product, so that the exposure 
of the drug is not reduced due to the potential phase transition, and therefore, the 
effi cacy of the drug product is not affected.   

14.3     New Drug Application (NDA) Stage 

 21 CFR part 314 regulates NDAs for commercialization. Specifi cally, 21 CFR 
314.50(d)(1) covers the requirements for CMC submission in an NDA application. 
Compared with the requirements in an IND, the CMC section in an NDA application 
should be a complete package including every aspect of the CMC of the  drug 
substance   and drug product containing data and information in suffi cient details to 
ensure the identifi cation, strength, quality, and purity of both the drug substance and 
the drug product, as well as potency and bioavailability of the drug product. The 
following contents of this chapter focus on the general requirements for the CMC 
section of the NDA as well as a few examples from the currently approved drug 
products of poorly water-soluble compounds for oral administration. 
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14.3.1      Drug Substance   

 Information required for the drug substance in the NDA is more detailed and com-
prehensive as compared to that required for an IND (21 CFR 314.50(d)(1)(i)). The 
following information should be submitted in the NDA.

    (a)    “A full description of the physical and chemical characteristics and stability.” 
As explained in the relevant guidance (FDA  2001 ), the physical and chemical 
characteristics include parameters for the description (appearance, color, odor, 
etc.) of a compound, chemical name (including established name), Chemical 
Abstracts Service (CAS) number, molecular formula and molecular weight, ste-
reochemistry, solubility profi le (pH-solubility profi les as well as solubility in 
various solvents), logP, pKa, melting point, polymorphism, etc. The chemical 
structure of the drug substance should be elucidated and confi rmed using appro-
priate methodologies. Examples include UV  spectroscopy  , FTIR, single- crystal 
X-ray crystallography, NMR (proton and  13 C solid state), mass spectrometry, 
and elemental analysis. 

 The stability characterization for the drug substance is usually carried out as 
per ICH Q1A(R2) ( 2003a ) and Q1B ( 1996 ). Generally, stability data for three 
primary batches at a minimum of at lease pilot scale by the same synthetic route 
and manufacturing procedures as the fi nal commercial process should be 
submitted for the purpose of NDA submission, with the drug substance tested at 
both long-term (minimum 12 months) and accelerated storage conditions 
(6 months) (ICH Q1A(R2)  2003a ). Depending on the proposed storage 
conditions for the drug substance, the long-term and accelerated conditions for 
stability testing are adjusted accordingly. For drug substance intended for 
storage under ambient conditions, 25 ± 2 °C/60 ± 5 % RH is generally used as 
the long-term storage condition and 30 ± 2 °C/65 ± 5 % RH may be included as 
the intermediate condition in case any signifi cant change occurs within 6 
months under accelerated conditions (40 ± 2 °C/75 ± 5 % RH). If the drug 
substance is proposed to be stored in a refrigerator, the long-term and accelerated 
storage conditions are 5 ± 3 °C and 25 ± 2 °C/60 ± 5 %, respectively. For a drug 
substance proposed to be stored in a freezer, −20 ± 5 °C should be used as the 
long-term conditions. Under this situation, ICH Q1A(R2) ( 2003a ) does not 
specify the accelerated storage condition; however, it recommends to test a 
single batch of drug substance at an elevated temperature (e.g., 5 ± 3 °C or 
25 ± 2 °C) to address the short-term temperature excursions outside the proposed 
long-term storage condition under −20 ± 5 °C. The evaluation and analysis of 
the stability data generated under both long-term and accelerated conditions to 
establish the retest period of the drug substance usually follow ICH Q1E 
( 2003b ). Depending on the stability of the drug substance under the storage 
conditions tested, different scenarios for predicting its retest period are used, 
which are summarized in the decision tree (Fig.  14.1 ) in ICH Q1E ( 2003b ).

       (b)    “the name and address of its manufacturers.” The applicant should provide the 
establishment registration number, the address of the drug substance 
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manufacturer(s), applicable Drug Master File (DMF) number, as well as contact 
and telephone number. The address should be that of the manufacturing, pack-
aging and controls (release as well as stability testing) facilities, including con-
tract facility(ies) used for this purpose (FDA  2001 ).   

   (c)    “the method of synthesis (or isolation) and purifi cation of the drug substance.” 
This part of the submission should include defi nition and control procedures of 
the regulatory starting material; reagents, solvents, and auxiliary materials 
controls; description of the synthesis by fl owchart and written statement of 

Tabulate and/or plot
stability data on all
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each attribute separately
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Significant
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performed?

Long- term
data show: (1) little or
no change over time

and (2) little or no
variability?

