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Part I
Strategy and Tactics that Enable Discovery



Chapter 1
Developability Assessment and Risk
Management During Drug Discovery

Sudhakar Garad and Akash Jain

1.1 Introduction

The pharmaceutical industry is seeing insufficient revenue and profit growth due to
high development costs, long development and approval times, fewer new product
launches, lack of rich pipelines, and loss of revenues to generics due to patent
expiration (Cockburn 2004; Frank and Seiguer 2003). The lack of rich pipeline in
the industry is caused by the high attrition rates due to inadequate physicochemical
and biopharmaceutical attributes, acceptable safety, and sub-marginal efficacy in
preclinical and clinical studies, all of which also contribute to increasing drug
development costs (Subramaniam 2003; Rosiello et al. 2013). Because of rapidly
rising drug development costs, there is an enormous pressure to cut cost and
streamline development (Watkins 2002; Paul et al. 2010). While different compa-
nies are dealing with these challenges differently, the industry can benefit substan-
tially by enhancing the discovery—development interface. The knowledge gained
during the candidate selection phase will be useful in fast development of optimal
formulation and clinical approaches for clinical studies, and consequently will help
shorten the development timelines for new chemical entities (NCEs). This will
directly benefit not only the industry, but also the society, as new and better
lifesaving drugs can reach patients sooner (Venkatesh and Lipper 2000).

In such a scenario, the reduction of attrition rate and thus reduction in the
development cost and timeline for a product pipeline can be achieved by strength-
ening the efficacy and toxicity screens, and establishing a developability screen to
enable selection of developable compounds to the clinic.

Efficacy and toxicity screens involve dosing the drug in a variety of animal
models. A general schematic of the most common in vivo studies performed during
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different discovery stages is shown in Fig. 1.1. Selection of the right formulation
principles is critical for the proper functioning of efficacy and toxicity screens,
especially for NCEs with poor solubility and/or with potential for variable systemic
exposure. For such NCEs, an inadequate formulation principle may limit their
systemic exposure through limited solubilization or precipitation in the gastroin-
testinal tract or in the blood stream (from a solubilized formulation), thus leading to
low and variable exposure and false safety interpretation. Additionally,
sub-marginal exposure may also lead to poor efficacy, and thus could lead to
rejection of a potential blockbuster. For example, blockbuster drug products such
as Cyclosporine (Neoral®), Telaprevir (Incivek®™) and Lopinavir/Ritonavir
(Kaletra®) are excellent case studies where the poor solubility of respective APIs
(active pharmaceutical ingredients) was successfully overcome by selecting the
right enabling formulation technology. Therefore, the success of such efficacy and
toxicity screens for NCEs depends a lot on proper selection of suitable formula-
tions, which eventually will lead to objective go/no-go decisions before the NCEs
enter into full development.

Developability screens are equally important as the efficacy and toxicity screens.
Developability assessment typically involves physicochemical characterization of
NCEs, characterization and selection of the most suitable/stable solid form of API,
development of formulations for robust PK, efficacy and safety assessments in
preclinical species, biopharmaceutics (e.g., factors limiting absorption and bio-
availability, food effects, etc.) and drug delivery options for further development
of NCEs. The data package based on in silico, in vitro and in vivo evaluation of
multiple formulations/delivery technologies allows the selection of a biopharma-
ceutically optimized formulation/delivery strategy, and consequently, yields more
reliable information on developability of NCEs moving into clinic and
commercialization.

1.2 Developability Assessment Group (DAG)

1.2.1 Background

The organizational structure of the function performing developability assessment
varies significantly from one pharmaceutical company to another (Kerns and Di
2002; Fiese 2003; Balbach and Korn 2004; Sun et al. 2004; Balani et al. 2005;
Singh 2006; Maas et al. 2007). Developability Assessment Groups (DAGs) could
reside in either discovery or development parts of an organization. In either case,
the key enabler for their success is strong cross-functional collaborations, especially
with medicinal chemists, biologists, pharmacologists and ADME/PK/Tox groups
on the discovery side and technical development teams (API and Drug Product) and
clinicians on the development side. Other key enablers for DAGs include in silico
modeling tools, state-of-the-art analytical capabilities, solid-state characterization
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Target Lead Candidate Candidate
Identification Identification Identification Selection

«Early PK (Rat/Mice),
Solution (iv/po)

*PK (Rat/Mice), Suspension (po) at low doses
*PK of selected Physical Form, Solution or Suspension (po) at
high doses

*Dose Rising (PK) to estimate exposure at higher doses
(Rat/Mice), Solution or Suspension (po)

*PK of final physical form'(Dog/Monkey), Suspension (po) at
low doses

«Efficacy Study (Rat/Mice), Solution or Suspension (po) such as
*Single dose PK/PD
*Maximum tolerated dose (MTD)
*Multiple dose PK/PD
*Multiple dose efficacy

*Non-GLP toxicity study (Rat/Dog)
*Non-GLP Dog Telemetry

Fig. 1.1 General and most common sequence of in vivo studies during candidate selection.
Reprinted from Saxena et al. (2009) with permission from John Wiley & Sons

technologies, automation and high-throughput platforms and strong understanding
of biopharmaceutics and drug delivery.

1.2.2 Roles and Responsibilities

In principle, the DAGs can take a two-pronged approach on NCEs depending on
complexity of biological target and chemical modification space available to
medicinal chemists:

Pharmaceutics—Build right developable properties in molecule (e.g., pKa, solubil-
ity, stability, permeability, etc.), identify developable solid forms (e.g., salts,
stable polymorphs, co-crystals) and selection of optimal delivery strategy (e.g.,
route of administration, formulation principle).

Enabling Technologies—Solubility and bioavailability enhancement (multiple
technologies for parenteral and oral delivery), modified release (improve thera-
peutic index), and targeted drug delivery (local, site of inflammation/infection,
etc.).

In scenarios where both of the above-mentioned approaches are unsuccessful in
identifying NCEs with desired profile, a timely feedback can be provided to
discovery teams to consider terminating further efforts on such targets. This is a
great mechanism to derisk NCEs as soon as possible based on their biopharmaceu-
tical, technical, and preclinical safety evaluation. Another key responsibility of
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DAG:s is to act as a liaison between discovery and technical development functions
and ensure seamless transfer of physicochemical properties, solid form,
biopharmaceutics and technical information on NCEs in a timely manner. This is
an extremely value-adding step during transition of NCEs from discovery to
development as it enables rapid decision-making on deliverables (API and Drug
Product for GLP tox and first-in-human studies), avoids loss of critical information
and helps minimize redundancies between different technical functions.

1.2.3 Deliverables

Based on authors’ experience, the key deliverables of DAGs can be summarized as
follows:

(a) Intellectual input to discovery project teams during hit-to-lead and lead opti-
mization stages to build the right physiochemical and biopharmaceutical prop-
erties into the lead candidates. Such properties include but are not limited to
pKa, log P/D and addition of functional groups to improve solubility and/or to
reduce very high lattice energies due to strong intermolecular interactions.

(b) Physicochemical and solid-state characterization of NCEs (melting point, sol-
ubility, pKa, log P/D, permeability, etc.).

(c) Formulation development for pharmacokinetic, pharmacological and toxico-
logical studies using conventional approaches such as solutions, suspensions,
etc., or using non-conventional delivery approaches such as spray-dried disper-
sions, nanosuspensions, etc.

(d) Generate in silico predictions of biopharmaceutical performance using tools
such as GastroPlus™, maximum absorbable dose, etc.

(e) Recommendation on stable physical form and clinical formulation.

(f) Recommendation to terminate non-developable candidates as soon as possible
thereby enabling research colleagues to move on to new scaffolds/targets.

(g) Risk assessment with mitigation plan for the selected development candidates.

(h) Enabling technologies for NCEs (e.g., targeted delivery, modified release, etc.).

The creation and implementation of DAGs in multiple organizations, over the
last decade or so, has yielded a new paradigm for transition of NCEs from discovery
into development. The above listed deliverables traditionally, once a candidate was
handed over from discovery to development, would take approximately 6-9 months
for completion and utilize ~30-100 g of APIL In addition, if any developability
issues were identified, it was almost too late to provide the feedback to discovery
teams. With formation of DAGs, similar deliverables can now be achieved in
approximately 2—4 months with ~2-10 g of API (Table 1.1). These significant
savings in time and material have been made possible by development of automated
and high-throughput platforms. The early intervention of DAGs in discovery pro-
grams helps provide timely feedback on developability issues and suggests appro-
priate measures well before a candidate is nominated for full development.
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Table 1.1 Key activities and deliverables of Developability Assessment Groups (DAGs)

Hit to lead (5-20 mg)

Lead optimization (50—
500 mg)

Candidate selection phase (2—-10 g)

pKa

Weight-based purity

Batch characterization

Solubility (pH) and
simulated fluids

Solid-state characterization
(DSC, TGA, XRPD, DVS)

Solid form selection salt/co-crystal,
polymorph selection

Stability (pH)

Preliminary salt/crystallization
profiling

Formulation and condition-of-use
stability for DC-enabling studies

PAMPA (GI, BBB)

In-process analytical method
development

Analytical method development and
validation

Formulation for
PK/acute tolerability

Formulation for efficacy/toxic-
ity studies

Impurity characterization

HPLC purity

Dosing/delivery strategies

Establish standards and specification

Biopharmaceutics

Initiate GMP and GLP validation

Clinical formulation recommendation

For a DAG to be successful and effective, it is very important to have the right
balance of expertise in the group. Scientists in such groups generally have back-
ground in areas such as pharmaceutics and biopharmaceutics, solid state and
material science, analytical science and drug delivery. In addition to the technical
expertise, competencies in cross-functional communication, working in team envi-
ronment, and strong dedication and passion to bring new development candidates
into clinic for unmet medical needs are critical in the role of a developability
assessment scientist.

While the authors believe that the most optimal organizational structure is to
have a DAG integrated within the discovery organization, several other organiza-
tional structures can function equally well, as long as there is close cooperation
between a DAG and discovery teams. The DAG is not only responsible for building
and selecting developable molecules but it is also responsible for identifying
enabling drug delivery technologies for clinical and commercial products. This
broad spectrum role of DAGs adds tremendous value to an organization in increas-
ing or maximizing the potential of safe and efficacious candidates, especially, when
it is very difficult to find NCEs for novel mechanisms. The emphasis in this chapter
is not so much on the organizational structure, but on the valuable information that
is generated by DAGs at various stages of drug discovery and development process
with automated tools, minimum amount of material, resources and utilization of
cutting edge technologies.
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1.3 Developability Assessment of New Chemical Entities
(NCEs): Methods and Best Practices

1.3.1 Biopharmaceutics-Based Molecular Design

Biopharmaceutical properties are usually secondary for any given molecule during
early discovery stages as most time and effort is spent in identifying molecules with
the right balance of potency and safety. However, based on lessons learned from
failures and delays in advancing candidates with poor biopharmaceutical profile
through clinical development, major pharmaceutical organizations are looking to
build biopharmaceutical properties into molecules during early discovery stages
(Saxena et al. 2009, Zheng et al. 2012). A few important properties are discussed in
this section.

1.3.1.1 Ionization

Ionization constant, pKa, is a useful thermodynamic parameter to monitor the
charge state of NCEs. Based on their pKa, all NCEs can be classified into four
major classes—acid, base, neutral, and Zwitterion. Each of these classes of mole-
cules represents different challenges and opportunities in their biopharmaceutical
performance. Molecules with acidic pKa (pKa 3.5-6.0) predominantly exist in their
ionized and solubilized form at physiological intestinal pH (5.5-7.4). However, it
has been reported and well documented that ionized form of a molecule tends to
have poor passive permeability (Thomayant et al. 1998). As both the ionized and
unionized form of a molecule exist in a dynamic/equilibrium process in vivo, the
authors believe that a sufficient fraction absorbed (Fa) is achieved in vivo from
acidic molecules. Basic molecules demonstrate a much larger range of pKa (2.0—
9.0) depending on the type of functional groups. Strongly basic molecules (pKa
above 6.0) are considered ideal for improving solubility and dissolution rates and to
minimize in vivo precipitation (and related complications) in the physiological pH
range for both i.v. and oral delivery. Such molecules readily form salts with acidic
counter ions and remain solubilized at the site of absorption. On the other hand,
weakly basic molecules (pKa below 6.0) require stronger acidic counter ions for salt
formation and demonstrate improved solubility/dissolution rates only at pH 4.0 and
below. At physiological pH for absorption (pH 5-7), the weakly basic molecules
rapidly dissociate from their salt forms and convert to poorly soluble neutral forms
resulting in poor and/or variable absorption and bioavailability. Weakly basic
molecules also pose a significant challenge in developing stable dosing solutions
for parenteral delivery due to risk of precipitation upon injection (Jain et al. 2010).
Zwitterionic molecules are the most complex in their physicochemical and bio-
pharmaceutical behavior. Such molecules typically demonstrate high variability in
oral absorption and bioavailability (Thomas et al. 2006). In addition, their pKa
values and solubility profile are highly sensitive to presence of additional functional
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groups in vicinity of the ionizable groups. For instance, the presence of a strongly
electron-withdrawing group next to the ionizable group can lead to a considerable
shift in its pKa and results in poor solubility/dissolution. Given a preference, it is
better to avoid Zwitterions especially for development, unless they demonstrate
high intrinsic solubility across the entire pH range or high potency such that
absolutely minimal doses are required in preclinical as well as clinical studies.

1.3.1.2 Intermolecular Interactions

Intermolecular interactions of NCEs (e.g., charge—charge, charge—dipole, dipole—
dipole, van der Waal’s dispersion, m—x stacking, hydrogen bonding, etc.) can
significantly impact their crystallinity and solid-state properties which in turn can
have a profound impact on their solubility, dissolution, precipitation, recrystalliza-
tion behavior and ultimately their biopharmaceutical performance (Thomoyant
et al. 1998). It is therefore advisable to minimize exploration of chemical scaffolds
with very high lattice energies (e.g., n—x stacking of planar aromatic rings). Solid-
state properties such as melting point and/or heat of fusion can serve as useful
surrogates to estimate the lattice energies.

To summarize, it is always worthwhile to spend the extra time and effort during
lead optimization stages in building some of the key biopharmaceutical properties
into a molecule. This investment during discovery stages eventually pays off in
development as it lays the foundation for design of a robust drug product strategy
that can help clinical teams accelerate and shorten development timelines.

1.3.2 Physicochemical Characterization

A thorough understanding of physicochemical properties of a NCE is a prerequisite
to prediction of biopharmaceutical behavior as well as screening and development
of solid form and formulations for preclinical and clinical studies. Developability
assessment teams are able to generate a robust package of physicochemical char-
acterization data using minimal amounts of time and material, largely due to
availability and constant evolvement of in silico prediction tools and high-
throughput screening technologies. This section will describe the methods and
best practices in characterization of physicochemical properties such as pKa,
log P/D, solubility/dissolution rate, permeability, and in vitro metabolism.

1.3.2.1 Ionization Constant (pKa)

As noted above, the ionization constant, pKa, is a commonly used thermodynamic
parameter in drug discovery to understand binding mechanisms and to predict
ADME properties of NCEs due to the pH gradient of 1.0-7.0 in the human GI
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tract (Avdeef 2003). A number of important properties such as lipophilicity,
solubility pH profile, permeability, and human Ether-a-go-go-Related Gene
(hERG) binding affinity are modulated greatly by pKa. While pKa can be success-
fully predicted by in silico tools owing to the high dependence on the molecular
structure of NCEs, this prediction may not be accurate unless the corresponding
model has been parameterized to account for the novel chemical space spanned by
many discovery programs, thereby justifying the need for in vitro determination. A
range of experimental approaches with varying throughput, cycle time, sample
requirement, and costs are available for pKa determination (Wan and Ulander
2006; Wang & Faller 2007; Wang et al. 2007). Some of the commonly used
methods are potentiometric titration (Avdeef 2003), capillary electrophoresis
(CE) (Cleveland et al. 1993; Ishihama et al. 2002), Spectral Gradient Analyzer
(Box et al. 2003), and Sirius T3 (Sirius Analytical).

Potentiometric Titration

In the potentiometric titration method, a potentiometer records the pH changes with
a glass electrode, caused by introducing a known volume of titrant to the well-
mixed solution of a NCE. This methodology is tedious as it requires a lengthy
process due to long and repetitive equilibrium steps after titrant additions. How-
ever, the pKa values obtained are reliable and therefore, this methodology is
considered to be the gold standard despite a number of limitations. This method-
ology is only suitable for compounds with good solubility as potentiometric titra-
tion requires concentrations in the range of 0.1-1 mM. Although cosolvents have
been used to circumvent poor solubility, it still requires several titrations to
extrapolate the data from different water and cosolvent mixtures to aqueous solu-
tion (zero cosolvent concentration). An additional problem with potentiometric
titration is the increasing numbers of NCEs in early discovery are delivered as
salt forms with protogenic counter ions, like acetate, fumarate, titrate, etc. Finally,
this methodology requires materials in milligram scale, and therefore, it is more
useful in late discovery.

Spectral Gradient Analyzer

This assay works effectively with poorly soluble NCEs by using cosolvent in the
media. The pKa data measured using this “rapid-mixing” approach correlate well
with those from the potentiometric titration method. In addition, this method is
useful for measuring pKa for early discovery compounds as it requires a small
amount of material, and allows for high throughput/automation. The limitation is
that it is suitable for ionizable compounds, which induce a change in the UV spectra
scan. In other words, not only is a UV chromophore required, but also the chromo-
phore may have to be located close enough to the ionization center within an NCE.
This technique is based on a continuously flowing pH gradient and a UV-DAD
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(diode array detector). It was developed recently and allows for a much higher
throughput (Box et al. 2003). This method establishes a stable time-dependent pH
gradient by rapidly mixing acidic and basic buffers, during which drug candidates
pre-dissolved in organic solvent are introduced at different pH conditions. This fast
method allows full characterization of ionizable groups for 70 % of the discovery
output and usually gives high quality data that are consistent with those obtained by
potentiometric titration (Garad et al. 2009). Neither this “rapid mixing” nor the
potentiometric titration approach is compound-specific, so compounds with purity
or stability issues or counter ions containing similar UV chromophore may be
problematic for this approach.

1.3.2.2 Lipophilicity (log P/D)

Lipophilicity, as expressed by the logarithm of partition coefficient or distribution
coefficient (log P or log D) of NCEs between a lipophilic phase (e.g., octanol) and
aqueous phase, is a valuable physicochemical property. Compounds with very high
(logP/D > 6) or very low lipophilicity (logP/D < 1) can present significant
developability challenges such as poor formulability, poor permeability and absorp-
tion, accumulation in tissues/organs, etc. Therefore, a right balance of lipophilicity
in any compound is essential prior to its selection as a candidate for development.
Multiple techniques can be used to determine lipophilicity of the compound. While
shake-flask is the conventional method for log P (or log D) determination, the dual-
phase potentiometric titration approach is also widely accepted, particularly during
late drug discovery phase (Avdeef, 2003). For NCEs lacking an ionizable group,
HPLC logP technique, also known as eLogP can be applied (Lombardo
et al. 2000). A variety of techniques that are suitable for early discovery include
liposome chromatography, immobilized artificial membrane (IAM) chromatogra-
phy, capillary electrophoresis (CE) (Avdeef, 2003), and artificial membrane prep-
arations (Wohnsland & Faller 2001).

1.3.2.3 Solubility/Dissolution

Solubility of NCEs is one of the most important physicochemical properties that
govern its ADME, pharmacological and biopharmaceutical profile. Poor solubility
and dissolution rates are the most common rate-limiting factors for oral drug
absorption, especially for NCEs with high permeability (Ku 2008). A variety of
solubility and dissolution measurements are performed throughout the discovery
and development stages of a NCE (Hariharan et al. 2003; Vertzoni et al. 2005;
Kibbey et al. 2001; Glomme et al. 2005; Avdeef 2007; Galia et al. 1998; Ingels
et al. 2002; Lind et al. 2007). The objectives and methods for such measurements
differ widely depending on the stage of the project and intended use of the data. A
few examples of typical solubility experiments include high-throughput measure-
ment in two or three buffer system during early discovery stages to rank order
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Table 1.2 Solubility and dissolution experiments in discovery and early development of NCEs

Experiment Application (s)

HT-solubility Guide SAR during early discovery stages

Shake-flask solubility pH solubility profile

Solubility in biorelevant media Prediction of maximum absorbable dose, GastroPlus™
simulations, build IVIVC, food effect prediction

Organic solvents Salt and polymorph screening, crystallization process
development

Solubility in cosolvent, surfactant, Develop solubilized formulations for preclinical and

complexing agents, lipids clinical studies; develop dissolution media for release
testing

Intrinsic dissolution rate Rank-order solid forms (e.g., salts, co-crystals,
polymorphs)

Non-sink dissolution Rank-order of prototype solid forms and formulations
(e.g., solid dispersions, salts, etc.)

Dissolution (type II apparatus) Release testing for solid dosage forms; biorelevant test-
ing and food effect prediction for solid dosage forms

compounds and develop SAR, solubility measurement of an API in organic sol-
vents to develop a crystallization process or measuring Kinetic solubility of API in
biorelevant media to predict maximum absorbable dose. Solubility experiments can
be performed under a variety of conditions such as equilibration at room temper-
ature (e.g., 24—48 h), kinetic solubility at 37 °C (e.g., 1-4 h), temperature cycling in
organic solvents or two-step solubility screen in biorelevant media to identify
supersaturation-enhancing excipients. A detailed list of solubility and dissolution
experiments typically performed during discovery and early development stages is
shown in Table 1.2.

An important consideration for developability of a NCE is its tendency to
precipitate under physiological conditions. Depending on its solid form and
pH-dependent solubility, a compound may precipitate out in stomach fluids
(pH ~2) or in small intestinal fluids (pH ~5-7) during its transit in the gastrointes-
tinal tract. The precipitated compound may dissolve differently in the gastrointes-
tinal fluids than the original form. Occasionally, for compounds with pH-dependent
solubility, certain forms/salts of a compound may dissolve in stomach fluids, and
upon gastric emptying in the intestine may remain dissolved, thus yielding super-
saturated solutions. In such cases, the compound may show much higher bioavail-
ability. Thus, it is critical to evaluate dissolution characteristics of various solid
forms before selecting a final solid form for further development. Dissolution
studies should be conducted either with suspension formulations or with com-
pounds filled in capsule with or without formulation excipients. The physiological
conditions can be simulated by using buffers (pH 1, 2, 4.5, and 6.8) and/or
simulated fed/fasted gastric and intestinal media (Jantratid et al. 2008) at 37 °C
either as single step or pH-shift method (Mathias et al. 2013). The presence of
formulation excipients could help simulate a solid dosage form and can reflect the
effects of formulation excipients on dissolution rate. For compounds with poor
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solubility, dissolutions studies should be conducted in simulated gastric and intes-
tinal media to determine the potential for food effect.

Solubility and dissolution data are often used to select and/or rank-order NCEs
during lead optimization stages. However, due to unknown efficacious clinical
doses at such early stages of discovery, it is difficult to drop or terminate NCEs
based on poor solubility values. In addition, for poorly soluble NCEs (typically with
aqueous solubility <100 pg/ml), there are a number of formulation technologies
(see Sect. 1.3.4.4) that could be explored to improve the solubility/dissolution rates
and eventually their in vivo absorption and bioavailability. Early screening of such
formulation technologies in combination with human PK/PD and dose predictions
is essential for a successful developability assessment of poorly soluble NCEs.

1.3.2.4 Permeability

Permeability plays a vital role in the absorption of orally delivered NCEs. Perme-
ability is a complex phenomenon and it involves multiple mechanisms across the GI
mucosa (Artursson & Tavelin 2003). Hence, it is important that a developability
assessment scientist identify permeability behavior of NCEs early during lead
optimization stages and provide timely feedback to project teams, especially
when the teams are considering an oral route of administration. Unlike poor
solubility, there are only few formulation or delivery technologies that can over-
come poor permeability of NCEs and provide significant improvement in their oral
absorption or bioavailability (Maag 2012; Maher and Brayden 2012).

One of the simple parameters that correlate well with permeability is the
molecular weight of any given NCE. As per Lipinski’s rule of 5, any NCE with
molecular weight <500 typically demonstrates medium to high passive permeabil-
ity and NCE with molecular weight >500 usually tend to exhibit poor to medium or
almost no passive permeability. Another in silico model is the one developed by
Egan and coworkers (2000). Their absorption model is based on polar surface area
(PSA) and calculated log P (Clog P). Based on their analysis, it was shown that
majority of highly permeable marketed drugs were populated in an egg-shaped
zone of the absorption model and therefore, specified as “good” molecules. On the
other hand, drugs with poor permeability or those considered as substrates for efflux
transporters were scattered outside the egg-shaped zone and denoted as “poor” in
the model. Interestingly, an exception to this egg-shaped model is the blockbuster
drug—Lipitor.

In addition to the in silico methods, a number of in vitro models were developed
to predict permeability as well as to assess the contributions of active transporters in
the permeation process (Hidmildinen & Frostell-Karlsson 2004; Balimane
et al. 2006). A few important assays, commonly being used in the last few decades,
for measuring permeability of NCEs with high speed and reliability/reproducibility
are described as follows.
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PAMPA

Parallel artificial membrane permeability assay (PAMPA), pioneered by Kansy
et al. (1998), utilizes a chemical membrane immobilized on a 96-well filter plate
and samples are analyzed by a UV plate reader. Distinct membrane models were
established by Kansy et al. (1998), Avdeef et al. (2001), Faller (2001) and Sugano
and coworkers (2001) to mimic passive diffusion of NCEs across the GI tract
(Garad et al. 2009). Avdeef (2003) introduced the “double-sink’ model that simu-
lates the concentration and pH gradient across the GI membrane. Cosolvents (Ruell
et al. 2004) or excipients (Kansy et al. 1998; Sugano et al. 2001; Liu et al. 2003;
Bendels et al. 2006) were employed in PAMPA to overcome the low solubility
issues frequently encountered in early discovery. Quantification using LCMS
(Balimane et al. 2005; Wang & Faller 2007; Mensch et al. 2007; Cai et al. 2012)
or HPLC (Liu et al. 2003) drastically improved the sensitivity and robustness of
PAMPA by extending the limit of detection for NCEs with low solubility. It also
prevents interference originating from impurities with high solubility and/or strong
UV chromophore. PAMPA ultimately offers a fast and relatively cost-effective
method to estimate permeability for NCEs absorbed by passive diffusion
mechanisms.

Caco-2

The human colon adenocarcinoma (Caco-2) cell permeability model exhibits mor-
phological (e.g., tight junction and brush-border) and functional similarities (e.g.,
multiple transport mechanisms) to human intestinal enterocytes (Ungell & Karlsson
2003; Englund et al. 2006), thereby serving as the gold standard for in vitro
permeability assessment in industry (Artursson & Tavelin 2003; Lennernas and
Lundgren 2004). Caco-2 cells, which extensively express a variety of transport
systems beyond P-glycoprotein (Pgp), are amenable to investigate the interplay
among different transport systems and differentiate the relative contributions from
passive and active transport mechanisms to the overall permeability across the human
GI tract (Ungell 2004; Steffansen et al. 2004). While the conventional protocol (e.g.,
21-day cell culturing) is essential to assure the full expression of transporters, the
Caco-2 models using accelerated cell culturing procedures (e.g., 3—7 days) are not
suitable for studying active transport of NCEs due to inadequate expression of
transporters (Liang et al. 2000; Alsenz & Haenel 2003; Lakeram et al. 2007). Scien-
tists (Yamashita et al. 2002; Miret et al. 2004) are still debating whether the short-
term Caco-2 culturing system is appropriate to rank permeability, with concern about
its poor correlation with human absorption data and inability to differentiate medium
permeability compounds (Miret et al. 2004; Sugano et al 2010).

Today, the cumbersome long culturing procedure can be readily handled by
automation (Saunders 2004; Wang & Faller 2007) and therefore Caco-2 has been
successfully validated and widely implemented in 24- or 96-well plate formats to
assess the permeability and drug interaction with Gl-related transporters (Ungell &
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Karlsson 2003; Kerns et al. 2004; Marino et al. 2005; Balimane et al. 2004).
Similarly to PAMPA, precaution should be taken when dealing with low solubility
compounds in discovery to select agents inert to the permeability and transport
process of the Caco-2 model (Yamashita et al. 2000). Introduction of bovine serum
albumin (BSA) to the basolateral compartment is useful to mimic the in vivo sink
condition and to help minimize the non-specific binding of NCEs to the cells and
labware but the effect appeared to vary greatly upon the mechanism by which NCEs
are transported across the monolayer (Saha & Kou 2002; Neuhoff et al. 2006).

The “bi-directional” approach is typically utilized to assess the transport mech-
anism in the Caco-2 model where permeability is measured from “apical” to
“basolateral” compartments [absorptive permeability, P,,,(A-B)] and in the
reverse direction [secretory permeability, P,,,(B—A)] (Artursson & Tavelin 2003;
Lennernas & Lundgren 2004; Ungell 2004; Steffansen et al. 2004; Hochman
et al. 2002; Varma et al. 2006). NCEs that function as substrates for efflux trans-
porters are one of the major concerns in discovery as they may significantly limit
molecules from absorption into the enterocytes and GI membrane and eventually
retard the exposure (Varma et al. 2006). Historically, efflux ratio (ER) has been
utilized to identify NCEs with potential efflux issues

PaPP(B — A)

ER =
Papp(A —B)

(1.1)

While the classification boundary may vary from lab to lab, NCEs with ER >> 1 are
characteristic of potential efflux substrates and those with ER & 1 are dominated by
passive mechanism(s). Once oral absorption of a drug candidate or scaffold is
limited by efflux-dependent GI permeability, Caco-2 mechanistic studies may
help establish SAR, allowing for dialing out the efflux issue by optimization
(Hochman et al. 2002). Experimentally, one can identify the transporters (e.g.,
Pgp) that NCEs may serve as substrates for and also the potential enhancement in
oral absorption when primary transporters are inhibited. In addition, ER and
P.pp(A-B) can be assessed at elevated NCE concentrations to investigate the
potential of saturated transporters at high dose and eventually build IVIVC for
highly soluble or formulated NCEs (Hochman et al. 2002).

As Pgp is, by far, the most prevailing one among transporters in human intestinal
enterocytes, one frequently initiates the first transporter mechanistic study by
applying potent Pgp inhibitors such as Cyclosporin (first generation), Verapamil
and Valspodar (secondary generation), Zosuiquidar/LLY335979, and Elacridar/
GF120918 (third generation) (Kuppens et al. 2005; Nobili et al. 2006). Troutman
and Thakker found that ER is unable to properly characterize the Pgp-inhibition-
mediated enhancement of absorptive permeability due to the asymmetric behavior
of Pgp substrates in absorptive and secretory transport (Troutman and Thakker
2003a). Instead, absorption quotient (AQ) is recommended to better predict how
Pgp-facilitated efflux activity attenuates intestinal permeability in vivo.
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_ Png(A - B) _ PPD(A - B) _Papp(A — B)
- Ppp(A—-B) Ppp(A — B)

AQ (1.2)

where Pp,,(A-B) is absorptive permeability (or apparent permeability from apical
to basolateral direction) attributed to Pgp activity and Ppp(A—B) is absorptive
permeability measured in the presence of Pgp inhibitor(s).

AQ differentiates the absorptive permeability from secretory transport and offers
a more relevant approach to quantify the functional activity of transporters such as
Pgp observed during absorptive permeability. For a potent transporter (e.g., Pgp)
substrate, inhibition of transporter (or Pgp) activity usually leads to drastically
enhanced absorptive permeability [Ppp(A-B) > P,,,(A-B)] and thereby AQ~1.
On the other hand, comparable absorptive permeability values are anticipated
(in the presence or absence of transporter inhibitor) for a weak transport substrate
[Ppp(A-B) = P,pp(A-B)] or AQ~0.

MDRI-MDCK

The Madin-Darby canine kidney (MDCK) model originating from dog kidney with
different expression of transporters than human intestine (Balimane et al. 2000;
Irvine et al. 1999) has commonly been utilized for permeability evaluation of NCEs
using the passive diffusion mechanisms (Ungell & Karlsson 2003). Recent devel-
opments using Pgp-transfected multidrug resistance-1 (MDRI)-MDCK model
(Bohets et al. 2001) allows for estimating the contributions of efflux transporters
with reduced cell culturing cycle time (3—5 days). By regulating the level of Pgp
expression, the sensitivity of NCEs to Pgp in the MDCK assay may be amplified,
although its relevance to GI physiology has yet to be established.

Given the advantages and limitations of each approach, the latest consensus
appears to favor a strategy that combines all three approaches with in silico models
to ensure high quality assessment of permeability in early discovery (Kerns
et al. 2004; Balimane et al. 2006; Faller et al. 2007). PAMPA should serve as a
fast and high-throughput permeability ranking tool in particular for scaffolds using
passive diffusion mechanisms. The Caco-2 model should be applied to challenging
scaffolds involving active transport mechanisms or with higher molecular weight
(e.g., >600). The former (potential substrates/inhibitors for efflux transporters),
most likely, will exhibit “medium” to “high” permeability in PAMPA but poor
in vitro—in vivo correlation. Caco-2 mechanistic studies are valuable to identify the
major transporters such as Pgp, MRP2 and BCRP and to appraise the impact of
shutting-down active transporters via either inhibitory (Varma et al. 2003) or
saturation mechanisms (Bourdet & Thakker 2006). MDCK, expressed with a
specific transporter, may be ideal to tackle the impact of an individual transporter
subsequent to Caco-2 transporter assays (Varma et al. 2005).
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1.3.2.5 Okxidative Metabolism

Metabolism is an important intrinsic property that drives the clearance or elimina-
tion of NCEs. Two of the major sites of metabolism for orally administered
compounds are in the gastrointestinal tract (sometimes referred to as pre-systemic
metabolism) and the liver (also known as first-pass metabolism). Finding the right
balance of metabolic stability is critical during developability assessment of NCEs
as high metabolism (or rapid clearance) could result in poor bioavailability and
poor efficacy whereas very low metabolism, along with entero-hepatic circulation,
could lead to prolonged half-life and accumulation of NCEs in the body resulting in
undesirable side-effects. Metabolism is a highly species-dependent phenomenon.
Metabolic rates can vary significantly among different species, due to the presence
of unique metabolizing enzymes in each species, strain and gender (Martignoni
et al. 2006). For example, CYP3A4 is the most important metabolizing enzyme in
humans and current literature suggests that more than 50 % of the marketed drugs
are metabolized by CYP3A4 enzyme. However, CYP3A4 is not found in any
animal species other than humans and monkeys as described in Table 1.3
(Martignoni et al. 2006; Emoto et al 2013). Typically, rodents have a higher
metabolic rate than dogs, monkeys, and humans. However, the rate and extent of
metabolism and ranking of species can vary significantly from one chemical
structure series to another. In particular, for compounds that exhibit significant
species differences in their metabolism, it is very difficult to extrapolate the PK
parameters in human and obtain any reasonable estimate of human dose. In such
instances, it is advisable to conduct micro dosing or exploratory study in human as
soon as possible. Screening of metabolic stability in multiple animal species early
in drug discovery is very useful to guide structural modification and selection of
compounds for in vivo studies. Metabolite identification is also very helpful for
bioanalytical and pharmaceutical scientists to understand metabolically labile as
well as chemically labile sites in a NCE. Metabolism is a predominant factor that
differentiates oral absorption from oral bioavailability. For instance, a compound
could have complete absorption (~100 % Fa or fraction absorbed) through gastro-
intestinal tract upon oral dosing based on its high solubility and permeability.
However, the oral bioavailability for same compound could be only ~20-30 %
due to its high first-pass metabolism prior to reaching systemic circulation. This is
an extremely important consideration while developing formulations for poorly
soluble NCEs. Majority of the solubility enhancing formulation technologies can
potentially maximize the absorption (or fraction absorbed Fa%) of a given NCE,
but not necessarily their oral bioavailability. The collection and use of data relevant
to metabolism is more thoroughly covered in Chap. 4.
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Table 1.3 Species- Human Mouse Rat Dog Monkey
dependent CYP3A enzymes
(m male specific, f female 3A4 3A11 3A1/3A23 3A12 3A4
specific) 3AS5 3A13 3A2m 3A26
3A7 3A16 3A9f
3A43 3A25 3A18m
3A41 3A62
3A44

1.3.3 Solid-State Characterization

Solid-state characterization assays and technologies (Table 1.4) are well known to
most scientists responsible for solid form selection in support of CMC development
activities. Thermogravimetric analysis (TGA), Differential Scanning Calorimetry
(DSC), Powder and single-crystal X-ray diffraction are commonly used tools to
characterize the solid forms of any given NCE using small amounts of material.
Advanced calorimetric methods such as modulated DSC (mDSC) provide higher
sensitivity and can measure the heat of fusion of crystalline solids as well as glass
transition events in amorphous solids. Hot stage and infrared microscopy are useful
tools to study solid form conversions (e.g., polymorphs). Dynamic vapor sorption
(DVS) is a routinely used instrument to measure hygroscopicity behavior of solid
forms and provides useful information for solid form selection activities.