(1)Long- term
data amenable to
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or if refrigerated,
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unnecessary
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  Fig. 14.1    Decision  tree   for stability data evaluation for establishing retest period of a drug 
substance or expiry of a drug product (frozen products not included)       
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steps; and purifi cation (FDA  2001 ). For a drug substance produced by chemi-
cal synthesis, ICH Q7 ( 2000 ) indicates that a starting material should be a 
signifi cant structural fragment of the drug substance, with defi ned chemical 
properties and structure. The starting materials should have adequate controls, 
which include tests, analytical procedures, and acceptance criteria. Similarly, 
the reagents, solvents, and auxiliary materials should have specifi cations. The 
description of the synthetic process should include the details, such as typical 
equipment, solvents, catalyst and reagents, reaction conditions, in-process 
tests for reaction completion, isolation and purifi cation procedures, etc.   

   (d)    “the process controls used during manufacture and packaging.” With the expe-
rience and knowledge gained during the IND stage, the applicant should estab-
lish in-process controls to monitor the critical reaction steps and intermediates 
(FDA  2001 ). These controls are generally developed and justifi ed to ensure the 
conditions and completion of reaction, to confi rm identifi cation and purity of 
the isolated intermediate(s), or to determine a critical physicochemical param-
eter. The tests, acceptance criteria, and the analytical procedures should be sub-
mitted with justifi cation for the acceptance criteria.   

   (e)    “the specifi cations necessary to ensure the  identity  , strength, quality, and purity 
of the drug substance and the bioavailability of the drug products made from the 
drug substance, including, for example, tests, analytical procedures, and 
acceptance criteria relating to stability, sterility, particle size, and crystalline 
form.” The applicant should provide specifi cations for the release and stability 
testing to support the retest period (also referred as shelf life), detailed 
description of analytical procedures and their validation reports where needed ( 
FDA  2000 ,  2001 ). ICH Q6A ( 1999 ) provides guidance for establishing and 
justifying specifi cations for a new drug substance. Briefl y, the following items 
are generally included in the drug substance specifi cations: description, 
identifi cation, assay, and impurities. Description is usually a qualitative 
statement on the color, odor, and state of the drug substance. Identifi cation tests 
should be specifi c to the drug substance so that the drug substance can be 
differentiated from structurally similar and related compounds. ICH Q6A 
( 1999 ) recommends two identifi cation tests with different principles or a 
combination of tests into one procedure. The assay test is used to determine the 
content of a drug substance, with the specifi cation typically set within 98–102 %, 
or otherwise justifi ed with suffi cient supporting data. The impurity profi le of a 
drug substance includes organic (starting materials, intermediates, by-products, 
and degradants), inorganic (heavy metals, catalysts), and residual solvents. ICH 
Q3A(R2) ( 2006a ) provides detailed information for reporting, identifi cation, 
and qualifi cation of organic impurities in the drug substance. Also, ICH 
Q3C(R5) ( 2011 ) provides detailed information on reporting and control 
strategies for residual solvents. Offi cial compendial analytical procedures (such 
as USP) may be adopted if applicable. If non-offi cial test methods are used, 
which may be the most likely case for a new drug substance for assay and 
organic impurities testing, the analytical procedures should be validated against 
specifi ed criteria, as described in the FDA ( 2000 ) and ICH Q2(R1) ( 2005 ) 
guidances. As certain physicochemical properties of the drug substance may 
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signifi cantly affect the bioavailability of the drug product, particularly for 
poorly water-soluble drugs, specifi cation for items such as crystal form, particle 
size  distribution  , or surface area may be needed (ICH Q6A  1999 ). The 
acceptance limits should be proposed and justifi ed based on batch analysis data, 
qualifi cation through toxicological studies, drug products used in pivotal clini-
cal studies.    

14.3.2        Drug Product   

 Similar to drug substance, the information required for the drug product in the NDA 
is described in 21 CFR 314.50(d)(1)(ii), which is a complete compilation of 
information and data collected for the to-be-marketed drug product, more detailed 
and comprehensive as compared to that required for an IND. The following 
information is required to be submitted in the NDA.

    (a)    “A list of all components used in the manufacture of the drug product (regardless 
of whether they appear in the drug product) and a statement of the composition 
of the drug Product.” All the components used in the manufacturing of the drug 
product should be included and their grades be clearly stated. In addition, the 
quantitative composition of a unit dose of the drug product should be provided 
by the weight of the drug substance and the excipients (usually the percentage 
is also provided). The representative batch formulation for each dose strength 
should be provided in the submission (FDA  2001 ).   

   (b)    “the specifi cations for each component.” The specifi cations for the excipients, 
including those removed during the manufacturing process, should be provided 
in the submission (FDA  2001 ). For novel excipients that are used for the fi rst 
time in the drug product, full details of their manufacture, characterization, and 
controls, with cross-references to supporting safety data (nonclinical and 
clinical), should be provided (FDA  2001 ). This information may be included in 
the NDA submission or in a DMF (FDA  1989 ).   

   (c)    “the name and address of each manufacturer of the drug product.” The name 
and address (including building number if applicable) of all the facilities 
(including contract manufacturing/testing facilities) that are involved in the 
manufacturing, packaging, testing (release and stability) of the drug substance 
and the fi nished drug product should be provided. The name and address of the 
suppliers of the novel or critical excipients may be needed in the application 
(FDA  2001 ).   

   (d)    “a description of the manufacturing and packaging procedures and in-process 
controls for the drug product.” A copy of the proposed or actual master 
production batch record for the manufacture of the commercial lot of drug 
product or a comparably detailed description of the production process for a 
representative batch of the drug product is required (21 CFR 314.50(d)(1)(ii)
( c )). A fl owchart and a step-by-step description of the manufacturing process 
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are provided in the submission. In both situations, the equipment, operating 
conditions, and sampling points for in-process controls are usually included 
(FDA  2001 ). In-process controls are usually established and justifi ed based on 
appropriate data generation and analysis during development and process 
validation. The tests, acceptance criteria/ranges, and the description of the 
in-process analytical method should be provided for the in-process controls for 
commercial drug product manufacture (FDA  2001 ).   

   (e)    “the specifi cations necessary to ensure the identity, strength, quality, purity, 
potency, and bioavailability of the drug product, including, for example, tests, 
analytical procedures, and acceptance criteria relating to sterility, dissolution 
rate, container closure systems.” Specifi cations should be established to ensure 
the batch-to-batch quality and hence the safety and effi cacy of the drug product. 
ICH Q6A ( 1999 ) provides detailed guidance on the establishment of 
specifi cations. The universal tests that are generally applicable to all drug 
products are description, identifi cation, assay, and impurities, which are similar 
to that for the drug  substance  . Also similar to the drug substance, ICH Q3B(R2) 
( 2006a ) covers the rationale for reporting organic impurities (e.g., degradation 
products) in the drug product. The specifi cations for degradation products are 
usually established based on the available stability data, the proposed shelf life, 
and storage conditions, and daily dose of the drug product. However, the 
acceptance limits should always be within the levels qualifi ed in the toxicology 
studies. For genotoxic impurities, ICH ( 2014 ) guideline provides the 
recommendations for acceptable daily intake based on the duration of treatment 
and number of genotoxic impurities. 

 In addition to the universal tests, additional specifi c tests may also be 
established depending on the dosage form and administration route. For the 
solid oral dosage forms (e.g., tablets and capsules), additional specifi c tests may 
include dissolution, disintegration, hardness, content uniformity, water content, 
microbial limits, etc. (ICH Q6A  1999 ). Similarly, for the liquid oral formulation 
(e.g., solution and suspension), additional specifi c tests may include uniformity 
of dosage unit, pH, microbial limits, assay of preservative, dissolution, particle- 
size distribution, redispersibility, etc. (ICH Q6A  1999 ). The dissolution method 
development report is usually provided in the NDA application, which supports 
and justifi es the dissolution conditions selected. Dissolution specifi cation is 
usually established based on the dissolution characteristics of the batches used 
in pivotal clinical trials and/or in confi rmatory bioavailability studies (FDA 
 1997a ,  b ). Depending on the solubility and rate of dissolution, one-, two-, or 
multi-point dissolution test specifi cation may be established using USP Type 1 
or Type 2 Apparatus. Standard tests, such as disintegration, content uniformity, 
and microbial limits, can be referenced to the respective offi cial USP methods 
and acceptance criteria, unless modifi cation is necessary as justifi ed scientifi cally 
(USP 38-NF 33  2015 ). 

 If an analytical method for the drug product is not referenced to offi cial 
sources (e.g., USP), the submission is required to include description of the 
analytical procedures and method validation report.   
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   (f)    “Stability data with proposed expiration dating.” ICH Q1A(R2) ( 2003a ) recom-
mends stability data from at least three primary batches of the drug product, with 
two batches minimally at pilot scale and the third batch may be smaller with suffi -
cient justifi cation. These primary batches should be representative of the commer-
cial manufacturing process. The stability study should be conducted in the 
commercial container closure system under the proposed long-term and accelerated 
storage conditions. Similar to the drug substance, ICH Q1A(R2) ( 2003a ) recom-
mends that stability data of at least 12 months under long-term and 6 months under 
accelerated storage conditions be submitted at NDA fi ling. The long-term and 
accelerated storage conditions used for stability studies also depend on the proposed 
storage conditions of the drug product as well as the container closure system. In 
most cases, where the drug product is proposed to be stored under ambient condi-
tions, the long-term storage condition is 25 ± 2 °C/60 ± 5 % RH or 30 ± 2 °C/65 ± 5 % 
RH, and the accelerated storage condition is 40 ± 2 °C/75 ± 5 % RH. It is strongly 
recommended that aqueous-based products packaged in semi-permeable containers 
be evaluated for potential water loss during storage (ICH Q1A(R2)  2003a ). The 
stability data of the drug product from both long-term and accelerated storage con-
ditions are evaluated to predict the shelf-life of the drug product (ICH Q1E  2003b ), 
as summarized in the fl owchart in Fig.  14.1  in this chapter.     