1.3.3.1 Polymorphism

Polymorphism studies require special attention during developability assessment of
NCEs because changes in physical form during development could result in sig-
nificant delays and often, it is very difficult to reproduce the original form with
optimal physicochemical and biopharmaceutical performance. The authors’ expe-
rience suggests that the larger the scale of a crystallization step and longer the
processing time, greater is the likelihood that such process will generate the
thermodynamically preferred physical form. The thermodynamically preferred
polymorphic form can be ascertained from a simple bridging experiment where
two polymorphic forms are placed on a microscope slide in contact with a common
solvent. In this case, the low-energy form grows at the expense of the high-energy
form. Hot-stage microscopy and IR microscopy are useful instruments in monitor-
ing these conversions. In some cases, the low-energy form may be obtained only
through the use of hazardous solvents and/or procedures and hence may not be
practical for large-scale production. Therefore, a thorough evaluation of polymor-
phic space and its impact on physicochemical, biopharmaceutical and processabil-
ity of a given NCE is an important component of developability assessment.
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Table 1.4 Solid-state characterization assays and technologies

Crystallinity: XRPD, DSC, Tg, TGA, IR, and microscopy
Single-crystal X-ray: structure/unit cell

Topography: scanning electron microscopy

Particle size analysis: by laser light scattering

Polymorphism and salt/co-crystal screening: manual, HTS

Bulk density, elasticity

Rationale for selecting the preferred crystalline form

w|lw|lanunlslw i~

Particle size recommendation for biopharmaceutics performance or manufacturability of a
dosage form

1.3.3.2 Amorphous Solids

Amorphous materials have become more prevalent in the development pipeline as a
result of the “hydrophobic” nature of NCEs originating from discovery. Such
compounds are neither hydrophilic nor lipophilic and present unique challenges
in their formulation development, especially, overcoming their poor solubility.
Generation and stabilization of amorphous solid forms, using polymeric matrices
in solid dispersion for example, provides an attractive formulation approach to
improve the dissolution, solubility and oral bioavailability of these hydrophobic
NCEs. APIs can also be developed as amorphous forms if supported by detailed
understanding of the amorphous system and robust scalable process for
manufacturing these forms. This approach becomes inevitable especially when
NCEs are difficult to crystallize due to molecular complexity or presence of trace
impurities that act as crystallization inhibitors. Amorphous materials, with
increased dissolution rate and aqueous solubility are chemically reactive and
more hygroscopic than crystalline material (Byrn et al. 1999; Hancock and Parks
2000; Hancock and Zografi 1997). Amorphous materials exist in either the glassy
state below their glass-transition temperature (Tg) or as a super-cooled liquid above
their Tg. Although the physical properties differ between each amorphous state,
Arrhenius relationships are applicable below the Tg and allow for extrapolation to
ambient storage/handling conditions. The ratio of Tg, in Kelvin, to the melting
point of a crystalline material is a constant of 0.72 (range 0.59-0.84). This is a
useful rule of thumb to estimate feasibility and likelihood of developing an amor-
phous API or formulation for a given NCE. Analysis of amorphous forms of drug
candidates should include, in particular, the measurement of Tg (most commonly
using mDSC) and any changes in water solubility, hygroscopicity, and solid-state
stability relative to the crystalline form. Water solubility may be the most difficult
parameter to measure for an amorphous material because of rapid crystallization
(Hancock and Parks 2000). In summary, the know-how and experience in devel-
opment and characterization of amorphous APIs as well as solid dispersion formu-
lations has progressed significantly in last decade and more than a dozen products
have been launched in recent past using these technologies. These are discussed in
Chap. 3.
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1.3.3.3 Hygroscopicity

A detailed evaluation of hygroscopicity of NCEs and various solid forms is
essential for optimal physicochemical behavior (e.g., solubility, physical and
chemical stability) as well as processability and manufacturing (e.g., control and
reproducibility of desired polymorphic form). Hygroscopicity, simply termed as the
study of moisture uptake as a function of percent relative humidity, can be mea-
sured in an automated manner with dynamic moisture sorption analyzers that
quickly assess the hygroscopicity of material in a closed system at controlled
temperature and ambient or controlled pressure. These instruments allow the
measurement of the weight change kinetics and equilibration for small samples
exposed to a stepwise change in humidity. The authors would like to highlight two
critical points to consider during DVS measurements: (1) drying the sample at the
start of the measurement cycle and (2) failing to achieve equilibrium at each
humidity condition, particularly at extreme humidity. For example, drying of a
hydrated material at the beginning of DVS experiment could result in form con-
version to anhydrous state and provide a hygroscopicity profile that is not repre-
sentative of the hydrated form under ambient conditions of storage and handling.
Equilibration of the system at each humidity condition can be confirmed by analysis
of the sample weight versus time. This aspect is often overlooked, and can lead to
confusion when samples from the same bulk lot appear to absorb different amounts
of moisture, usually in different labs, under the same humidity stress. Hygroscop-
icity evaluation should start with an independent determination of the initial
moisture content (TGA, Karl Fischer, etc.). Analysis of powder X-ray diffraction
patterns of solid forms before and after DVS measurement also provides very useful
information in detecting solid form transitions especially, the commonly observed
transitions of dehydration and/or hydrate formation.

1.3.3.4 Particle Size

Particle size and distribution is an important solid-state property that heavily
impacts the dissolution behavior, flowability, and processability of APIs.
Low-magnification scanning electron microscopy (SEM) provides a simple record
of particle size and crystal shape. Often a change in the crystallization process
results in a change in crystal morphology with concurrent changes in powder flow.
Low-magnification SEM can readily reveal morphological changes and alert solid-
state/crystallization expert and the formulator. A number of automated particle-
sizing methods are now available, each with its inherent shape limitations. Usually,
the particle sizing methods calculate particle size distributions by normalizing the
shape to an equivalent spherical particle. Based on actual morphology of particles
(e.g., needle-shaped long crystals), such measurements can be limited in their
accuracy. Nonetheless, these methods allow the counting of many particles in a
short period of time and provide good quality control feedback on the
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reproducibility of a manufacturing process. Surface area analysis methods, such as
Brunaur—-Emmett-Teller (BET) also provide useful insight into changes in avail-
able surface area due to changes in chemical processing. The particle size recom-
mendation for development is derived from the type of dosage form and impact of
particle size on fraction absorbed/bioavailability. The particle size recommendation
should assure a homogeneous blend for an oral dosage form, particularly for low
strength tablets or capsule dosage forms. For poorly absorbed compounds due to
low permeability, reducing the particle size may have no effect on the percent of
dose absorbed, but may be necessary from manufacturing stand point such as blend
homogeneity and content uniformity of the formulated product. The most signifi-
cant effect of particle size on absorption is typically observed for low dose—low
solubility compounds. A number of in silico methods (e.g., Noyes—Whitney equa-
tion, Dissolution number using GastroPlus™) can be applied during discovery
stages and identify need for particle size reduction for improving dissolution and
bioavailability. Such early guidance can be extremely useful to API and formula-
tion development teams so that appropriate particle size reduction technologies can
be incorporated in the manufacturing processes as early as IND-enabling or Phase 1
stages. However, it should be noted that particle size recommendations may change
as the clinical dose is refined based on outcome of early clinical studies (Phase
I/ITa). Typically for discovery stage compounds, flow properties are usually poor
and therefore, the measurement of flow properties during early stages does not add
much value to the developability assessment package. Tapped bulk density is a key
physical measurement that can be performed during solid form screening activities
in order to rank-order and select preferred crystalline forms as well as support the
development of capsule dosage form.

Overall, solid-state properties of any given NCE are very critical for their
biopharmaceutical performance and manufacturability into a suitable dosage
form. Solid-state characterization is an important activity that should be performed
during lead optimization stages especially on few selected advanced compounds.
The results and recommendations from this evaluation should be shared with
research and development colleagues in a timely manner and added to the overall
developability assessment package prior to candidate selection. Although,
sub-optimal solid-state properties by themselves do not create a no-go scenario
for NCEs, it is critical for research and development teams to realize that selecting a
candidate with poor solid-state properties may require upfront investment of time
and resources in selecting an optimal solid form for development and more often
than not, result in higher risk and longer development timelines.

1.3.3.5 Solid Form Screening and Selection

Screening and selection of developable solid form is an essential component of
developability assessment. Due to availability and advancement of high-throughput
screening technologies, it is now possible to screen several hundreds and potentially
thousands of solid forms including salts, polymorphs, co-crystals, etc., using
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milligram amounts of API (Balbach and Korn 2004). Results from these early
screens are typically followed up with more manual and scalable screening methods
before final selection of suitable solid form for early development phase. In an ideal
situation, it is expected that the solid form selected during early phase is the final
form and should be used throughout the NCEs development cycle up to commer-
cialization. Although this might be the case for some NCEs, more realistically, the
solid form activities follow a continuum of increasing form space knowledge as an
NCE progresses from discovery to early, mid and late development stages (Singhal
and Curatalo 2004). Some of the key objectives of solid form activities during
discovery and early development include crystallization of amorphous APIs, pro-
ducing crystalline material to enable purification and isolation, solubility/bioavail-
ability enhancement to support PK/tox studies, discovery and characterization of
important crystalline forms (e.g., hydrates, anhydrous, solvates, etc.), understand-
ing form-relationships (e.g., kinetic and thermodynamic) and optimization of phys-
icochemical attributes such as stability, hygroscopicity, dosage form
compatibility, etc.

1.3.4 Formulation Approaches for Preclinical Studies
1.3.4.1 Formulation for PK Studies

Low-dose pharmacokinetic studies in rodents (rats and mice) are usually performed
during early discovery stages to understand ADME properties of NCEs, to guide
SAR and to support advancement of candidates into efficacy and tolerability
testing. An example of a decision tree to select NCEs for further profiling based
on low-dose pharmacokinetic studies in rodents is highlighted in Fig. 1.2. Due to
the large number of such studies performed for each discovery project, limited
amounts of compound availability (~1-5 mg) and requirement for a rapid turn-
around on formulation requests (~24-48 h), it is unreasonable to expect a formu-
lator to design the most optimized dosing formulation for each and every
compound. Therefore, it is a common practice in pharmaceutical companies to
identify a set of ~3—4 pre-defined formulations containing different combinations of
cosolvents (e.g., dimethyl acetamide, N-methyl pyrrolidone, ethanol, propylene
glycol, polyethylene glycols, etc.), surfactants (e.g., Tween-80, Cremophor EL,
Solutol HS 15, etc.) and aqueous diluents (e.g., buffers, saline, dextrose, etc.) that
could be readily used to develop solution formulations for low-dose PK studies via
multiple routes of administration including i.v, p.o., s.c., i.m. and i.p. The topic of
formulations is treated in greater detail in Chap. 2.

One of the important considerations while developing a solution formulation is
the physical and chemical stability of NCE during dosing as well as under physi-
ological conditions. A quick dilution test of solution formulations in simulated
physiological media (e.g., 1:1, 1:5 and 1:10 dilution in phosphate buffered saline,
simulated gastric and intestinal fluids) and lack of any visible precipitation typically
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Early Pharmacokinetics
Rodent (mice/rats)
0.5-1mg/kg iv solution
1-5mg/kg oral solution

Half-life (t,,) Plasma Clearance % Bioavailability (%F)
(CL) & Exposure (AUC..)*
>1hr CL<Hepatic Blood *% F>30%*
Flow *Reasonable & linear
exposure
No Yes l No
No Yes

| Rejected | | Forward | | Rejected |

*Oral bioavailability >30% in mice is advisable, however, these values might differ based on disease areas and in case of highly
potent molecules.
« AUC.. - Area Under the Curve (till infinite time point)

Hepatic blood flow (ml/min/kg)
Mouse (20-25g) 90
Rat (200-300g) 85
Rabbit (2.5-3kg) 71
Dog (10-12kg) 31
Monkey (4-5kg) 44

Fig. 1.2 Example NCEs selection process based on early PK studies in rodent species. Reprinted
from Saxena et al. (2009) with permission from John Wiley & Sons

provides a formulator enough confidence to advance these formulations into PK
study. If the PK study involves administration of a poorly soluble compound using
i.v. infusion, a more detailed investigation of precipitation kinetics, in both static
and dynamic systems might be required. It is important that early PK studies
(i.v. and p.o.) are performed using a completely solubilized formulation. This
approach ensures that physicochemical properties such as crystallinity, particle
size, dissolution kinetics, etc., will not be the limiting factors in absorption of
NCE and root-cause for poor absorption and/or poor bioavailability can be attrib-
uted to other important parameters such as permeability, metabolism, etc. This
information is very useful for medicinal chemists to build SAR, enable rapid
decision-making (selection or termination) and to incorporate right biopharmaceu-
tical properties in the NCEs from the very beginning. Chapter 4 addresses these
issues in more detail.

1.3.4.2 Formulation for Pharmacology Studies

In comparison to low-dose PK studies, pharmacology studies are more diverse in
their study designs, dose requirements, duration and selection of animal species.
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Depending on target indication, pharmacology studies may require single dose or
multiple doses up to ~2 weeks. Dosing concentrations are typically higher than
those required for low-dose PK studies and are predominantly driven by the
potency, PK properties (e.g., rate of absorption, clearance, etc.) and maximum
tolerable dose of a given NCE. The primary goal of initial pharmacology studies
is to identify a minimal efficacious dose in a given animal model. More detailed
studies to establish PK/PD relationships, dose-response, etc., are usually performed
during later discovery stages. The types of dosage forms used in pharmacology
studies could vary significantly from study to study. It is not uncommon for a
scientist in developability assessment group to develop formulations ranging from a
simple solution in buffers or cosolvents or an oral suspension of API to enabling
formulations such as spray—dried dispersions or microemulsion pre-concentrates or
high organic mixtures to be incorporated into subcutaneous osmotic pump devices.
In addition to the solubility, dilution behavior, condition-of-use stability and toler-
ability, another important aspect to consider during development of pharmacology
formulations is the likelihood of interfering or masking the pharmacodynamic
response or efficacy of an NCE due to presence of certain excipients in the dosing
vehicle. For example, it is advisable to avoid the use of sugars or lipid-based
vehicles in animal models for diabetes and metabolic disease indications or to
avoid certain surfactant-based excipients in animal models of pain. Another impor-
tant formulation consideration for pharmacology studies is the route of administra-
tion. For example, a poorly soluble NCE may not demonstrate desired PD/efficacy
response from oral dosing of a simple suspension formulation due to lack of
sufficient systemic exposure and may therefore, require the use of enabling tech-
nologies (e.g., solid dispersion, microemulsions or nanosuspensions) to achieve
desired outcome in animal study. In such instances, it is very important that the
organization has right expertise to enable the molecule and validate the biological
target in preclinical species. It is highly likely that the enabling formulation
developed for pharmacology studies could very well be used for longer-term
PD/efficacy studies as well as acute and chronic toxicity studies.

1.3.4.3 Formulation for Toxicology Studies

Toxicology studies in rodents and non-rodents are required by regulatory agencies
before any NCE can be evaluated in a clinical study. Typically, such studies are
performed in a step-wise manner from candidate selection to IND-enabling stages.
Early toxicology studies during discovery stages could include a single-dose acute
tolerability assessment to support pharmacology studies or repeat-dose study for ~4
or 7 days to address some specific safety concerns for a particular target or lead
candidate. Non-GLP studies (typical duration ~7 days) in rodents and non-rodents
are generally performed on ~1-3 candidates prior to development candidate nom-
ination. IND-enabling studies are performed under GLP conditions and require
repeat-dosing anywhere from 7 to 28 days depending on intended clinical indica-
tion. One of the primary goals of toxicology studies is to identify potential safety
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concerns and define the no adverse effect level (NOAEL) for any given NCE and
therefore, such studies require administration of very high doses and high systemic
exposures from selected formulation. In addition, it is also desirable to provide a
benign formulation as these studies involve repeat-dosing for longer durations. For
NCEs being developed for oral administration, a simple suspension formulation of
a stable crystalline form (salt or free base) is the most attractive option. However, as
many discovery compounds are poorly soluble, a simple suspension may not
provide adequate systemic exposures especially at high doses, and therefore, such
compounds will require a solubilized or enabling formulation for their toxicology
evaluation. As previously noted, if a compound with sub-optimal physicochemical
or biopharmaceutical properties requires an enabling formulation for its pharma-
cology and/or toxicology evaluation in preclinical models, it is highly likely that
similar formulation principle will be required for Phase I clinical study. Single and
multiple ascending dose studies in human, in principle, have similar objectives,
which is to understand safety and PK of a NCE by administering high doses of a
compound in ascending fashion and achieve high systemic exposures to widen the
therapeutic index and support dose selection for subsequent clinical studies. In
author’s experience, this approach of using same enabling formulation principle
from preclinical to clinical study can be quite useful in accelerating early develop-
ment of poorly soluble NCEs and get faster read-out on their PK, safety and in some
cases, proof-of-concept for target engagement or efficacy in humans. It should be
noted that early involvement of clinical team is essential for the success of this
approach as they can proactively identify appropriate study sites and modify study
protocols to support the preparation and dosing of enabling formulations.

1.3.4.4 Enabling Formulation Approaches

As noted earlier, development of preclinical formulations requires consideration of
several factors including highest dose required, duration of study, animal species,
tolerability of excipients, etc. Based on a compound’s intrinsic properties, a number
of formulation approaches are available to develop robust toxicology formulations
and are described below and in Chaps. 2 and 3.

Conventional Approaches

The majority of compounds with high aqueous solubility are formulated in phys-
iological buffers or saline or dextrose for oral as well as IV administration at 1 mg/
ml and higher concentrations. NCEs with intrinsic solubility less than 0.1 mg/ml
require cosolvents and surfactants and are formulated as a stock solution at 5 or
10 mg/ml and further diluted to the desired concentration using saline or dextrose or
buffers (Strickley 2004). For a single dose study, higher percentages of cosolvent/
surfactant mixtures are well tolerated (confirm LD50 for cosolvents). However, for
repeat-dose studies, it is preferable to have 70 % of aqueous phase (e.g., buffer,
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saline, dextrose, etc.) in the solution formulation. Higher percentages and/or
amounts of cosolvents or surfactants for repeat dosing could have agonist/additive
effect on toxicity (Brewster et al. 2007).

For an oral suspension formulation, the concentration of compound is not a
limiting factor, the only exception being very high viscosity of dosing suspensions
at very high concentrations that could result in technical hurdles while dosing
smaller animals especially rodents. In such scenarios, it is likely that the viscosity
of suspensions will potentially define the maximum feasible dose that can be
achieved in a tox study. Typically, compounds can be formulated in suspensions
at concentrations ranging anywhere from 1 to 300 mg/ml. Commonly used
suspending media include low concentrations of polymers (e.g., 0.1-1 % of cellu-
loses such as Na CMC, MC, HPC and low viscosity HPMC) along with small
amounts of surfactants (e.g., 0.1-0.5 % of Tween-80, SLS, etc.). The most impor-
tant parameters for a suspension formulation include pH, particle size and distri-
bution, stability of physical form (amorphous vs. crystalline) during preparation
and dosing and solubilized fraction of NCE in suspension which in turn helps to
understand its absorption and systemic exposure in vivo.