 Reference to the current  edition   of the U.S. Pharmacopeia and National 
Formulary may satisfy relevant requirements for drug substance (21 CFR 314.50(d)
(1)(i)) and drug product (21 CFR 314.50(d)(1)(ii)(a)). 

 The above information on the general fi ling requirements of the CMC section in 
an NDA submission is far from complete, since there are additional fi ling 
requirements such as environmental assessment (21 CFR 314.50(d)(1)(iii)), relevant 
CMC sections in the labeling (package insert, carton and immediate container 
labels), which are not discussed in this chapter. The brief summary of the NDA 
fi ling for poorly water-soluble compounds is based on the authors’ understanding of 
the current FDA regulations and available guidance to the pharmaceutical scientists. 
If detailed guidance is needed for certain specifi c aspects of an NDA application, it 
is strongly recommended to refer to the relevant guidelines on ICH ( 2015 ) guidances 
and/or FDA ( 2015a ,  b ) guidances.  

14.3.3     Case Studies of Approved Drug Products for the Poorly 
Soluble Drugs 

 The formulation development and commercialization of poorly water-soluble 
compounds for oral delivery involves various approaches and strategies to improve 
their in vivo exposure, as discussed in Sect.  14.2.2 . Poorly water-soluble drugs that 
have been approved and commercialized have their own characteristics and technical 
diffi culties arising from the poor solubility, which have been successfully addressed. 
However, they all may have common challenges from the regulatory perspective. 
The following are a few examples of the approved drug products. 
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14.3.3.1      Solid-Form Selection     : Carbamazepine 

 Carbamazepine ([ 298-46-4 ], 5 H -dibenz[ b , f ]azepine-5-carboxamide, Fig.  14.2 ) is 
currently approved for the indication of epilepsy and trigeminal neuralgia. It is prac-
tically insoluble in water, but soluble in organic solvents such as alcohol, acetone, 
and propylene glycol (O’Neil  2006 ). Four anhydrous polymorphs (forms I–IV) and 
a dihydrate of Carbamazepine have been reported and investigated widely (Lang 
et al.  2002 ; Rustichelli et al.  2000 ). It has been shown that the anhydrous poly-
morphs convert to the dihydrate in an aqueous medium (Lehto et al.  2009 ; Tian 
et al.  2006 ). In vivo pharmacokinetic data of carbamazepine in dogs (Kobayashi 
et al.  2000 ) have shown that the solid form is a critical factor for bioavailability. The 
commercial carbamazepine drug substance is anhydrous form III (or the  β  form) as 
specifi ed in the USP monograph. However, due to the phase conversion of form III 
to the dihydrate, bioinequivalence was observed in the 200 mg carbamazepine tab-
lets almost two decades ago (Meyer et al.  1992 ). Therefore, from scientifi c and 
regulatory perspective (ICH Q6A  1999 ), it is desirable to control the phase purity 
and establish specifi cations for both the drug substance (e.g., powder X-ray diffrac-
tion, particle size, FTIR) and the drug product (e.g., dissolution test, powder X-ray 
diffraction) to ensure the in vivo performance of the drug product.

   For a new drug substance, the potential polymorphism (including hydrates and 
solvates) should be explored and investigated to avoid any future surprises (Bauer 
et al.  2001 ; Dunitz and Bernstein  1995 ; ICH Q6A  1999 ). Thermodynamic character-
ization is usually carried out on the solid crystalline forms that can be produced in 
bulk and are relatively stable under ambient conditions, as in the case of carbamaze-
pine, the anhydrous polymorphs, and the dihydrate. Ideally, the phase transition 
kinetics from the metastable to the stable form can be also characterized using the 
pure phases with the parameters such as temperature, water activity (relative humid-
ity), particle size, etc. In addition, if the metastable form is chosen for formulation 
development, the manufacturing process (e.g., wet granulation and tablet compac-
tion) that may induce phase change requires characterization as well to ensure mini-
mal or absence of phase conversion to the undesired solid form (Gift et al.  2009 ). 
Thereafter, the stability of the selected crystal form can be further monitored and 
confi rmed during the drug product stability studies in the proposed commercial 
packaging confi guration by testing against the established specifi cations (e.g., dis-
solution) and examining for any potential trend of change. Failure to meet these 
specifi cations or detection of a signifi cant trend of change due to phase transition 
would alert the formulation scientists to modify the formulation composition, manu-
facturing process, or the container closure system. 

N

O NH2

  Fig. 14.2    Molecular structure of carbamazepine        
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  Fig. 14.3    ICH  Q6A      Decision Tree#4 for setting up specifi cations on polymorphism         
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 ICH Q6A ( 1999 ) decision tree#4 (Fig.  14.3 ) provides the criteria for the estab-
lishment of a specifi cation for polymorphism in drug substances and drug products. 
Briefl y, if the polymorphs of a drug substance have different physicochemical prop-
erties which affect the safety and effi cacy of the drug, it is recommended to estab-
lish specifi cation on the polymorphic form. If adequate control and test (e.g., 
dissolution) have been established to detect any changes in the content of the speci-
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Fig. 14.3 (continued)

fi ed polymorphic form in the drug product, typically no further action is needed. If 
a phase conversion occurs, which affects the safety and effi cacy of the drug product, 
and there is no established control in place to monitor the change, then a specifi ca-
tion for the polymorphic form should be established.

14.3.3.2         Particle-Size Reduction  :  Fenofi brate (Tricor ®  Tablet)   
and  Sirolimus (Rapamune ®  Tablet)   

 Fenofi brate ([ 49562-28-9 ], isopropyl 2-[ p -( p -chlorobenzoyl)phenoxy]-2- 
methylpropanoate, Fig.  14.4 ) is approved for the adjunctive therapy to diet for 
hypercholesterolemia and hypertriglyceridemia. It is practically insoluble in water, 
slightly soluble in methanol and ethanol, soluble in acetone, ether, benzene, and 
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chloroform, and very soluble in methylene chloride (O’Neil  2006 ). Fenofi brate is 
currently marketed under several brand names (Triglide, Fenoglide, Tricor, Antara, 
Lipofen, and Trilipix) and also as generic drug products (Orange Book  2015 ).

   Sirolimus ([ 53123-88-9 ], also known as rapamycin, (3 S ,6 R ,7 E ,9 R ,10 R ,12 R ,14 S ,
15 E ,17 E ,19 E ,21 S ,23 S ,26 R ,27 R ,34a S )9,10,12,13,14,21,22,23,24,25,26,27,32,33,34, 
34a-hexadecahydro-9,27-dihydroxy-3-[(1 R  )-2-[(1 S  ,3 R  ,4 R  )-4-hydroxy
-3- methoxycyclohexyl]-1-methylethyl]-10,21-dimethoxy-6,8,12,14,20,26- hexam
ethyl- 23,27-epoxy-3 H -pyrido[2,1-c][1,4]oxaazacyclohentriacontine- 1,5,11,28,29 
(4 H ,6 H ,31 H )-pentone, Fig.  14.4 ), is a triene macrolide antibiotic isolated from  strep-
tomyces hygroscopicus , and it is currently approved for the indication of prophylaxis 
of organ rejection in patients aged ≥13 years receiving renal transplants. The currently 
approved drug products are Rapamune ®  oral solution (1 mg/mL) and tablets (0.5, 1, 
and 2 mg) (Orange Book  2015 ). Sirolimus is insoluble in water, but freely soluble in 
benzyl alcohol, chloroform, acetone, and acetonitrile (O’Neil  2006 ). 

  Literature         (Bawa  2009 ) indicates that the Tricor ®  tablets (fenofi bric acid eq. 45 
and 135 mg strengths) and Rapamune ®  tablets (sirolimus 0.5, 1, and 2 mg strengths) 
utilized nanotechnology during formulation development for improved bioavail-
ability. Orange Book ( 2015 ) lists, three patents relating to nanotechnology for the 
Tricor ®  tablets, US Patent 6,375,986 (Ryde and Ruddy  2000 ), US Patent 7,276,249 
(Ryde et al.  2003a ), and US Patent 7,320,802 (Ryde et al.  2003b ). Both patents 
7,276,249 and 7,320,802 cover the nano particle technology of fenofi brate which is 
stated to eliminate the food effect upon oral administration and claims for an effec-
tive average particle size of less than 2000 nm. Similarly, US Patent 5,145,684 
(Liversidge et al.  1991 ) is identifi ed to cover the nanotechnology for Rapamune ®  
tablets, where an average effective particle size of less than 400 nm is claimed and 
preparation method, grinding media, as well as dispersion media are included. 