Salts and Co-crystals

One of the primary reasons to conduct salt and co-crystal profiling for a lead
compound is to identify solid forms with improved dissolution rates and higher
solubility in order to overcome the poor biopharmaceutical properties of the
original free acid or base form. A quick and effective way to identify the need for
salt or co-crystal form profiling is to perform a pharmacokinetic study in rodents
comparing a solution vs. a suspension formulation of the crystalline free acid or
base form of a NCE. If the suspension arm demonstrates approximately twofold or
less reduction in systemic exposure as compared to the solution arm, such com-
pound is a good candidate for salt/co-crystal profiling. In cases where lead NCE is
available in amorphous form, it is highly recommended to perform an early salt/
crystallization screening to identify suitable crystalline forms prior to the pharma-
cokinetic evaluation of a solution vs. suspension formulation. Another important
reason for identifying a salt or co-crystal form is to improve physiochemical
properties of the original free form. This leads to lower likelihood of encountering
complications during their processing, manufacturing, and storage and thus provid-
ing convenience/suitability for development purposes.

An early profiling of the alternative salt forms for lead compounds is done using
a few common acidic or basic counter ions selected based on the pKa of the
compound (Morris et al 1994). The goal is to achieve a salt form, which is more
soluble and dissolves more rapidly in the physiological pH environment, crystal-
line, less hygroscopic, and more stable under accelerated degradation conditions
than the original form of the compound (Serajuddin 2007). Once the different salt
forms of a compound are synthesized, they are evaluated for solubility, stability,
and physical characterization. The salt form that shows the most desired physical
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characteristics, increased solubility/dissolution rate, and stability is selected for PK
studies. PK studies typically involve measurement of oral bioavailability (%F) from
oral suspensions of selected salt forms vs. suspensions of free form at a high dose,
followed by dose linearity study to demonstrate the likelihood of achieving enough
exposures for safety assessment of NCE. If two or more salt forms have similar
physicochemical attributes, a bridging PK study may be performed to select the
better salt candidate. Eventually, the solid form that gives dose linear exposure is
scalable and demonstrates suitable physicochemical stability is selected for further
development.

Nanosuspensions

Nanosuspensions are widely used as an enabling formulation technology to
improve dissolution rate/bioavailability of poorly soluble compounds when given
orally. However, in recent times, nanosuspensions have been administered via
i.v. bolus or i.v. infusion to enable parenteral delivery of poorly soluble candidates
in certain disease areas (Wong et al. 2008). The authors’ experience on
nanosuspension technology for oral as well as i.v. is described as follows.

For Oral route of administration, compounds which have been developed as
nanosuspensions historically share some common physicochemical properties such
as neutral, Zwitterionic or very weakly basic functional groups (pKa < 3.0), melting
point typically less than 200 °C or enthalpy less than 50-70 J/g. Compounds with
higher melting points (greater than 200 °C) or higher enthalpies (greater than 80 J/g)
did not show dose linear exposures from nanosuspension as eventually nanoparticles
need to dissolve and get into solution prior to absorption at physiological conditions.
These observations are purely based on the authors’ experience on more than 1,000
molecules coming from research for PK/PD studies every year; however, there are
always exceptions to above findings. For example, one exception to the above
pattern was observed with a compound that in addition to its high melting point
and high enthalpy was highly lipophilic and demonstrated higher solubility in
physiological media (e.g., fed-state intestinal media and bile salts). As a result,
higher exposure was observed in vivo for this compound when dosed as a
nanosuspension (Junghanns and Miiller 2008). Compounds with stronger basicity
or acidity may not be good candidates for developing oral nanosuspensions as
desired improvement in dissolution and biopharmaceutical performance can be
achieved by simply micronization or salt formation. Compounds with basic func-
tional groups when dosed as nanosuspension will most likely dissolve/solubilize in
gastric pH of stomach and reprecipitate under intestinal pH conditions with a
completely different particle size distribution. Similarly, acidic compounds will
dissolve readily under intestinal pH conditions and may not benefit significantly
from nanosized formulation. In summary, the physicochemical nature of a NCE, its
thermodynamic properties and solubility behavior in simulated physiological media
are the most important factors while selecting a nanosuspension formulation for oral
dosing.
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For parenteral nanosuspensions, compounds with high plasma protein binding
(>99.9) are typically good candidates as they can be readily dissolved in the blood
stream and chances of recrystallization during their distribution to site of action are
minimal. If not dissolved readily, nanocrystalline particles may circulate for longer
durations in plasma and as a result, may accumulate in major organs such as liver,
lungs, kidneys, etc., which could be detrimental especially with higher doses
(greater than 100 mg/kg in preclinical and greater than 500 mg in human via
parenteral route). The generation of nanosuspensions appropriate to the discovery
environment is described in Chap. 3.

Solid Dispersions

Another widely used enabling formulation technology for oral absorption enhance-
ment is the solid dispersion technology, wherein a crystalline API is converted into
an amorphous form and stabilized in a polymeric matrix using a variety of
processing techniques (e.g., solvent evaporation, spray drying, melt extrusion,
etc.). The generation and stabilization of metastable amorphous forms in turn
leads to improved dissolution/solubility and maintenance of supersaturated state
for desired length of time in GI tract (typically 1-2 h) to ensure complete absorp-
tion. Solid dispersions are usually administered in a solid dosage form (e.g., tablet
or capsule) in clinical setting, however, such dosage forms are not technically
feasible to be used in rodents, especially for repeat-dose toxicity studies. In such
instances, administering the solid dispersion as a suspension is the only feasible
alternative approach. A suitable suspending agent for dosing a solid dispersion
should maintain a high active concentration for a reasonable period of time
(approximately 2 h for animal dosing) without precipitation of crystalline drug.
Commonly used vehicles for preparing suspensions of solid dispersion formula-
tions include purified water, 0.5 % w/v methylcellulose (MC), 0.5 % w/v MC/0.5 %
Tween-80, 0.5 % w/v polyvinyl pyrrolidone (PVP), 0.5 % w/v Tween-80, and
0.5 % w/v SLS. The presence of metastable amorphous forms of API in solid
dispersions and their long-term physical stability (or lack of) is a major concern for
further development. Therefore, it is highly recommended to perform a detailed
investigation of their physical as well as chemical stability under ambient and
accelerated conditions using HPLC-MS, XRPD, and DSC. As a general guideline,
a NCE should maintain its amorphous form in the solid dispersion after storage at
40 °C/75 % RH for 3 and 12 months at RT in a desiccator. It is also important to
note that solid dispersions might absorb a significant amount of water due to the
hygroscopicity of the polymer and form a gel. In order to confirm the physical
stability of solid dispersions, the mDSC profile should demonstrate minimal
changes in the glass transition temperature and absence of any melting endotherms.
Such a profile is indicative of a completely miscible system without any phase
separation. In addition, chemical stability of NCEs in solid dispersion should be
demonstrated under studied conditions by HPLC-MS assay. Final selection of solid
dispersion formulation for in vivo studies should be based on the higher dissolution
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rate/kinetic solubility up to 2—4 h in physiological pH as well as its promising
physicochemical properties such as stability under accelerated conditions. The
authors’ experience suggests that NCEs formulated using solid dispersion technol-
ogy are usually recommended as powder in a bottle for Phase I studies as doses are
high and filling solid dispersion into a capsule could be problematic due to a large
number of capsules to be administered orally. Also, water content in gelatin/HPMC
capsules (4—-12 %) could cause long-term stability issues. For later stages of
development and commercialization, tablets are the preferred dosage forms for
NCEs formulated as solid dispersions. The manufacture and characterization of
amorphous dispersions in discovery is thoroughly discussed in Chap. 3.

Lipid-Based Formulations

Lipid-based formulations for toxicology studies are mostly developed as
microemulsion pre-concentrates (MEPC), also known as self-emulsifying drug
delivery systems (SEDDS). In general, MEPC or SEDDS contain ternary mixtures
of oils, surfactants, and cosolvents in which high amounts of poorly soluble API can
be dissolved and maintained in solution. Once administered in vivo, the
pre-concentrates come in contact with aqueous fluids in the GI tract and undergo
spontaneous emulsification to generate nano- or micro-sized colloidal particles that
enable rapid and complete absorption. For compounds that undergo rapid
re-crystallization in vivo, supersaturated SEDDS formulations have been identified
wherein a suitable crystallization inhibitor (such as PVP or HPMC) can be incor-
porated in the SEDDS mixture to extend in vivo supersaturation and achieve higher
absorption and bioavailability (Gao and Shi 2012). Typically, NCEs with Clog P
values >5 are considered as good candidates for MEPC or SEDDS. NCEs with
lower lipophilicity can be formulated as MEPC or SEDDS; however high drug
loading may not be achieved. Chemical stability of a NCE in the liquid
pre-concentrate vehicles and their individual components is another critical param-
eter to determine feasibility of MEPC or SEDDS approach.

In general to identify the components of MEPC, solubility screening of a
molecule is done in GRAS excipients especially oils, glycerides (mono, di, and
tri), surfactants and cosolvents. These excipients are listed in Table 1.5. Based on
the solubility in single component systems and acceptable excipient amounts for
preclinical and clinical studies, several permutations and combinations need to be
screened. A few most promising MEPCs/SEDDS based on solubility/stability
screen should be selected for further studies. The selection of final formulation
for toxicity studies should be based on drug solubility, particle size distribution, and
physicochemical stability of the diluted MEPC/SEDDS systems in water and
simulated gastric fluids (typically 1:9 dilution). For example, a poorly soluble
API when formulated in a MEPC/SEDDS formulation resulted in a translucent
micro emulsion upon dilution with water (droplet size ~20 nm) and demonstrated
dose linear exposures in preclinical studies (Zheng et al. 2012).
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Table 1.5 Commonly used Number Excipients
excipients in microemulsion
pre-concentrates (MEPC) or 1 Cremophor EL
self-emulsifying drug 2 Tween 80 (polysorbate 80)
delivery systems (SEDDS) 3 Labrasol
4 Brij 98 50 % w/w in ethanol
5 Gelucire 44/14 50 % w/w in ethanol
6 Solutol HS 15 50 % w/w in ethanol
7 Vitamin E TPGS 50 % w/w in ethanol
8 Ethanol
9 Propylene glycol
10 PEG 400
11 Transcutol HP
12 Arlasolve (dimethyl isosorbide)
13 Corn oil
14 Maisoel glyceride
15 Olive oil
16 Sesame oil
17 Soybean oil
18 Miglyol 812
19 Peceol (glyceryl monooleate)
20 Maisine 35-1 (glyceryl monolinoleate)
21 Capmul MCM
22 Lauroglycol FCC
23 Labrafil M-1944 CS
24 Labrafil M-2125 CS
25 Triacetin (glycerol triacetate)

The authors’ experience suggests that for Phase I/II studies MEPC/SEDDS are
recommended as a drink solution in a bottle. After confirmation of the efficacious
dose, MEPC/SEDDS could be formulated into a soft gelatin capsule with a volume
of 0.8—1.2 ml. Hence, it is essential that very high solubility and drug loading can be
achieved in the selected MEPC/SEDDS combinations. If efficacious doses selected
for later stages of development or commercialization are higher than 100 mg, the
MEPC/SEDDS in soft gelatin capsule approach can become less attractive option
as multiple units may be required to support the dosing regimen. Despite these
limitations, MEPC/SEDDS provide a viable formulation strategy for development
and commercialization, especially for NCEs with the potential to be first-in-class
therapy for lifesaving indications.

1.3.4.5 High-throughput Screening (HTS)

A discussion on enabling solid form and formulation technologies for toxicology
and early clinical studies will not be complete without highlighting the
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contributions of high-throughput screening technologies, automation, and minia-
turization. High-throughput screening has been routinely used in drug discovery
over several decades. However, its utility in areas of solid form screening (e.g.,
salts, polymorphs) and formulation screening (e.g., solid dispersion) has been
realized more recently (in past 10-15 years). Several fast-pace HTS platforms
along with state-of-the-art analytical tools are now available to the developability
assessment scientists that can provide valuable information with very small
amounts of material in a short duration of time (Korn and Balbach 2004, 2014).
Some of the major HT'S suppliers for liquid and solid handling are Zinsser Analyt-
ics, Tecan, Emerald Biosystems, Biodot, Freeslate (former Symyx), and
Chemspeed. Use of robots in conjunction with solid and liquid dispensers can
significantly enhance the efficiency/productivity of developability assessment
groups and enable the scientists to explore vast experimental spaces that would
not be practically possible using traditional manual approach. For example, iden-
tification of crystalline solid form can be a daunting task for a discovery stage NCE
and may require significant amounts of labor-intensive steps and utilize several
grams of API. However, with the availability of HTS platforms (96-well format), it
is now possible to screen hundreds and potentially thousands of experimental
conditions (e.g., solvents, temperature, etc.) using milligram amounts of API and
increase the likelihood of success in identifying desired crystalline form (Zheng
et al. 2012). An example of analytical equipment miniaturization is the micro-
dissolution apparatus (from pION) which reduces the amount of material needed for
assessment of how a compound will dissolve in the gastrointestinal environment.
Miniaturized dissolution helps in selecting and rank-ordering different salts or
co-crystal forms based on their respective dissolution rates in simulated physiolog-
ical conditions. It also helps understand the rate of precipitation of a compound
from different solid forms and formulations under physiological conditions which
can then be used in simulation models (e.g., Gastro Plus™) to predict the fraction
absorbed/bioavailability (Mathias et al. 2013).

Another noteworthy application of HTS is the design of solid dispersion formu-
lation by solvent evaporation. Using HTS platforms, scientists can simultaneously
screen up to 96 combinations of polymers and surfactants with minimal consump-
tion of the compound. For example, Zheng et al. demonstrated successful applica-
tion of HTS in developing a solid dispersion formulation for toxicology studies. In
their experimental design, a total of 64 variants containing 7 polymers and 7 sur-
factants were evaluated with a 10-50 % drug load of a compound using a 96-well
block. Dissolution rate/solubility of each variant was measured at two time points
(30 and 120 min) in physiologically biorelevant media to assess the potential of
solid dispersions to achieve a high concentration and the ability to maintain that
supersaturation for a length of time that would allow rapid absorption and increased
bioavailability. The most promising variants from dissolution and solubility data
were selected and scaled up via solvent evaporation using a rotary evaporator or
mini-spray dryer (Zheng et al. 2012).
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1.3.5 Recommendations for First-In-Human Studies
1.3.5.1 Solid Form

As already noted earlier, one of the most important functions of developability
assessment group is to recommend a developable solid form for Phase I studies and
possibly, for later stages of development and commercialization. The timing and
decision-making process for solid form selection could vary from one organization
to the other or from one NCE to the other. In the authors’ experience, identification
of a stable, developable solid form for a given NCE prior to initiation of
IND-enabling studies is a value-adding investment as it can significantly accelerate
the technical development timelines for API and drug product and at the same time,
minimize risks of failure and surprises during later stages of development. Due to
advancement and recent development of high-throughput technologies, the selec-
tion or recommendation of a stable solid form no longer requires 30-50 g of
material and 3—4 months of time. Such activities can now be completed with
approximately 2-5 g of material and 4-6 weeks of time (Korn and Balbach 2004,
2014; Zheng et al 2012; Saxena et al. 2009). The following key attributes should be
considered and incorporated in the solid form recommendation/selection process
while nominating a particular solid form for clinical studies:

(a) Crystalline.

(b) Non-hygroscopic (less than 2 % of moisture uptake up to 90%RH), especially
for an oral dosage form, for parenterals, hygroscopicity up to 5-10 % is
acceptable.

(c) Reproducible at manufacturing scale from mg to kg scale

(d) Reproducible crystal habit.

(e) Corrosivity: Few strong counter ions could lead to corrosive salts especially
halogenated salt. Hence, selection of a non-corrosive salt form is a must.

(f) Hydrate/solvates: stable, reproducible at manufacturing scale.

(g) Physically and chemically stable at accelerated conditions with minimum
2 years of shelf life at room temperature.

1.3.5.2 Biopharmaceutics

As building the right biopharmaceutical properties in NCEs is highly desirable
during early discovery stages, it is equally desirable to consider biopharmaceutical
properties while selecting the final solid form and formulation principle for clinical
studies. With advancement in simulation/modeling software, it is easy to simulate
the physiochemical properties of a NCE based on its chemical structure and predict
the in vivo absorption/exposure in humans as a function of dose based on solubility,
permeability, dissolution, and PK data in animals. These are prophylactic
approaches, which could save a lot of time and valuable resources spent in actual
experimentation. Moreover, these techniques could help identify the potential
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issues early on. An example of such simulation software is GastroPlus™ which is
useful in predicting the effect of particle size on absorption as a function of dose
(Kuentz et al. 2006). This could be useful, especially for compounds with poor
solubility and high permeability, where size reduction could lead to enhanced
dissolution rate/solubility and oral bioavailability. Thus, such simulation tools
could prove to be useful in guiding the formulator in evaluating the right candidate
for particle size reduction techniques such as nano/micro-milling. Presently, several
important simulation software are at different stages of their evolution and valida-
tion. Constant use and understanding of simulation techniques can eventually lead
to higher productivity, better utilization of resources, faster screening, and better
prediction of possible issues in humans.

In addition to the more sophisticated modeling tools, simple calculations such as
maximum absorbable dose (MAD) are very helpful tools for a developability
assessment scientist to predict risk of poor oral absorption in human and define
formulation goals to overcome such issues. The MAD equation, as shown below,
takes into account the permeability, converted to an absorption rate constant (Ka,
min~ ') (Hilgers et al. 2003), solubility (typically, measured in biorelevant media
such as simulated intestinal fluid at 1 h, 37 °C), GI residence time (270 min in
human), and GI volume (250 ml in human). Although the original MAD equation
was developed to predict oral absorption limitations in human, similar predictions
can be made in different animal species based on their respective physiologies
especially GI residence time and GI volume. A list of such parameters for different
animal species is shown in Table 1.6. Burton and other MAD references (Hilgers
et al. 2003; Curatolo 1998; Gu et al. 2007; Johnson and Swindell 1996) cite
approximately 270 min for a typical drug absorption window, and this has been
maintained here as most T;,.x values in the present study are within 2—3 h. Intestinal
volume can be selected based on animal species used to calculate MAD
(McConnell et al. 2008). The final maximum absorbable dose is normalized to an
average weight of animal models in kilograms, and therefore MAD units are
reported as milligrams of compound absorbed per kilograms of animal body weight
(mg/kg). Wistar Han rats of ~0.3 kg , ~10 kg beagle dogs, and ~4 kg cyno monkey
were utilized for the majority of studies (N =3 per in vivo test was typical).