 As recommended by ICH Q6A ( 1999 ), adequate control on particle-size distri-
bution of the drug substance should be established for the drug product developed 
via particle-size reduction when particle size is a critical factor for bioavailability, 
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  Fig. 14.4    Molecular structures of fenofi brate ( left ) and sirolimus ( right )       
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and particle-size distribution should be included as part of the drug substance 
specifi cations. From a scientifi c and regulatory perspective (ICH Q1A(R2) 
 2003a ), when particle size reduction is carried out in the drug substance, through 
either dry milling (e.g., jet mill) or wet milling, suffi cient stability data are desir-
able to demonstrate that there is no signifi cant change in the particle size of the 
milled drug substance throughout the proposed retest period (as a fi nal drug sub-
stance) or storage period (as an intermediate during  drug product manufacturing   
for a wet- milled suspension). In addition, it is desirable to have proper controls 
(e.g., dissolution) in place for the fi nal drug product to monitor any potential 
change in the particle size of the drug substance throughout the proposed expiry 
so that the safety and effi cacy of the drug product is not affected ICH Q6A ( 1999 ). 

Is the drug product a solid
dosage form or liquid

containing undissolved
drug substance?

No drug substance particle
size acceptance criterion
required for solution dosage
forms.

NO

YES

If NO to all

1. Is the particle size critical to dissolution,
    solubility, or bioavailability?
2. Is the particle size critical to drug product
    processability?
3. Is the particle size critical to drug product stability?
4. Is the particle size critical to drug product
    content uniformity?
5. Is particle size critical for maintaining
    product appearance?

If YES to any

Set Acceptance Criterion

No Acceptance Criterion
Required

  Fig. 14.5    ICH Q6A Decision Tree#3 for setting up specifi cations on drug substance particle-size 
distribution       
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  Fig. 14.6    Molecular structure of ritonavir       

 ICH Q6A ( 1999 )             decision tree#3 (Fig.  14.5 ) provides guidance on setting accep-
tance criteria for drug substance particle-size distribution. As per the decision tree, 
a specifi cation for particle size distribution is necessary for essentially all poorly 
water-soluble drugs and for all solid dosage forms (e.g., tablet and capsule) as well 
as suspension for oral administration.

14.3.3.3        Lipid Formulation:  Ritonavir (Norvir ®  Capsule)   and  Sirolumis 
(Rapamune ®  Oral Solution)   

 Ritonavir ([ 155213-67-5 ], 5 S -(5 R *,8 R *,10 R *,11 R *)10-hydroxy-2-methyl-5-(1- 
m e t h y l e t h y l ) - 1 - ( 2 - ( 1 - m e t h y l e t h y l ) - 4 - t h i a z o l y l ) - 3 , 6 - d i o x o - 8 , 11 - 
bis(phenylmethyl)-2,4,7,12-tetraazatridecan-13-oic acid, 5-thiazolylmethyl ester, 
Fig.  14.6 ) is a human immunodefi ciency virus (HIV) protease inhibitor indicated in 
combination with other antiretroviral agents for the treatment of HIV infection. 
Crystalline ritonavir is practically insoluble in aqueous media with a solubility of 
400 μg/mL in 0.1 N HCl and 1 μg/mL in pH 6.8 phosphate buffer at 37 °C (Law 
et al.  2004 ). As per the Orange Book ( 2015 ), the currently approved drug products 
containing ritonavir are Norvir ®  Oral Solution (80 mg/mL), Norvir ®  Capsule 
(100 mg) and Norvir ®  Tablet (100 mg), Kaletra ®  Oral Solution (80 mg/mL lopinavir 
and 20 mg/mL ritonavir), Kaletra ®  Capsule (133.3 mg lopinavir and 33.3 mg ritona-
vir), Kaletra ®  Tablet (200 mg lopinavir and 50 mg ritonavir; 100 mg lopinavir and 
25 mg ritonavir), Technivie ®  Tablet (12.5 mg ombitasvir, 75 mg paritaprevir and 
50 mg ritonavir), and Viekira Pak ®  (250 mg base equivalent dasabuvir sodium, 
12.5 mg ombitasvir, 75 mg paritaprevir and 50 mg ritonavir). A well-known case is 
the currently approved Norvir ®  100 mg strength capsule, which has to be reformu-
lated due to the precipitation of ritonavir polymorph II in the originally approved 
soft gelatin capsule (Chemburkar et al.  2000 ).

   The currently approved labeling for Norvir ®  ( 2015 ) indicates that the reformu-
lated soft gelatin capsule has the following inactive ingredients: butylated hydroxy-
toluene, ethanol, gelatin, iron oxide, oleic acid, polyoxyl 35 castor oil, and titanium 
dioxide. Based on the formulation components, it appears that the drug product uses 
an SEDDS formulation with oleic acid for the oil phase, polyoxyl 35 castor oil as an 
emulsifi er, and butylated hydroxytoluene as an antioxidant to prevent the peroxida-
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tion of oleic acid. As indicated in the Orange Book ( 2015 ), the formulation compo-
sition appears to be claimed in US Patent 6,232,333 (Lipari et al.  1997 ). 

 As mentioned previously, in addition to the tablet dosage form, sirolimus is also 
marketed as Rapamune ®  Oral Solution (1 mg/mL). The currently approved pre-
scribing information for Rapamune ®  Oral Solution ( 2015 ) indicates that the drug 
product contains the following inactive ingredients: Phosal ®  50 PG (phosphatidyl-
choline, propylene glycol, mono- and di-glycerides, ethanol, soy fatty acids, and 
ascorbyl palmitate) and polysorbate 80. It appears that sirolimus is solubilized as a 
solution in the lipid for oral administration, which is covered by US Patent 5,536,729 
(Waranis and Leonard  1994 ; Orange Book  2015 ). 

 The scientifi c and regulatory  perspective      of the lipid type of formulation may 
involve establishing appropriate specifi cations to ensure both physical and chemical 
stability of the drug product. Physical stability concerns such as crystallization of 
the drug substance from drug product solution may be addressed by the inspection 
of appearance of the oral solution or the contents in the capsule. The phase transfor-
mation of the drug substance and lipid excipients may be monitored by dissolution 
testing. Concerns on the chemical stability of the drug product can be addressed by 
establishing appropriate stability specifi cations of the drug product. In addition to 
the concern related to the drug substance stability in the formulation, lipid excipi-
ents may also have potential stability issues, such as peroxidation and hydrolysis 
(Canon  2008 ; Radomska-Soukharev and Mueller  2006 ; Radomska- Soukharev 
 2007 ). To prevent peroxidation of certain lipid excipients, antioxidant(s) can be 
used in the formulation. In that case, in the authors’ opinion, it may be desirable to 
establish a specifi cation for the antioxidant content. In addition, depending on the 
type of lipid used, it may be desirable to store the drug product with protection from 
light. Additional specifi cations may also be desirable to control the hydrolysis of 
some lipid excipients, based on the investigation results of the individual case. The 
necessity of these controls is a scientifi c and regulatory decision based on available 
literature information and/or research conducted by the applicant.  

14.3.3.4     Solid Dispersion:  Etravirine (Intelence ®  Tablet)   and  Ritonavir 
(Norvir ®  Tablet)   

 Etravirine ([269055-15-4], 4-[[6-amino-5-bromo-2-[(4-cyanophenyl)amino]-4- 
pyrimidinyl]oxy]-3,5-dimethylbenzonitrile, Fig.  14.7 ) is a second-generation non- 
nucleoside reverse transcriptase inhibitor indicated for HIV infection. It is practically 
insoluble in water with less than 1 μg/mL solubility in both water and 0.1 N HCl with 
a logP > 5 (Weuts et al.  2011 ) and appears to be lipophilic. Intelence ®  tablets with two 
dose strengths, 100 and 200 mg, are currently approved (Orange Book  2015 ). Orange 
Book also lists, US Patent 7,887,845 (Verreck and Baert  2006 ) for the Intelence tab-
let formulation, which claims various processes for manufacturing the solid disper-
sion of etravirine with water-soluble polymers. Specifi cally, Claim 1 of Patent 
7,887,845 covers “a particle comprising a solid dispersion comprising” (a) a defi ned 
group of compounds of interest “and (b) one or more pharmaceutically acceptable 

14 Scientifi c and Regulatory Considerations for Development and Commercialization…



762

water-soluble polymers”. The manufacturing processes, as covered in the patent, 
include spray drying, fi lm casting, or melt extrusion of etravirine with polymers. As 
described in the currently approved labeling (Intelence ®  Tablets Full Prescribing 
Information  2015 ), hypromellose is the only water-soluble polymer used in the for-
mulation, therefore, it is the primary polymeric carrier in the solid dispersion.

   Ritonavir 100 mg  tablet      (Norvir ®  Tablet) is another example of solid dispersion 
formulation of a poorly soluble drug which was recently approved in addition to the 
previously approved oral solution and softgel capsule formulations (Orange Book 
 2015 ). US Patent 7,364,752 (Fort et al.  2000 ) is listed for the tablet formulation, 
which covers the hot-melt extrusion process to produce the solid dispersion of 
ritonavir in a water-soluble polymer. 