MAD = Ka(min™") x S(mg/ml) x SITT(min) x STWV (ml) (1.3)

where MAD = maximum absorbable dose with units of mg (human) or mg/kg
(animal species)

(Note: To calculate MAD for animal species, divide the MAD obtained using Eq.
(1.3) by animal body weight (kg) to obtain MAD in units of mg/kg)

Ka =absorption rate constant (0.05 for medium to highly permeable
compounds)

S = Solubility (kinetic solubility is more relevant for absorption)

SIWV: Small intestine volume (250 ml in human)

SITT: Small intestine transit time (270 min in human)
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Table 1.6 Physiological parameters in multiple species to calculate maximum absorbable dose
(MAD)

Parameters Mouse Rat Dog Monkey Human

Intestinal volume (ml) 1.5 11.23 480 230 250 (small intestine)
Transit time (min) 90 88 111 180 275

Average body weight (kg) 0.04 0.3 10 5 70

Table 1.7 Maximum absorbable dose (in milligrams) in preclinical species and human

Solubility (mg/ml) Mouse Rat Dog Monkey Human
0.0001 0.02 0.02 0.03 0.04 0.3
0.005 0.8 0.8 1.3 2.1 17.2
0.01 1.7 1.6 2.7 4.1 34.4
0.015 2.5 2.5 4.0 6.2 51.6
0.5 84.4 82.4 133.2 207.0 1,718.8
0.75 126.6 123.5 199.8 310.5 2,578.1
1 168.8 164.7 266.4 414.0 3,437.5

Maximum absorbable dose as a function of compound solubility for preclinical
species and human is shown in Table 1.7.

1.3.5.3 Formulation Principle

Prior to the selection of a clinical formulation, a number of enabling formulation
approaches are usually explored for developing toxicology formulations especially
for NCEs with poor solubility/dissolution rate (Sect. 1.3.4.4). However, preclinical
tox doses are very high and depending on clinical SAD/MAD doses, the decision
needs to be taken proactively what formulation principles needs to be selected for
the clinical studies. A simple approach based on pharmacokinetic evaluation of a
compound at pharmacological dose with a solution and suspension formulation can
serve as a guiding tool in selecting a clinical formulation principle (Table 1.8).
One critical factor that needs to be considered while recommending a clinical
formulation is whether the NCE is being developed as a first-in-class indication or
best-in-class. For first-in-class target or indication, it is more important to validate
the biological target in preclinical species as well as clinical subjects as soon as
possible. Hence one needs to select/recommend the formulation principle which
will not be a limiting factor to in vivo exposure/bioavailability. Simple dosage
forms such as powder in bottle or drug in capsule are typically recommended in
such scenarios. These dosage forms are simple to develop and offer fastest devel-
opment path to get into the clinic. However, for NCEs anticipated to be best in
class, as the biological target is validated and the dose is very well understood from
preclinical to clinical species, in vitro/in vivo data can be used for prediction of the
efficacious dose in human. Hence, the authors’ experience indicates that for best in
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Table 1.8 Prediction of clinical formulation principle based on oral bioavailability comparison
from solution vs. suspension formulation of a NCE at pharmacological dose in animal species

Parameter Scenario 1 | Scenario 2 Scenario 3 Scenario 4
Oral bioavailability High High (>80 %) High (>80 %) |Low (<30 %)
from solution (>80 %)
Oral bioavailability High Low (<30 %) Medium (40— Low (<30 %)
from suspension (>80 %) 60 %)
Conclusion Easy to Exposure limited | Exposure lim- Permeability,
develop by solubility ited by dissolu- | efflux,
tion rate metabolism
Clinical formulation Powder- MEPC Salt, co-crystal, | Low likelihood of
principle (also con- in-bottle, (microemulsion dispersions, improving expo-
sider maximum capsule or | pre-concentrate), | micro or sure using formu-
absorbable dose, food | tablet solid solution nanoparticulate | lation
effects) systems technologies
9%NCE/BCS 5-15 60-75 (II) <5-10 V)
(I/IID)

class NCEs, it is recommended to develop a robust formulation for Phase I studies,
which could be ultimately developed as a commercialized product.

1.3.5.4 Risks and Mitigation Plans

Along with providing clear recommendations for developable solid form and
formulation strategy, developability assessment groups are also responsible for
highlighting risks associated with the developability of any given NCE and identify
necessary steps to mitigate those risks. Based on the authors’ experience, this
exercise of risk identification and mitigation planning is best done in a cross-
functional team environment comprising of all key contributors (e.g., technical
development functions, DMPK/safety groups, etc.). A comprehensive risk assess-
ment can also provide useful guidance to research teams on back-up programs and
prioritization.

Current data on discovery and development pipelines in pharmaceutical industry
suggest that more than 70 % of NCEs get terminated due to safety issues, 20 % due
to efficacy, 5 % due to poor pharmacokinetics, and 5 % due to biopharmaceutical
properties/formulation principle (Kola and Landis 2004, Khanna 2012). Often due
to complexity of the biological target or presence of on-target side effects, it is very
difficult to overcome these issues even with enabling technologies. Firstly, an
organization needs to think multiple times before selecting a high risk compound
for development especially if the high risk is driven by safety, efficacy, and poor
biopharmaceutical performance in human. For any given first-in-class target/mol-
ecule, the development risk is usually very high from a target validation perspective
as well as commercialization success perspective. Hence, in such instances, it is
important for the developability assessment group to give feedback to the research
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team to move on to new scaffolds or explore totally new targets for similar
indication. This, of course, should be a team decision and rather than wasting
further resources and time, it is better to move on to other promising leads or
targets rapidly. This mechanism helps a lot because the sooner the team terminates
a molecule or a program; the better it is for the organization to take on new
challenges (i.e., for the effective utilization of resources within the individual
departments as well as organization). Despite the drawbacks highlighted above in
selecting a high-risk candidate, the authors’ admit that a certain degree of risk-
taking is essential for any organization that thrives to be innovative and wants to
develop patient centric therapies and add value in patients’ lives.

A number of mitigation approaches can be put in place to de-risk promising
NCE:s especially the ones intended to be first-in-class for unmet medical needs. For
example, it is very important to identify a suitable animal model for developing a
robust PK/PD relationship which could translate into human. In addition, it is
equally important to develop the right biomarkers for target validation in humans.
Sometimes, due to novelty and complexity of a particular target or NCE, if none of
the above two approaches are feasible, it is advisable to either move away from
such targets or if absolutely critical, proceed into the clinic with two to three
promising lead candidates using a pharmacodynamic read-out and in parallel invest
time and efforts in developing new biomarkers. Some of the commonly observed
biopharmaceutical risks for NCEs include lack of a reliable human dose prediction
and food effects, especially for NCEs with narrow therapeutic index (TT). Effica-
cious human doses are usually difficult to predict when NCEs demonstrate signif-
icant species differences in their absorption, metabolism and elimination profiles or
due to lack of suitable animal models that can demonstrate a PK/PD/efficacy
relationship. As a result, it becomes very challenging for technical development
functions to develop robust formulation and dosing strategy for early clinical
studies. In such instances, it is recommended to proceed faster into the clinic with
a simple formulation principle such as powder in bottle, or drink solution in bottle
and determine the fate of the molecule sooner rather than later instead of resolving
the above issues/liabilities over several years. Food effects on pharmacokinetics of
orally administered NCEs can pose significant development hurdles for compounds
with narrow TI (Li et al. 2002, Jones et al. 2006, Gu et al. 2007, Lentz 2008). It is
always advisable to select a compound or use an enabling technology that can
minimize the impact of food on pharmacokinetics and safety that could be detri-
mental to patients and avoid any potential black-box warnings on commercial drug
product, which could lead to a significant competitive disadvantage. If early in vitro
and in vivo assessment in preclinical studies suggests the likelihood of food effects,
it is recommended that a fed/fasted investigation should be carried out in Phase I
studies at predicted efficacious doses.

Lastly, risks associated with the solid form such as unknown or poorly investi-
gated polymorphic landscape should be highlighted and mitigation plans should be
put in place to evaluate the polymorphs in a timely manner. For example, a final
polymorphic form should be selected prior to pivotal clinical trials and its impact on
exposure evaluated in a bridging clinical PK study. Poor physicochemical
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properties of a molecule such as density, particle size, shape, flow properties, and
compressibility, etc., can bring significant challenges to scale up and reproducibil-
ity of drug product manufacturing processes. A detailed analysis of the risks and
identification of corresponding mitigation plans is warranted as part of
developability assessment.

1.4 Enabling Delivery Technologies: Maximizing
the Potential of NCEs

It is now a well-known fact that discovery of NCEs with the right balance of
potency, safety, physicochemical properties, and biopharmaceutics is a highly
challenging and difficult task. Poor physicochemical properties such as solubility
or dissolution can be improved using a variety of approaches as noted in earlier
sections. In addition to these approaches, a number of enabling delivery technolo-
gies are now available with the potential to overcome challenges of poor safety
and/or efficacy. The development and commercialization of enabling delivery
technologies is a game-changing phenomenon for the pharmaceutical and biotech
industry especially in times when organizations continue to struggle in populating
their pipeline with developable NCEs. Enabling delivery approaches include but
are not limited to targeted delivery, controlled release applications, alternate routes
of administration and localized delivery.

The fundamental aim of enabling delivery technologies is to overcome poor
pharmacokinetics, efficacy and/or safety profile of an otherwise promising NCE
and maximize its potential for intended therapeutic benefit. For example, a NCE
with very high potency (e.g., clinical dose <1 mg) but poor oral bioavailability due
to hepatic first pass effects could be a great candidate for transdermal delivery.
Similarly, a NCE that is delivered intravenously could benefit from an inhaled route
of delivery if targeted site of action is in the lungs and high local concentrations are
required to maximize its efficacy or TI. It is, however, critical for a project team to
address whether a revised target product profile with new route of administration
would still be compatible with the organization’s strategy and ultimately benefit the
patient population. A number of controlled release technologies are available for
both oral and parenteral delivery to overcome safety issues (e.g., Cmax driven
toxicities), reduce medical care costs, improve patient compliance by reduced
frequency of dosing and ease of application. Significant advances have been
made in the field of localized delivery (e.g., ocular implants, intra-articular delivery
for joint disease and postoperative pain, etc.). Targeted delivery approaches based
on nanoparticles has been an area of extensive research for last couple of decades
especially in the field of oncology. For example, Doxil® is a pegylated liposomal
formulation of doxorubicin that was developed to improve the safety profile by
targeting doxorubicin at the site of action.
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Nanostructured biomaterials, nanoparticles in particular, have unique physico-
chemical properties such as ultra-small and controllable size (typically in the 1-
100 nm range) (Zhang et al. 2008), large surface area to mass ratio, high reactivity,
and functionalizable structure. These properties can be applied to facilitate the
administration and, thereby overcome some of the limitations of traditional thera-
peutics such as anticancer and antimicrobial agents. In recent years, encapsulation
of antimicrobial or anticancer drugs in nanoparticle systems has emerged as an
innovative and promising alternative that enhances therapeutic effectiveness and
minimizes undesirable side effects of NCE:s.

By loading NCEs into nanoparticles through physical encapsulation, adsorption,
or chemical conjugation, their pharmacokinetics and therapeutic index can be
significantly improved. Many advantages of nanoparticle-based drug delivery
have been recognized, including improved serum solubility of NCEs, prolonged
systemic circulation lifetime, drug release at a sustained and controlled manner,
preferential delivery to the tissues and cells of interest, and concurrent delivery of
multiple therapeutic agents to the same cells for combination therapy (Zhang et al.
2010; Davis et al. 2008; Peer et al. 2007; Wagner et al. 2006). Moreover, drug-
loaded nanoparticles can enter host cells through endocytosis and then release drug
payloads to treat infected or cancerous cells. As a result, a number of nanoparticle-
based drug delivery systems have been approved for clinical uses to treat a variety
of diseases and many other therapeutic nanoparticle formulations are currently
under various stages of clinical tests (Zhang et al. 2010; Wagner et al. 2006).
Knowing the vast scope of nanoparticle drug delivery, the authors would like to
focus on the development and application of nanoparticles for anticancer and
antimicrobial drug delivery.

An interesting example of nanoparticle-based targeted delivery for anticancer
agents is the intravenous injection of magnetic particles (i.e., ferrofluids) bound to
anticancer agents that can be concentrated in the desired area (e.g., the tumor) by
applying an external magnetic field. In one study, experimental VX-2 squamous
cell carcinoma was implanted in the median portion of the hind limb of
New Zealand White rabbits (n =26). When the tumor had reached a volume of
approximately 3,500 mm®, FF-MTX (methotrexate) was injected intraarterially
(i.a.; femoral artery) or i.v. (ear vein), whereas an external magnetic field was
focused on the tumor. FF-MTX i.a. application with the external magnetic field
resulted in a significant (p < 0.05), complete, and permanent remission of the
squamous cell carcinoma compared with the control group (no treatment) and the
i.v. FF-MTX group with no signs of toxicity. The intratumoral accumulation of FFs
was visualized both histologically and by magnetic resonance imaging. Thus, it
suggests that i.a. application of FF-MTX is successful in treating experimental
squamous cell carcinoma. This "magnetic drug targeting" offers a unique opportu-
nity to treat malignant tumors locoregionally without systemic toxicity (Alexiou
et al. 2000). Lipid-based nanocarriers have proven successful in the delivery of
mainly chemotherapeutic agents, and currently they are being applied clinically in
the treatment of various types of cancer. These drug delivery systems achieve
increased therapeutic efficacy by altering the pharmacokinetics and biodistribution
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of encapsulated drugs, resulting in decreased drug toxicity and enhanced accumu-
lation in tumor tissue. This increased accumulation is due to the relatively leaky
immature vasculature of the tumor. More advanced targeted nanocarriers in general
have clearly shown their potential in various animal tumor models and await
clinical application. The development of targeted nanocarriers in which therapeutic
and imaging agents are merged into a single carrier will certainly be of importance
in the near future. Indeed, scientists active in the field of imaging (e.g., nuclear and
magnetic resonance imaging) have already started to exploit nanocarriers for
molecular imaging. Image-guided drug delivery using these multifunctional
nanocarriers containing therapeutic and imaging agents will ultimately allow for
online monitoring of tumor location, tumor targeting levels as seen in previous
examples, intratumoral localization and drug release kinetics prior and during
radio- and/or chemotherapeutic treatment (Koning and Krijger 2007).

Several nanoparticle-based approaches such as liposomes, polymeric
nanoparticles, solid lipid nanoparticles and dendrimers have been widely investi-
gated as antimicrobial drug delivery platforms, of which several products have been
introduced into the pharmaceutical market (Zhang et al. 2010).

A few examples of each of these delivery platforms for antimicrobials are listed
in Table 1.9.

In summary, there are more than dozens of targeted delivery technologies in
preclinical and clinical development. For example, there were over 1,500 injectable
delivery technologies including targeted delivery, depot systems, and technologies
for water-insoluble candidates at various stages of development and commercial-
ization (Source: Pharmacircle® 2013). It is estimated that by 2020, the commercial
value of products utilizing enabling technologies would be close to $20 billion.
Considering the significant advancements, projected commercial growth and most
importantly, the opportunity to develop breakthrough therapies for unmet medical
needs, it is almost inevitable for pharmaceutical and biotech organizations to get
heavily involved in the area of enabling delivery technologies (through internal
capacity build-up or partnering with external companies) and maximize the poten-
tial of their NCEs as well as their existing clinical or commercial candidates.

1.5 Summary/Concluding Remarks

The process of drug discovery and identification of developable NCEs is a multi-
faceted approach. Although, the ultimate goal is to identify a candidate that meets
all the desired criteria for an intended target product profile (e.g., potency, physi-
cochemical, biopharmaceutics, efficacy, safety, etc.), realistically it is not always
feasible to achieve the right balance of all desired properties. It is therefore essential
for organizations to have, at least in some capacity, a developability assessment
group in place that can add significant value to the candidate selection process. The
roles and responsibilities of developability assessment group are much broader than
only preparing dosing formulations for preclinical studies. It is essential that a
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Table 1.9 Nanoparticle-based delivery systems for antimicrobial drugs

Delivery Targeted
Drug technology microorganism | Activity Reference
Polymyxin B Liposomes Pseudomonas Decreased bacteria Omri
aeruginosa count in lungs, et al. (2002)
increased
bioavailability
Amphotericin B Liposomes Aspergillus Delivery at infection | Takemoto
Sfumigatus site et al. (2004)
Amphotericin B Polymeric Candida Showed lower Espuelas
nanoparticles albicans in vivo toxicity due | et al. (2003)
to reduced accumu-
lation in kidney and
liver
Rifampicin, iso- Polymeric Mycobacterium | Improved pharma- Ahmad
niazid, nanoparticles tuberculosis cokinetic and et al. (2006)
pyrazinamide, showed high thera-
and ethambutol peutic efficacy
Tobramycin Solid lipid nano | Pseudomonas Increased drug Cavalli
particles aeruginosa bioavailability et al. (2002)
Clotrimazole Solid lipid nano | Yeast, Asper- Showed prolonged Souto
particles gilli, drug release, et al. (2004)
dermatophytes | improved physical
stability and high
encapsulation
efficiency
Sulfamethoxazole | Polyamidoamine | Staphylococcus | Showed sustained Abeylath
(PAMAM) aureus drug release and et al. (2008)
dendrimers increased
antibacterial activity
Artemether PEGylated lysine | Plasmodium Increased drug sta- | Bhadra
based copoly- falciparum bility, enhanced sol- | et al. (2005)
meric dendrimer ubility of artemether
and prolonged drug
circulation half-life

developability assessment scientist provides timely feedback to research project
teams on incorporating the right physicochemical and biopharmaceutical properties
in their lead candidates or scaffolds, as well as performs detailed risk assessment on
solid form and formulation strategies. A number of in silico and high-throughput,
material saving in vitro technologies are now available for a developability assess-
ment group to perform the above-mentioned activities in a short period of time
while utilizing minimal amounts of material. However, the availability of tools and
technologies alone does not guarantee a successful outcome from the developability
assessment function. What makes a developability assessment group ultimately
successful is the right choice of personnel who can strike the perfect balance of
technical expertise, excellence in cross-functional communication, multi-tasking
abilities and a can-do attitude. In addition to the significant value-adding



1 Developability Assessment and Risk Management During Drug Discovery 41

contributions in selecting developable candidates, the developability assessment
group should be heavily involved in maintaining most up-to-date knowledge base
on enabling delivery technologies and bring new ideas or new product opportunities
to the attention of project teams on an on-going basis. In summary, developability
assessment groups have proven to be a valuable asset for pharmaceutical organi-
zations involved in the discovery and development of NCEs and will continue to
reap more benefits in the future.
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Chapter 2

Discovery Formulations: Approaches
and Practices in Early Preclinical
Development

Shobha N. Bhattachar, David M. Bender, Stephanie A. Sweetana,
and James A. Wesley

2.1 Introduction

Technological innovations in biology, chemistry, and medicine have provided the
pharmaceutical industry a wealth of targets and molecules with the potential to treat
diseases once thought intractable to drug therapy. These advances have brought about
a renaissance in the industry and current estimates suggest there are more than 5,000
potential new medicines in human testing, a high percentage of which would be
considered “first in class” (Long and Works 2013). It has been suggested that
pharmaceutical portfolios have shifted from commercially crowded therapeutic
areas where the probability of approval is high to less crowded areas with novel
targets and subsequent lower approval rates (Scannell et al. 2012). Additionally, there
is a growing recognition that modulation of multiple targets (e.g., magic shotguns)
rather than a single target (e.g., magic bullet) by a drug may provide greater
therapeutic benefit to the patient (Roth et al. 2004; Morphy 2010; Gleeson
et al. 2011). These transformations have resulted in a decline in new drug approvals
and more importantly, a gradual but significant shift out of conventional druggable
chemical space (Pammolli et al. 2011). The consequential increase in complexity,
both in terms of the molecules and their biological targets, combined with the
increasing need to work in an efficient and cost-constrained environment has neces-
sitated an evolution in the role of pharmaceutical sciences in discovery support.
Traditionally, the pharmaceutical scientist participated on discovery teams only
in the later phases of lead development or in the lead optimization phase, and their
role was largely to assess the development risks (developability) of the molecule
advancing to clinical dosing (Venkatesh and Lipper 2000). These activities, while
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Fig. 2.1 TIllustration of connectivity between pharmacology, pharmacokinetics, pharmacodynam-
ics, toxicology and clinical dose range, and the relevance of discovery formulations and impact on
clinical studies

important, have been augmented to include early discovery formulation support
related to building a basic understanding of biology through in vivo target valida-
tion and demonstration of proof of mechanism (Neervannan 2006; Li and Zhao
2007; Shah and Agnihotri 2011). In addition, the desire to shorten development
timelines while placing greater emphasis on patient centered design and delivery
has brought about the need for development strategy discussions to start to take
place earlier in preclinical development. Pharmaceutical scientists are ideally
positioned to provide this type of support to project teams, given their knowledge
of the physicochemical properties of compounds and training in formulation devel-
opment (Hageman 2006). Formulations can profoundly impact drug release,
absorption, and metabolism, which influence the resulting pharmacokinetic
(PK) profile and the associated pharmacodynamic response. Thus, formulation
and drug delivery technologies play an important role in in vivo discovery efforts.