 These approved drug products demonstrate, solid dispersion to be a successful 
approach for the formulation development of poorly water-soluble drugs. The 
dispersion may be produced by hot-melt extrusion which is used in the manufacture 
of Norvir ®  tablets, or by alternative technologies such as spraying, drying, beads 
layering, etc. In most cases, the technical challenge for the solid dispersion approach 
is the selection of suitable excipient(s) as well as appropriate drug loading for the 
dispersion system to provide satisfactory physical stability to the drug product. To 
tackle this challenge, the  drug–polymer dispersion system   should be thoroughly 
characterized and understood. In the authors’ opinion, to help ensure consistent 
quality of the drug product, it would be desirable that the drug product specifi cations 
include a specifi cation to control the crystallinity of the drug substance in the fi n-
ished drug product, such as powder X-ray diffraction. To serve the same purpose, 
dissolution test may also be desirable as an indicator of any change in the crystallin-
ity of the drug product. Due to the plasticizing effect of water in an amorphous 
system, which facilitates the crystallization of the amorphous drug substance in the 
product (Tong and Zografi   2004 ), the water content should also be tightly controlled 
and the acceptance range be justifi ed based on stability data (ICH Q6A  1999 ).   

NC NH

N

N

O

CN

Br

NH2  Fig. 14.7    Molecular 
structure of etravirine       
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14.3.4     Concept of  Biopharmaceutics Classifi cation System 
(BCS)   in Developing Poorly Water-Soluble Drugs 

 The concept of BCS classifi cation was introduced by Amidon et al. ( 1995 ) in order to 
understand the importance of solubility and permeability on drug absorption. Four 
BCS categories are defi ned based on the solubility and permeability of a drug: case 1 
with high solubility and high permeability; case 2 with low solubility and high perme-
ability; case 3 with high solubility and low permeability; and case 4 with low solubil-
ity and low permeability. The original article provides the theoretical basis for BCS 
classifi cation using a transport model and analysis of human permeability results for 
a number of representative drugs. 

 FDA ( 2015c ) issued a draft guidance on the waiver of in vivo bioavailability and 
bioequivalence studies for immediate-release solid oral dosage forms based on BCS 
classifi cation, which defi nes the two terms high solubility and high permeability 
from a regulatory perspective. For an immediate release (IR) drug product, if the 
highest dose strength is soluble in the aqueous media of 250 mL or less in the pH 
range of 1–6.8, the drug substance is considered highly soluble. High permeability 
is defi ned by the extent of absorption of a drug determined in humans at 85 % or 
higher. As pointed out in the guidance, the extent of absorption is the fraction of 
dose absorbed, rather than systemic bioavailability. 

 The initial characterization on the aqueous  solubility   and permeability of a new 
chemical compound is generally carried out in the discovery stage, where preliminary 
information is generated to provide early reading on the BCS classifi cation. With 
the availability of the compound of better purity as well as fi nal selection on solid 
form in development stage, preformulation characterization of the drug substance 
provides more reliable and more accurate aqueous solubility results. Therefore, 
with the solubility information generated from preformulation studies and the 
permeability/absorption data derived from human pharmacokinetic studies, in vivo 
animal models or in vitro methods, it is relatively simple to determine whether a 
compound is highly soluble and highly permeable as defi ned in the FDA ( 2015c ) 
guidance. The reality is, however, in many cases, the drug substances selected for 
clinical development are very poorly water soluble. Regardless of their BCS 
classifi cations (2 or 4), if the pharmaceutical technologies described earlier are used 
for bioavailability enhancement and fi nal commercial drug product marketing, reg-
ulatory approaches similar to those described in the examples may be taken.   

14.4     Concluding Remarks 

 Discovery and development of new drug products, as well as regulatory evaluation 
of their safety and effi cacy before approval for marketing, have always been based 
on the advancement of science and technology. From the very fi rst steps in drug 
discovery with disease  target identifi cation   and validation, identifi cation of the 
pharmacophore and  leads selection  , to the later stages in pharmacology/toxicology 
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investigation, preformulation characterization and formulation development, safety 
and effi cacy demonstration in clinical trials, the success of a new drug product is the 
outcome of the close collaboration among the scientists from various backgrounds 
and expertise. Regulatory evaluation of a new drug product prior to commercialization 
is carried out with the scientifi c criteria outlined in the FDA and ICH guidances, 
which are accessible to the public and serve as useful resources to the industry. As 
for the formulation development and commercialization of poorly water-soluble 
compounds, if a new technology is used in the drug product manufacturing, the 
fi nished drug product should meet the CFR requirements on identity, strength, 
quality, purity, potency, and bioavailability, as supported by the underlying science.     
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