The in vivo studies performed in the preclinical setting can broadly be classified
as pharmacology, pharmacokinetic, and toxicology studies. The goals and chal-
lenges of these studies are diverse. Connectivity of key data collected from these
studies, their impact on clinical formulation development, and ultimately on the
in vivo clinical performance is illustrated in Fig. 2.1. The main output from
pharmacology studies is the pharmacologic response (in the form of pharmacody-
namic outcome, receptor occupancy, etc.) as it relates to in vivo plasma concentra-
tion or exposure of the compound. The primary outputs from a pharmacokinetic
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Table 2.1 Preclinical formulations for in vivo studies in discovery: goals of studies and role of

formulations
Lead optimization and
clinical candidate
Target to hit Hit to lead selection
Pharmacology | Proof of concept/ Compounds of interest Nonoral routes of
target validation from cell-based potency administration less com-
studies. screens tested for in vivo | mon (if intent is oral
activity. Multiple scaf- dosing of clinical
folds not uncommon. candidate).
Wide range of concen- Studies focused on a
trations to test for activ- thorough assessment of
ity, target selectivity, and | in vivo pharmacology for
durability. selection of clinical
Time course and dose candidate.
range assessments to
understand on-target and
off-target effects. Some
studies done using
nonoral formulations
(e.g., IP or SC route).
Most formulation recom-
mendation is based on
assessment of selected
compounds from each
scaffold and vehicle
effect considerations.
Mostly limited to Formulations for expen-
1 or 2 tool com- sive studies are based on
pounds, generally compound-specific
with poor (or lot specific) assess-
druggability. ments. Physical and
Single dose studies. | chemical stability data
Frequently high generated as needed.
concentrations
needed at the
target.
Nonoral routes of
dosing
commonly used.
PK/ADME Limited to assess- PK assessment in rodents | Rodent and nonrodent

ment of ADME
properties of tool
compounds in
rodents

to get basic understanding
of clearance mechanisms
and PK properties as they
relate to scaffolds. Goal is
to assist in selection of
lead scaffold.

PK studies. Dogs are the
most common nonrodent
species.

Scaffold-wise formula-
tion recommendation
based on physicochemi-
cal properties of

Oral absorption and
metabolism parameters
must be acceptable for
oral dosing of clinical
compound.

Solubility and solid state
data on material going

(continued)
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Target to hit

Hit to lead

Lead optimization and
clinical candidate
selection

representative com-
pounds. Basic crystallin-
ity data on compounds of
interest to inform formu-
lation properties and/or
absorption modeling.

into dog studies is essen-
tial. High emphasis on
the absorbable dose in
humans and potential
need for enabled
formulations.

Formulation or study
design options for over-
coming PK variability
associated with dog gas-
tric pH may be used.

Toxicology No in vivo studies Short-term rat toxicology | Short-term rat toxicology
study on one or two com- | studies, followed by lon-
pounds to support lead ger term or pilot toxicol-
declaration. Doses up to ogy studies to support
1,000 mg/kg not uncom- | clinical candidate
mon depending on selection.
potency data from phar- | Rodent and nonrodent
macology studies. species.

Developability | None Preliminary assessment of | Definitive assessment of

considerations

developability to guide

commercial

SAR. developability and
understanding of associ-

ated risks.

study are the absorption, distribution, and clearance parameters for that compound
as it relates to the species used in the study. These data feed into the generation of
the pharmacokinetic—pharmacodynamic (PK-PD) model which describes the dose—
concentration—effect relationship. Plasma exposures pertaining to the safety of the
compound come from toxicology studies and provide a no observed adverse effect
level (NOAEL), a level of exposure where there is no biologically significant
increase in adverse effects compared to control. With appropriate scaling between
species and the expected in vivo performance of the clinical formulation, the
projected absorption and plasma exposures in the clinical dose range are
established. Thus, while the formulations used for the various in vivo studies may
be different, the outcomes of the studies are highly connected and have an impor-
tant bearing on the design and execution of early clinical studies. Analysis of early
clinical data enables further refinement of the models for next generation discovery
efforts. In addition, the availability of exposure data from human studies allows for
assessment of the performance of the drug product and provides a context for
computational simulations of modified delivery systems, should the human phar-
macokinetic profile suggest they are needed.

Table 2.1 summarizes the distinctive features and goals of preclinical in vivo
studies based on the general type of the studies and the discovery phase during



2 Discovery Formulations: Approaches and Practices in Early Preclinical. . . 53

which they are conducted. As noted in the table, formulations used in the early
phases of discovery are geared toward target validation and/or proof of concept,
with little or no developability considerations for the compounds or the formula-
tions tested. As discovery programs progress toward lead declaration and subse-
quent optimization however, developability considerations take on increasing
importance and the formulations used must be selected accordingly.

Strategies used in the development and assessment of preclinical formulations,
and their application in the different types of in vivo studies will be discussed in the
sections that follow.

2.2 Discovery and Preclinical Formulation Approaches

Formulation approaches to deliver molecules in the preclinical setting include
suspensions, solutions, and amorphous dispersions administered as solids or in
aqueous vehicles and each is discussed briefly below. These general approaches
to formulation development, particularly related to solubilization, have been exten-
sively reviewed and therefore, emphasis in this chapter is placed on application in
the preclinical setting. The development of an overall formulation strategy to
support in vivo studies should be considered carefully as it can reduce cycle time
and resources. This strategy must be comprehensive, encompassing early studies
designed to identify and validate drug targets, to long-term toxicology studies and
ultimately, to support clinical studies in man. A focus on developing these types of
strategies is presented in the next section, followed by a detailed discussion around
practical considerations and examples for various types of studies, including phar-
macology, ADME, toxicology, and alternate drug delivery.

2.2.1 Suspension Formulations and Nanosuspensions

Suspension formulations are the most widely used formulations in the discovery
phase, owing to their ease of preparation and applicability to a wide variety of
chemical platforms. In general, suspensions may serve as surrogates for exposure
predictions from a standard human dosage form (capsule or tablet), provided the
solid state properties of the compound are reflective of the API form to be
developed. Standard suspension vehicles include a 1-10 % mixture in water of a
cellulose polymer, such as methylcellulose, hydroxyethylcellulose, or acacia,
accompanied by low levels (0.1-0.2 % w/v) of a nonionic surfactant such as
polysorbate 80 to facilitate wetting. Use of nonionic components can minimize
agglomeration due to charge interactions with ionizable drugs. Common practice in
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the discovery setting is to reduce the particle size of the suspension using ultrasonic
probe sonication, thereby creating more favorable properties for dissolution and
absorption. With appropriate equipment configuration, a mean particle size diam-
eter of 10 pm can routinely be achieved. One of the challenges with suspensions is
that early lots of material often have less than ideal physical properties, which can
include amorphous material or mixtures of amorphous and crystalline forms. This
batch-to-batch variability can confound interpretation of in vivo results if consistent
characterization of material in the dose preparation is not conducted. Additionally,
the physical stability of the suspension must be monitored to ensure no form
changes are occurring which may impact exposure. Daily preparation may help to
avoid the need for this testing.

The use of nanoparticle formulations has much precedence in the discovery
setting (Rabinow 2004). Nanoparticles are submicron (<1 pm) solid colloidal
systems in which the drug is in a colloidal state of subdivision. This is in contrast
to micronized drug where particles in the 2-5 pm range are typically achieved.
Nanoparticles have a greater total surface area than the same mass of larger
particles, resulting in increased dissolution rate. At very small particle sizes (e.g.,
<200 nm), saturation solubility may increase, however, the predicted increase is
small, approximately 10-15 % at a particle size of 100 nm, according to the
Freundlich—Ostwald equation (Kesisoglou et al. 2007). Nanoparticulate suspension
formulations can be prepared on a small scale and in a short time frame using a
variety of techniques (Merisko-Liversidge and Liversidge 2008) and can be admin-
istered by multiple routes (oral, intranasal, intraperitoneal, or intravenous). Key
considerations in formulating nanoparticulate suspensions include appropriate
choices of: (a) wetting agents for suspension formation and (b) polymers to coat
the particles in order to create adequate steric hindrance for prevention of aggre-
gation and particle growth. The nanomilling process should be optimized to achieve
a very tight range for particle size distribution in the final product. This minimizes
Oswald ripening and consequent particle growth in the suspension (Van
Eerdenbrugh et al. 2008). Characterization should be performed in appropriate
in vitro screens under biorelevant conditions, to ensure that the particles do not
agglomerate upon dosing (Kesisoglou and Mitra 2012). The physical stability of the
formulation should be monitored to ensure that no crystal form changes or
undesired particle growth occurs during the intended shelf life. Formulating
nanosuspensions for discovery is covered in Chap. 3.

2.2.2 pH Adjustment

Ionizable compounds with pKa’s in the biorelevant range can often be formulated
as pH adjusted solutions. The Henderson—Hasselbalch equation describes the
relationship between the pH, pKa, and relative concentrations of the ionized and
unionized forms of the compound in solution. The solubility of the ionized form is
generally much greater than the solubility of the neutral form, and so the pH is
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modified in the direction of greater ionization as shown in Fig. 2.2 in order to
achieve solubilization. Dilute solutions of sodium hydroxide or hydrochloric acid
are most commonly used for pH adjustment. The final pH of the formulation should
be monitored to ensure it is within an acceptable range for administration to
laboratory animals, typically between pH 2 and 9 for oral administration. Chemical
stability of the compound at the desired pH should also be verified. For compounds
with high pH-dependent solubility in the pH range of the gut (pH 2-7), buffered
systems may be used for short-term studies to minimize the risk of precipitation
within the gastrointestinal tract. For parenterally administered formulations with a
pH outside the range of approximately pH 6-8, it is important to make sure that the
buffer capacity is sufficiently low (generally solution molarity should be ~25 mM
or less) so as not to cause venous irritation.

Although pH adjustment increases the total amount of drug in solution, it should
be recognized from the standpoint of oral absorption, it is the nonionized species
that is more readily absorbed across the intestinal mucosa. In order to appreciate the
effects of pH modification on solubility, it is necessary to consider the behavior of
the various species present in equilibrium. The pH at which the ionized and
unionized species are both saturated is referred to as the pH,,.x (Fig. 2.2). For
basic compounds passing from the region of pH,,,x to regions of higher pH during
GI transit, the equilibrium solubility at the corresponding pH could induce precip-
itation. However, depending on the intrinsic properties of the compound, or the
composition of the local environment, it is fairly common for compounds to remain
in a metastable state known as supersaturation for a significant duration of time.
This increases the thermodynamic activity in the GI tract leading to enhanced flux
and subsequent exposures (Pole 2008). However, supersaturation can also lead to
precipitation of an acidic drug in the stomach, and a basic drug in the intestine,
possibly leading to low and/or variable exposure. Precipitation can sometimes be
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inhibited or reduced by the use of polymers added to the vehicle (Warren
et al. 2010; Xu and Dai 2013).

Another effective method for obtaining a solution formulation via pH adjust-
ment is the formation of an in situ salt, which is accomplished by adding molar
equivalents of an acidic or basic counterion to the free form of an ionizable
compound. This technique takes advantage of the different equilibrium constants
(Ksp’s) that arise when different ions are present in a saturated solution of an ionic
compound (Tong and Whitesell 1998). It is also useful when compounds prove
difficult to formulate due to solid state issues encountered with the free form, such
as poor suspendability or stickiness of the material in the formulation media. While
the selection of an appropriate salt form is an important aspect of drug develop-
ment, it is not usually practical to conduct a traditional salt screen in the early
discovery phase. This challenge is readily overcome by the formation of an in situ
salt. Typically, the pKa of the counterion selected should be approximately 2 pKa
units away from that of the free form. For a basic compound, the counterion should
have a pKa that is at least 2 units lower than the free form while for an acidic
compound, the pKa should be at least 2 units higher than the free form. Due to the
small amounts of material required, a number of different counterions can be
screened rapidly in order to select the most desirable for use. It should be empha-
sized that since the primary goal of this approach is to find an aqueous formulation
that offers the best solubility advantage, no consideration is given as to the long-
term viability of the salt form identified.

2.2.3 Cyclodextrin Complexation

Cyclodextrins are cyclic sugar oligomers and their use in drug solubilization has
been reviewed extensively (Stella and He 2008; Loftsson and Brewster 2010;
Kurkov and Loftsson 2013). Cyclodextrins possess a hydrophilic exterior and a
hydrophobic core, and therefore the primary mechanism of solubilization is due to
the ability of these agents to form noncovalent inclusion complexes with lipophilic
drugs. If the cyclodextrin—drug complex results from a 1:1 interaction, solubility
increases linearly as a function of cyclodextrin concentration as shown in Fig. 2.3.
The primary advantage this offers is low risk of drug precipitation upon dilution.
Upon administration, dilution and competitive binding with plasma components are
the major driving forces for dissociation of the complex (Stella et al. 1999; Kurkov
et al. 2012). In most cases, dissociation is complete, providing rapid release of drug.
However in a few cases, where the drug—cyclodextrin binding constant (K) is
reported to be very high (>1 x 10° M), an effect on drug disposition has been
observed (Charman et al. 2006). The importance of the binding constant has been
detailed in an excellent review (Carrier et al. 2007) and these authors state that most
poorly soluble drugs will have increased oral bioavailability when dosed as a
cyclodextrin complex provided the binding constant is below 1x 10* M. Equally
important is consideration of the drug and cyclodextrin concentrations in the



2 Discovery Formulations: Approaches and Practices in Early Preclinical. . . 57

A
Cyclodextrins
and 7’
Surfactants -
e
. -

= No Supersaturation P
= o e ‘5 Cosolvents
= Due to Dilution
=
=
S
15}

Level of Supersaturation
Due to Dilution

>

Fraction of Solubilizing Agent
Cosolvent/Surfactant/Complexation

Fig. 2.3 Solubilization techniques—solubility vs. dilution. The dilution of cosolvent systems can
result in supersaturation followed by precipitation. Cyclodextrins and surfactants typically
increase solubility in a linear manner and therefore dilution does not result in supersaturation

formulation since these will influence the complexation equilibrium. In vivo per-
formance may be impacted in cases where dilution is minimal (e.g., intranasal,
intramuscular) or if concentrated, large volumes of cyclodextrins are administered
orally (Stella and He 2008). This may be due to decreased uptake of the drug
through biological barriers containing unstirred water layer (UWL) that exists
between the membrane and bulk water (Loftsson and Brewster 2011) and a
decrease in the free fraction available for permeability (Miller and Dahan 2012).
The cyclodextrins most commonly used in discovery and development are
2-hydroxypropyl-p-cyclodextrin (HPBCD) and sulfobutylether-p-cyclodextrin
(SBEBCD). These cyclodextrins are highly water soluble with solubility
>500 mg/mL and have been extensively characterized with regard to safety profile
and material properties. While both cyclodextrins are found in US marketed
parenteral formulations, preclinical data suggests SBEBCD may be preferred for
parenteral administration due to lower in vitro hemolysis compared with HPBCD
(Shiotani et al. 1995; Luke et al. 2010).

Typical cyclodextrin use concentrations are approximately 10-20 % w/v. For
example, the amount of cyclodextrin required for solubilization, given a target drug
solubility of 10 mg/mL, a molecular weight of 500, and a 1:1 complex formulation,
is 5 % w/v SBEBCD (average MW 2,163) or 2.8 % w/v HPBCD (average MW
1,400). Cyclodextrin complexation is often used along with complementary
approaches such as pH adjustment and low levels of polymers to improve the
extent of solubilization. In particular, SBEPCD carries a negative charge at phys-
iological pHs due to the low pKa of the sulfonic acid groups. As a result, through
charge attraction, cations may bind better than the neutral form to SBEBCD.
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Thus, solubility screens include both neutral and ionized forms of the compound,
where appropriate. In silico methods to predict binding constants, and therefore
those compounds most likely to form complexes, are under development and may
further guide compound selection in the future (Rao and Stella 2003).

2.2.4 Surfactants

Surfactants are amphiphilic molecules containing both hydrophilic and hydropho-
bic regions. In aqueous solutions at concentrations above a critical micelle concen-
tration (CMC) they form aggregates, such as micelles, where the hydrophilic region
is oriented to the bulk media and the hydrophobic region is oriented toward the
core. They can be useful additives when hydrophobicity of compounds is the
limiting factor for solvation in aqueous media, or when the molecule itself is
amphiphilic. Solubility of compounds that are amenable to this approach generally
increases in a linear manner with increasing surfactant concentration. As a result,
the risk of precipitation upon dilution of surfactant-based formulations is minimal
as depicted in Fig. 2.3. Several authors have published lists of common surfactants
and typical formulation concentrations for both oral and IV use (Neervannan 2006;
Li and Zhao 2007; Strickley 2008). Examples of commonly used surfactants
include polysorbates (e.g., Tween 80) and polyoxyl castor oil (Cremophor EL). In
general, the primary challenge with the use of surfactants in preclinical formula-
tions is the large amounts of these excipients typically required for solubilization,
which are associated with tolerability issues. Hypersensitivity reactions have been
well documented following intravenous administration of certain surfactants such
as Cremophor EL and polysorbate 80 to sensitive animals (particularly dogs) and
humans (Lorenz et al. 1977; 1982; Weiss et al. 1990; ten Tije et al. 2003). Changes
in plasma clearance with the use of surfactants have been reported both in vitro and
in vivo (ten Tije et al. 2003; Bravo et al. 2004; Bittner et al. 2005). Inhibitory effects
on intestinal drug transport processes such as P-glycoprotein (P-gp) efflux are well
established for numerous surfactants and details have been compiled in a review
(Williams et al. 2013). Thus, care must be taken in interpretation of pharmacoki-
netic and pharmacodynamic data generated in the presence of high concentrations
of surfactants. The use of Vitamin E-TPGS to increase the bioavailability of poorly
soluble drugs is well document (Li et al. 2012). However, oral administration of
Vitamin E-TPGS in longer term studies may result in absorption of p-a-Tocopheryl
(Vitamin E) by the hydrolysis of the TPGS moiety (Traber et al. 1986; Dimitrov
et al. 1996; Jacquemin et al. 2009). This can lead to exposures to Vitamin E that
potentially could complicate interpretation of pharmacology or safety studies.
Therefore, the nature of the surfactant and level of use should be carefully consid-
ered in designing formulations.
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2.2.5 Cosolvents

Organic cosolvent systems can be powerful solubilizing agents for molecules in the
discovery setting. Cosolvents alter the polarity of aqueous systems to provide a
more favorable solubilization environment for nonpolar solutes. Most cosolvents
are characterized by hydrogen bond donor and acceptor groups that interact
strongly with water and help ensure mutual miscibility in practically any propor-
tion. They also have small hydrocarbon regions that do not interact strongly with
water. These hydrocarbon regions reduce the ability of the aqueous system to
squeeze out nonpolar solutes. As a result, cosolvency is a highly versatile and
powerful means of solubilizing nonpolar solutes in aqueous media (Yalkowsky
1999). Typical cosolvents include N-methyl pyrrolidone, 2-pyrrolidone, dimethyl-
sulfoxide, polyethylene glycol 400, and dimethylacetamide. The solubility profile
as indicated in Fig. 2.3 follows a log-linear relationship with cosolvent concentra-
tion. Therefore, cosolvent-based formulations, if formulated near their solubility
maximum, will supersaturate upon dilution during parenteral or oral administration.
With supersaturation comes the possibility of precipitation in the in vivo environ-
ment causing low or variable exposure. Orally, this may sometimes be mitigated
using small amounts of polymers or surfactants (Gao et al. 2004; Xu and Dai 2013).
Toxicity and tolerability of cosolvents should be a consideration and often limit
their use for studies with high dose requirements (necessitating larger volumes of
cosolvents to be dosed) or studies with long duration (such as toxicology testing).
When used in parenteral formulations, hemolysis may occur, which can cause pain
due to the release of hemoglobin from erythrocytes into the plasma. An in vitro
screening approach, as described by Reed and Yalkowsky (1985) may be used to
evaluate the hemolytic potential of formulations. Additionally, cosolvents (partic-
ularly PEG400) have been shown to interfere in mass spectrometry based
bio-analytical methods due to ion suppression, in which the analytical response
for the compound of interest is reduced due to the coelution of an excipient (Larger,
Breda et al. 2005). Once identified as an issue, this problem can generally be
overcome, either by altering the HPLC method or by reducing or eliminating the
excipient responsible for interference.

2.2.6 Lipids

Lipid-based formulations can be an attractive formulation approach for molecules
with high log P (>4). These formulations can include simple oils to emulsions,
microemulsions, self-emulsifying and self micro-emulsifying drug delivery sys-
tems (SEDDS/SMEDDS). SEDDS and SMEDDS are mixtures of lipids, surfac-
tants, and cosolvents that disperse in aqueous media to form emulsions or
microemulsions and have been effectively used to increase exposure of highly
lipophilic molecules and been reviewed extensively in the literature (Porter
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et al. 2008; Pouton and Porter 2008; Williams et al. 2013). The in vivo performance
of these formulations depends on how they are processed in the gastrointestinal
tract. For example, formulations composed of long chain triglycerides undergo
lipolysis and the digestion products are further solubilized by bile salt-lecithin
complexes, resulting in the formation of fine colloidal dispersions that bypass first-
pass metabolism and are predominantly absorbed through the intestinal lymphatic
system. Thus, bioavailability of compounds formulated in this manner can be
greater than what might be achieved when solubilized compound is absorbed
through the standard mechanism via the portal system. For example, lipid-based
formulations make it possible to effectively deliver testosterone derivatives via the
oral route by targeting the lymphatic system and reducing first pass liver exposure
(Dudley 2011; Yin et al. 2012). In order for compounds to be amenable to these
formulations, their solubility in the lipid system should be sufficiently high to
support the dose requirements for animal studies. This is often a limitation to the
use of this formulation approach. Additionally, chemical and physical stability of
the compound in the vehicle/dosage form can sometimes be a major hurdle for
long-term use and should be studied carefully (Pouton and Porter 2008). The impact
of lipid-based components on the clinical pharmacological parameters being
assessed in the study, and their safety and tolerability also need to be assessed as
they can significantly restrict the amounts used and the duration of the studies.
Despite the barriers, it is possible to leverage the numerous advantages offered by
lipid-based formulations. A recent review by Chen et al. describes an effective
strategy for incorporating lipid-based formulations into discovery flow schemes,
such that the properties of the chemistry templates can be appropriately influenced
in order to make them viable candidates for lipid-based formulations. This is
especially valuable when the intrinsic properties of the biological targets do not
lend themselves to ligands that can be delivered through conventional formulation
approaches (Chen et al. 2012).

2.2.7 Solid Dispersions and Supersaturation

Amorphous solid dispersions are enabled oral formulations that have received a
great deal of attention in the discovery phase. This is primarily due to the observed
increases in exposure in animal and human testing, the small scale in which solid
dispersions can be manufactured, and relative safety of the excipients used. Amor-
phous solid dispersion formulations are dispersions of amorphous drug in a carrier
matrix (usually a polymer). They form supersaturated solutions upon dosing,
thereby increasing the flux across the intestinal membrane. With appropriate choice
of the polymer, it is often possible to sustain the duration of supersaturation for
several hours, thereby overcoming absorption limitations due to low equilibrium
solubility. Polymers and other excipients used to make amorphous solid dispersions
generally have greater acceptable daily intake (ADI) amounts compared to the
excipients used to make the simpler formulations described in the previous
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paragraphs, which makes solid dispersions an attractive option for longer term
studies. A number of innovative products have reached the market in recent years
which have been developed as solid dispersions in order to overcome solubility
limitations of the crystalline forms of the drugs that were found to negatively
impact the performance of the drug product (Vo et al. 2013). The use of amorphous
solid dispersion formulations in discovery has also been described (Verreck
et al. 2003; Vasconcelos et al. 2007; Bikiaris 2011). In our experience at Lilly,
amorphous solid dispersions have been successfully applied for oral dosing in both
toxicology and clinical studies and have resulted in significant improvements in
plasma exposure and decreases in variability compared to conventional formula-
tions with crystalline material.

Solid dispersions present a greater level of complexity when compared to the
other formulation approaches that have been described. They require greater
resources for formulation development and preparation of supplies for in vivo
studies. In addition, the chemical and physical stability of the solid dispersion
formulation must be carefully evaluated to ensure that it possesses sufficient
handling and storage characteristics for use in the desired study. Briefly, the
development process includes small-scale experiments to select the drug—polymer
combination that results in the best dissolution profile, followed by a slightly larger,
but still milligram scale set of experiments, to assess thermal properties and
physical/chemical stability of the formulation (Six et al. 2004; Vandecruys
et al. 2007; Qian et al. 2010). Owing to the nature of the manufacturing processes
for amorphous solid dispersions, adequate overages need to be built in to material
estimates to cover for loss during production and handling. This option is therefore
utilized only for compounds that do not lend themselves to any other options, or
when the specific needs of the in vivo studies preclude the use of excipients that
would be required with the other available formulation approaches.

2.3 Formulation Strategy

The previous section describes Formulation Approaches for drug solubilization
using various techniques (aqueous and cosolvent) or the use of particulate/solid
dispersion systems. The question remains as to a viable Formulation Strategy to
determine which approach is best suited to the molecule of interest. A number of
recent publications have presented flow charts or high throughput screening para-
digms as a means to “zero in” on formulations most amenable to the compound
being tested (Chaubal 2004; Li and Zhao 2007; Maas et al. 2007; Saxena
et al. 2009; Balazs 2011). These flow charts tend to be a linear progression of
various in vitro assays, evaluating a broad range of excipient classes and solubili-
zation methods. Logical in design, these approaches ultimately require an iterative
process of in vivo testing and reformulation in order to identify a formulation
capable of producing the desired exposures. This may not be conducive to the
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Fig. 2.4 Streamlined paradigm for the selection and evaluation of preclinical formulations

speed required in the discovery phase because iterations can be time consuming and
require relatively large quantities of drug.

An alternative strategy for identifying preclinical formulations in a more stream-
lined manner is outlined in Fig. 2.4. This strategy relies on three integrated steps,
each with its own unique set of models and tools. The first step consists of an
assessment of the physicochemical properties of the compound combined with a
careful evaluation of the in vivo study parameters. The physicochemical properties
for the compound of interest are obtained through in vitro measurement (e.g.,
solubility, pH stability, permeability) or through the use of in silico models. This
allows a molecule to be described by a few fundamental properties that can be tied
to potential methods of solubilization, such as ionization potential (pKa) and
lipophilicity (log P). This must then be considered within the context of require-
ments for the in vivo study such as species, dose, route of administration, duration,
etc. Based on these data, an initial list of preferred vehicles is generated. The list of
vehicles is further narrowed by incorporation of important excipient data related to
safety and potential pharmacokinetic/pharmacologic interference. These data are
derived from a number of different sources, including external data from the
literature, vendors, and from compilations of extensive internal in vivo study
data. At the completion of this evaluation, an initial hypothesis is generated as to
the general types of vehicles that would likely be successful in meeting the
requirements of the study as well as what methods of solubilization would best
take advantage of the inherent structural properties of the molecule. In doing so, the
relatively exhaustive list of possible excipients can be narrowed simply by
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eliminating those vehicles that are not compatible with the functional groups
present in the compound or the design of the in vivo study.

The next step in this strategy centers on the use of in vitro screening tools to
determine if solubility targets are achieved. As shown in the figure, vehicles are
subdivided into three broad categories: suspensions, solubilized formulations, and
stabilized amorphous formulations. From the analysis conducted previously, one or
more of these classes would have been identified as an appropriate starting point for
formulation development, based on the type of compound and study. Studies where
only a single dose is to be administered, such as a pharmacokinetic study, we have
found that an appropriate vehicle can be selected from a defined list of “standard”
vehicles, which has been developed using institutional knowledge. These vehicles,
as well as recommended characterization to facilitate interpretation of in vivo data
are summarized in Table 2.2. Rather than screening all possible excipients and

Table 2.2 Standard vehicles for use in single dose studies

Minimum

Formulation characterization

*HEC 1 % w/v with PS80 0.25 % v/v and
simethicone 0.05 % v/v

»Acacia 10 % w/v with simethicone

0.05 % v/v

*Cyclodextrin (20 % w/v) with or without
pH adjustment

«PEG 600 90 % v/v, Solutol® HS 15

10 % v/v

«Soybean Oil 80 % v/v, Capmul® PG8
20 % v/v (if clogP>5)

*Gelucire™ 44/14 100 %

+Solid dispersion (30-50 % w/w polymer)
*Nanosuspension (PVP 2 % w/v and SLS
0.15 % w/v for steric stabilization and
wetting)

Route

Oral suspensions Visual, microscopy

Oral enabled
formulations

Microscopy of solid
forms

PK Intravenous dosing
(single dose only,
1 mL/kg)

*SBEBCD 20 % w/v, 25 mM pH 2 or
8 NaPO, buffer

*Microemulsion 20 % water

*DMA 10 % v/v, EtOH 15 % v/v, PG
30 % v/v in 25 mM pH 2 or 8§ NaPO,
buffer

*DMA 25 % v/v, EtOH 15 % v/v, PG
10 % v/v, 2-pyrrolidone 25 % v/v (last
resort!)

In vitro plasma precip-
itation screen
(if cosolvent)

Intraperitoneal/subcuta-
neous dosing

*SBEBCD 20 % w/v in 25 mM pH 3 or
pH 8 NaPO, buffer

*NMP 10 % v/v, Captex 300 or soybean
0il 90 % v/v (Last resort!)

Visual

Solutions/suspensions prepared using deionized water
HEC =hydroxyethyl cellulose, PS80=polysorbate 80, PEG =polyethylene glycol, PVP=polyvinyl-
pyrrolidone, DMA =dimethylacetamide, NMP =N-methylpyrrolidone, PG=propylene glycol
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combinations thereof, a vehicle is selected from this abbreviated list which contains
vehicles for each route of administration that we have found have the highest
success rate for the types of study. In cases where solubilization has been proposed
as a means to achieve the desired exposure target, we have devised a means of
screening a broad range of solubilization methods using a very limited set of
representative vehicles as opposed to conducting solubility determinations in
large numbers of individual excipients. If the results point to intractable solubility
space where it would be necessary to use vehicle(s) not amenable to the study
design (e.g., aggressive cosolvents in long-term toxicology testing) then alternate
technologies such as solid dispersions or adjustment in dose regimen are
considered.

As will be discussed later in this chapter, toxicology studies are somewhat
unique from most other in vivo studies conducted in the discovery setting. The
need to achieve high exposures, either by administering large doses of compound or
through the use of enabling formulations, can make the identification of a suitable
vehicle challenging. For short investigative toxicology studies, a relatively wide
range of vehicles may be used, as excipient toxicity should be minimized due to the
limited duration. However, from the standpoint of formulation development, tox-
icology studies conducted late in the discovery framework are primarily designed to
identify acceptable vehicles for use in longer duration FHD-enabling studies in
early clinical development. As a result, greater consideration must be given to both
the safety profile of the excipients used in these formulations as well as the
complexity of manufacturing and formulation stability that will be required.

Prediction of the potential in vivo performance of formulations makes up the
final step in designing and implementing an efficient formulation strategy. This is of
particular utility when there are several viable formulation options to choose from
or when considering high dose administration typically encountered in toxicology
studies. As discussed previously, the use of in vitro systems is preferred as they
allow for evaluation of formulations without the need for large numbers of costly
and time-consuming in vivo studies. A particularly useful tool for this purpose is the
Artificial Stomach Duodenum model (ASD) (Carino et al. 2006), which is a
dynamic dissolution system that simulates the pH and mass transfer of the stomach
and duodenal compartments. By comparing of the duodenal dissolution profiles of
various test formulations, the relative supersaturation of each may be evaluated,
which theoretically correlates with the rank order of absorption of compounds
displaying solubility limited absorption. This type of system has been further
simplified by Gao and coworkers (2010) who described a pH-dilution method
which mimics the relevant pH, volumes, and transit times in the gastrointestinal
tract of the rat. Much like the ASD, this simple method has been used to estimate
regional changes in drug concentration along the GI tract for various formulations.
Results from these types of in vitro systems are often used in conjunction with
absorption modeling, which will be discussed in more detail later in this chapter.
Absorption modeling is used to predict the relative in vivo performance of formu-
lations by simulating plasma exposure profiles, which makes it possible to explore
many different hypotheses simply by modifying the simulation parameters.
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In the discovery phase, the formulator is often asked to develop formulations that
would be generally acceptable for any compound within a given scaffold of interest.
This enables compounds to be progressed rapidly through in vivo assays without
incurring delays associated with developing novel formulations for each compound
one at a time. As has been outlined in the aforementioned strategy, scaffold-wise
formulation recommendations must also be based on careful assessment of an
adequate number of compounds, and a proper understanding of the relationship
between specific structural motifs, compound properties, and the underlying
approach to the formulation. Above all, it is essential that there is a well-defined
feedback loop within the discovery team, so the preformulation/developability
scientist is aware of the performance of the formulations, and any unusual obser-
vations with regard to the physical appearance of the formulations, or the in vivo
response and/or exposure.

While many different approaches to formulation strategy may exist across the
pharmaceutical industry, they share a common goal of working to identify formu-
lations that support the progression of new molecules through the discovery pipe-
line in a rapid and efficient manner. Given the highly complex nature of the process
of drug discovery, it is clear that formulation development plays a significant role in
the overall success or attrition of discovery projects.

In the sections that follow, additional discussion and examples of formulation
development for various types of studies are presented.

2.4 Pharmacology Formulations

It should be appreciated that preclinical formulations strongly influence the link
between pharmacology, pharmacokinetics, and pharmacodynamics. The biological
targets being explored today are far more complex than those of a decade ago
(Hopkins and Groom 2002), and the cost of typical pharmacology studies can
exceed $40,000-50,000 due to the highly sophisticated nature of the design (e.g.,
in vivo efficacy studies in xenograft models) as well as long lead times due to study
preparation. Finally, as a result of the recent emphasis on translational research and
the development of biomarkers, there is a much greater focus on the identification
of both outcome and mechanism biomarkers early in discovery (Kwong
et al. 2011). It is therefore critical that the formulations used in pharmacology
studies are designed to perform consistently and reproducibly in order to meet the
needs of these studies and to drive the right decisions.

Formulation needs for pharmacology studies gradually shift over the different
phases of discovery efforts as presented in Table 2.1. In the early phase of most
projects, the primary goal is to test a biological hypothesis for a mechanism of
action or to validate a novel biological target. Many experiments are run with
compounds that have not yet been optimized and therefore, have poor druggability
properties, including incomplete absorption upon oral dosing and/or rapid clear-
ance. In addition, there is rarely enough information available at this stage
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Table 2.3 Summary of the various routes of administration used in in vivo studies

Route of administration

Typical reasons for choice

Comments

IV (bolus or infusion)

1. Maximize exposure by
avoiding first-pass metabolism,
e.g., cell cycle targets in oncology
and in acute invasive studies in
metabolic disorders.

Solubility could be a limiting
factor for amount that can be
delivered through this route.

2. To overcome oral absorption
limitations such as permeability
and first-pass metabolism.

3. IV is intended route in clinical
development.

Injection site irritation poten-
tial may also limit the use of
this route (Turner et al. 2011).

4. Infusions are used to achieve
sustained exposures to assess PD
response at longer time points.

SC 1. Similar to IV, but this route is | Dose volume, solubility (for
also amenable to suspension for- | solution-based formulations),
mulations for bolus dosing. This | or suspendability for (suspen-
is useful when solubility limita- sions) may be limiting factors.
tions preclude use of the IV route
(neurodegenerative, behavioral
pharmacology, diabetes targets).

2. To overcome oral absorption Injection site irritation may
limitations such as permeability limit the use of this route.
and first-pass metabolism.

3. Use of osmotic pumps for In addition, in pain studies,
sustained target engagement, e.g., pain due to injection can
especially with rapidly cleared obscure the efficacy of the
compounds. compound.

1P 1. Compounds with absorption Compounds will enter the

limitations due to low permeabil-
ity across intestinal mucosa.

2. Mechanism of action studies
(e.g. intraperitoneal glucose tol-
erance test in diabetes) to assess
PD outcome independent of
incretin response in the gut.

3. To avoid stress of oral dosing
in some behavioral pharmacol-
ogy studies.

portal vein immediately upon
dosing and be subject to first-
pass extraction similar to oral
route (Lukas et al. 1971). The
ability of the lymphatic sys-
tem to drain the peritoneal
cavity may be important in the
absorption of proteins and
large molecular weight com-
pounds (Mactier et al. 1987)

(continued)
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Route of administration

Typical reasons for choice

Comments

IC/ICV/IT (IC: intracere-
bral; ICV: intracerebro-
ventricular; IT:
intrathecal)

1. To deliver high local concen-
trations of drug directly to CNS or
specific tissues in the brain, to
demonstrate/understand mecha-
nism of action (pain pharmacol-
ogy, neurodegenerative, and
behavioral pharmacology).

2. To overcome P-gp efflux that
inhibits compounds crossing the
blood-brain barrier from plasma.

Solubility could be a limiting
factor, especially for com-
pounds that will require high
doses in order to saturate P-gp
efflux.

PO—oral gavage

1. Most common route. Applied
across target-to-hit, hit-to-lead,
and lead-optimization phases.

2. Essential route to bridge to

Gastric pH variability (in dog)
can result in significant PK
variability for basic com-
pounds. Can be overcome by

formulating the compound as
in situ salts or in acidic media
with sufficient buffer
capacity.

Taste factors and feeding pat-
terns can affect intake. Food
wafers have been reported to
be useful (Ferguson and
Boctor 2009). Modeling
approaches may be used to
guide amount incorporated
into the water or feed.

efficacious exposures in humans
for orally administered drugs.

PO—in feed dosing
(Mu et al. 2006), or in
water

Convenience, sustained plasma
concentration, large doses, com-
bination therapies, or to induce
disease states through drugs.

regarding the duration of target engagement needed to elicit the desired pharma-
cologic response. As a result, formulations used in this phase of work are designed
to provide maximum and/or sustained exposure and often use nonstandard routes of
delivery to help further explore these concepts. Table 2.3 lists the various routes of
administration used in in vivo studies and considerations for selecting one over
another. Table 2.4 summarizes examples of vehicles and typical dose volumes for
the preclinical species commonly used in pharmacology studies. In general, for
projects that are focused on delivering clinical candidates for oral administration,
pharmacology studies utilizing nonoral routes should be considered nonstandard
and the exposure data obtained should not be used in making assessments of the
potential for oral absorption.

The approach to identify formulations for these studies utilizes the strategy
previously described, taking into account intended goal of the study, the need for
single vs. chronic dosing, safety of formulation excipients, and any vehicle or
dosing effects on the pharmacologic response or clinical parameters secondary to
the pharmacologic response. The Lhasa Vitic Nexus database contains an exhaus-
tive and continuously updated repository of information on excipient safety in
preclinical species. Given that chronic dosing is often required in animal
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Table 2.4 Summary of vehicles example and typical dose volumes for the preclinical species
commonly used in pharmacology studies

Species and dose

General comments on

Route volume (mL/kg) Examples of vehicles formulation

v Rat: 1 mL/kg 1. Deionized water with pH Minimum volumes and lowest
(<5 mL/kg adjustment for solubility acceptable dose must be used
recommended (acceptable pH range 2-8), or | to avoid formulation failure.
max) 25 mM buffers, pH 2 or pH 8. | Risk of precipitation upon
Mouse: <5 mL/kg | 2. <20 % cyclodextrin (e.g., injection must be tested using
Dog: 1 mL/kg SBEBCD, HPBCD), in 25 mM | a precipitation screen.

(2.5 mL/kg may |pH 2 or pH 8 buffer, and/or
be acceptable if with pH adjustment in the
needed) range of 2-8.
3. Cosolvent based (e.g., 10 %
DMA, 15 % EtOH, 30 % pro-
pylene glycol in pH 2 or pH
8 buffer).

SC Mouse: 10 mL/kg | Normal saline with small Vehicles must be tested for
Rat: 1 mL/ amounts of suspending and/or | irritation potential, especially
recommended wetting agents (e.g., 10 % for repeat dose studies.

(<10 mL/kg may | Cremophor EL, 1 % Osmotic pump formulations
be acceptable) Hydroxypropylcellulose, must use only excipients
Dog: 1 mL/kg 0.085 % Polyoxyl-50-stea- compatible with pump com-
recommended rate). ponents. Formulations must
(2 mL/kg may be | Cosolvent based formulations | be tested for delivery and
acceptable) may be used for osmotic precipitation potential.

pump infusions (e.g., 1:1

PEG400: DMSO).

PO Mouse, rat: Solution: Examples of vehicle effects:
10 mL/kg *DI water with pH adjustment | Cremophor EL, Triton X-100,
Dog: 5 mL/kg for solubility (acceptable pH | Polysorbate 80, Solutol HS15,
Monkey: 3 mL/kg | range 2-8), or 25 mM buffers, | PEG400 have been known to

pH 2 or pH 8. alter plasma lipoproteins,
*<20 % Captisol or HPBCD resulting in significant inter-
with pH adjusted to 2 or 8. ference with metabolic disor-
0.5 M phosphoric acid, pH 2. | der studies.

Suspensions: The mild anti-inflammatory
*1 % hydroxyethylcellulose, | effect of acacia has been
0.25 % polysorbate 80, 0.05 % | known to impact arthritis
Antifoam in DI water. models when used in suspen-
*10 % acacia, 0.05 % sion vehicles.

antifoam in DI water.

1P Mouse: 20 mL/kg | Solution or suspension Solubility of the compound
Rat: 10 mL/kg formulations can be a limiting factor for

absorption when dosed as a
suspension.

IC/IV/IT |Rat: <10 pL Normal saline, phosphate

Mouse: <5 pL

buffered saline, artificial CSF
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pharmacology models, this data is useful in selecting formulations that have
sufficient safety for the proposed study duration. Several reviews on preclinical
formulation and related topics describe examples (ten Tije et al. 2003; Gad
et al. 2006; Neervannan 2006; Li and Zhao 2007; Maas et al. 2007; Pole 2008;
Shah and Agnihotri 2011) of vehicle effects that interfere with pharmacology
studies. Acacia (a commonly used suspending agent) interferes with pain and
inflammation models (Lilly internal experience and (Dafallah and al-Mustafa
1996)), and therefore should generally be avoided for these types of studies.
Figures 2.5 and 2.6 illustrate vehicle effects from Lilly internal experience. Fig-
ure 2.5 shows inflammation clinical scores upon dosing 10 % acacia and 1 %
hydroxyethylcellulose as aqueous dispersions at a dose of 4 mL/kg. These are
commonly used suspension vehicles, but as seen from the figure, the 10 % acacia
vehicle has a positive anti-inflammatory effect that precludes the use of this vehicle
in this pharmacology model. Figure 2.6 shows the effect of some standard formu-
lation excipients on insulin release in the Oral Glucose Tolerance Test in mouse. As
indicated in the figure, PEG400 has a statistically significant negative effect on
insulin release that makes it unacceptable for use in this model. Another example of
vehicle effects found in the literature is that of Cremophor EL (an emulsifier used in
parenteral formulations), which affects plasma lipoproteins when used at concen-
trations greater than 0.4 mg/mL (Woodburn and Kessel 1994). These examples
illustrate the importance of checking for vehicle effects either through experimen-
tation or literature examples prior to making decisions for pharmacology studies.

2.4.1 Osmotic Pumps

The preceding paragraphs describe aspects of formulations and various routes of
administration in animal models. However, overcoming poor exposures resulting
from rapid clearance poses a unique challenge in pharmacology studies. Further-
more, there may be a need to maintain sustained plasma concentrations over several
hours to gain useful mechanistic insights in some pharmacology models. Typical
examples are kinase inhibitors where sustained target engagement is essential to
block the signaling pathways responsible for cancer cell growth. This requirement,
coupled with rapid clearance, is a fairly typical challenge faced during the target
validation phase of many discovery projects. The simplest way to address clearance
issues is to dose the compound multiple times a day. However, this is not always
practical. For example, the increased handling of animals for administering multi-
ple daily doses can cause stress that could confound the PD response in neurosci-
ence studies (Gartner et al. 1980). Gastric-retained gel formulations have been used
with some success to modulate pharmacokinetic profiles of rapidly cleared drugs
(Foster et al. 2013) but in vivo performance is somewhat difficult to predict based
on in vitro assessment.
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Fig. 2.5 Tllustration of the
effect of acacia on
GPI-induced arthritis model
in mouse

Fig. 2.6 Illustration of the
effect of PEG400 on insulin
response in the mouse
OGTT model
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One of the more widely used approaches to maintain sustained plasma profiles
for extended durations of time is through infusion of the drug through parenteral
routes. This is commonly achieved through the use of surgically implanted osmotic
pumps. Osmotic pumps deliver at a constant rate and can be used to maintain a
nearly constant plasma concentration and thus continuous target engagement for up
to 2 weeks. In contrast to conventional dosing options that result in large peak to
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trough ratios, osmotic pumps also offer the secondary benefit of minimizing the
total dose by eliminating the portion of the AUC in the plasma concentration
profiles that is above the threshold for activity/efficacy. An excellent example of
this was reported by Kumar et al. who reported on comparative in vivo efficacy
responses upon dosing orally and via osmotic pumps implanted subcutaneously.
Efficacy was assessed as a reduction in tumor volume and decrease in hemoglobin
in the biopsy tissue (the latter is a measure of antiangiogenesis). As seen from their
work, the doses required for efficacy were significantly lower when the drug was
delivered via the SC osmotic pump as compared with oral (Kumar et al. 2007).
These pumps are available in a wide range of capacities and delivery rates to suit the
various preclinical animal models that are used in pharmacology studies (Alzet).
Newer pump models such as those from Iprecio (Iprecio) are programmable for
variable flow rate if needed, and re-fillable, thus enabling larger doses and/or longer
duration studies. Formulation technologies that provide extended release are
described in Chap. 3.

The first step in developing a formulation for osmotic pump studies is to select
an appropriate pump model based on the animal species being used and the duration
of the study. Based on the capacity of the pump, the volumetric delivery rate
specific to the selected model, and the desired plasma concentration, the required
formulation concentration is then estimated using the following equation with
appropriate unit conversions:

steady state plasma concentration X clearance

formulation concentration = -
pump delivery rate

In this equation, the steady state plasma concentration is the desired concentration
that the pharmacologist intends to investigate and the clearance value is either
estimated in silico or obtained from a previous pharmacokinetic study in the same
species. It is important to note that while this equation is more frequently used to
estimate steady state concentrations following administration by intravenous infu-
sion, it can still serve as a simple method for approximating concentrations derived
from continuous subcutaneous infusion as well. In doing so, an assumption must be
made that the bioavailability following subcutaneous administration is 100 %
relative to an intravenous dose.

Unlike subcutaneous bolus injections that can be formulated as suspensions in
isotonic vehicles, only solution-based formulations are acceptable for osmotic
pump delivery. However, given the small volumes delivered through the pump,
high concentrations of nonaqueous solvents may be used, as long as they are water
miscible and used in amounts that are compatible with the pump components. Alzet
infusion pumps are known to be compatible with a wide variety of different types of
media, and in the absence of available solubility data for the test compound in these
media, extensive screening may be required to identify the optimal formulation. In
practice, however, the screening and selection of a formulation may be done more
efficiently and with less compound by evaluating an abbreviated list of solvent
systems, generally categorized by the amount of organics present, and thus the
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overall aggressiveness of the formulation. For example, a typical set of solvent
systems would likely include at least one aqueous-based system as well as a 1:1
mixture of an organic (i.e., DMSO) with water, and a very aggressive formulation
consisting entirely of organics. Based on the results of this initial screening, further
formulation optimization may be applied as needed. This approach allows for
conservation of material which is often very limited at this stage of development.
The formulation thus developed is then tested for precipitation potential during
delivery. This is of critical importance since precipitation can result in clogging of
the pump resulting in a complete failure of the study. This may be accomplished by
simply filling the pumps with the proposed formulation(s) and incubating them in
normal saline or a blood surrogate buffer and then monitoring the appearance of
compound in the media as a function of time. Additional studies may also be
performed to test the chemical stability of the compound in the selected formulation
and compatibility with pump components if needed (Gullapalli et al. 2012).

2.4.2 In-feed Dosing

Sustained plasma exposures for pharmacology studies can also be achieved using
in-feed dosing options. This approach is based on the fact that rodents eat at
frequent intervals and their feeding patterns through the light and dark phases of
the day are well understood. This information, along with the desired plasma
concentration and clearance data, makes it possible to calculate the amounts of
compounds to be incorporated into their feed. Both solid and liquid diets may be
used, and combinations of multiple compounds may be dosed simultaneously with
the feed as desired. Formulation of the active compound(s) with the feeds may be
done in-house, or through labs that offer these services (Research Diets). As rodents
eat approximately the equivalent of one tenth their body weight of food every day,
the fraction of active drug in the feed is fairly small (e.g., about 0.2 % for a dose of
200 mg/kg).

In-feed dosing offers several advantages over continuous infusion pumps. It
eliminates the need for solubilization of compounds in small volumes of formula-
tion solvent and the associated risk of precipitation. It minimizes handling of the
animals for implanting the pumps (and the wound healing process that follows) and
allows for significantly longer term dosing. Lastly, with compounds that cause
injection site irritation, or for pain and inflammation projects that want to avoid the
injury caused by pump implantation, this is the preferred option for achieving
sustained plasma concentrations of test compounds. One example of the application
of in-feed dosing is with sitagliptin, a DPP-4 inhibitor that has a short half-life of 1-
2 h in mice. Mu et al. (2009) were able to demonstrate chronic glycemic control
over 10 weeks, with in-feed dosing of 280 mg/kg of this compound in mice
(equivalent to 0.3 % w/w of the mouse diet). Important considerations in using
this type of formulation include variability in exposure due to eating, binding to
food, assurance of homogeneity of dosage form, and stability.
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2.5 Pharmacokinetic Studies

Greater emphasis is increasingly being placed on early in vivo characterization and
evaluation of key compound pharmacokinetic properties in order to select mole-
cules that possess that greatest likelihood of long-term clinical success. After initial
screening through batteries of in vitro biochemical and physicochemical assays,
promising compounds are typically evaluated in a single-dose pharmacokinetic
(PK) study, usually in a rodent species such as the rat. These studies are designed
to include both an intravenous arm, as well as a second arm that approximates the
intended route of administration in man, usually oral. The primary goal of these
studies is to filter compounds with poor ADME characteristics, as well as to begin
to develop a more mechanistic understanding of these properties in order to
influence the SAR toward design of better molecules.

One of the more challenging aspects of conducting a pharmacokinetic study is
the identification of a suitable vehicle to be used to solubilize the compound for use
in the intravenous arm of the study. In the early discovery setting, compounds
selected for testing often possess suboptimal physical properties (i.e., low solubil-
ity, high log P). In addition, the relatively large number of compounds selected for
in vivo testing, as well as the need for very rapid data turnaround, presents
significant challenges in screening and evaluating potential IV vehicles. A number
of general approaches for the identification of a suitable IV formulation have been
published previously. These approaches typically involve a very methodical screen-
ing of a variety of different options until a suitable solution is found. Lee and
coworkers (2003) proposed a decision tree for use in early discovery that allows for
selection of a suitable formulation using observations of experiments in which
various pH and cosolvent concentrations are tested, based on the underlying
physicochemical properties of the molecules in question. Similar approaches have
been utilized across the pharmaceutical industry. In practice, however, these types
of approaches are often impractical in the discovery setting, due to limitations on
material for analysis and testing, large numbers of compounds under consideration,
and challenging time constraints. In keeping with the formulation strategy
described previously, the formulation scientist must be able to make formulation
decisions by eliminating as many options as possible based solely on the properties
of the molecules in question (i.e., pKa, log P, MW, melting point) and then rely on
very limited in vitro screening to narrow the list of potential vehicle options. Initial
attempts at solubilization often rely on the use of a complexing agent, such as a
cyclodextrin in either an acidic or basic aqueous buffer solution, depending on the
ionization properties of the molecule in question. Compounds that are not amenable
to solubilization in these vehicles are then evaluated in more aggressive vehicles
containing increasing amounts and types of organic cosolvents. It is important to
note that these more aggressive vehicles, while well tolerated in single-dose studies,
are not likely to be compatible with repeat dosing due to toxicity following chronic
administration of the excipients. While solubilization is the primary goal of these
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studies, it is also important to evaluate the potential for precipitation of the
compounds from the solubilizing vehicle. Several publications have described the
use of in vitro precipitation screens to study precipitation from injectable formula-
tions (Sheth 2011). Several in vitro screening methods are described, one utilizing
static dilution into aqueous media and the other evaluating dynamic injection.
These screens were used to assess the potential of in vivo precipitation of nine
injectable formulations, which were selected from marketed products as well as
several from internal Merck research programs. Good correlation was observed
between results from the static and dynamic models. In addition, the in vitro data
was found to correlate with instances of precipitation that were noted during
preclinical testing in animals as well as clinical testing.

In addition to developing injectable formulations for individual compounds, the
need to rapidly evaluate pharmacokinetic properties for larger numbers of com-
pounds has led to the use of different approaches which have been proposed to
improve the throughput and efficiency of these studies. One of the most promising
techniques is cassette dosing, or N-in-1-dosing, which involves simultaneously
administering a set of compounds in a common vehicle, as opposed to discrete
dosing in which a single compound is administered (Nagilla et al. 2011). This
approach allows for a reduction in the number of both studies and animals required,
as well as the generation of fewer samples for bioanalytical analysis. Several
independent analyses have demonstrated that PK parameters obtained through
cassette dosing are comparable to those derived from dosing compounds
(He et al. 2008; Nagilla et al. 2011) discretely. Despite these advantages, careful
consideration must be given to the experimental design when choosing to conduct
in vivo studies using cassette dosing. The identification and selection of a common
vehicle for a series of structurally unique compounds can be challenging. When
possible, compounds should be grouped together by structural class in order to take
advantage of common chemical features. Compounds within a given class may
behave similarly in terms of the mechanism and extent of solubilization. Combin-
ing compounds with significantly different functionality (i.e., mixing acidic and
basic compounds) should generally be avoided, as these differences will likely
make the identification of a suitable common vehicle very difficult if not
impossible.

In addition to intravenous delivery, the administration of an oral dosage form is
also included as a second arm in a typical pharmacokinetic study. Some minimal
threshold for oral bioavailability (i.e., 20-30 %) is then used as filtering criteria in
an effort to identify and de-prioritize compounds or structural classes that possess
undesired absorption risks. This approach to selecting compounds to advance is
problematic for a number of reasons. A recent report comparing measured animal
(mouse, rat, dog, primate) and human bioavailabilities of 184 compounds extracted
from the literature showed a very poor correlation (Musther et al. 2013). Addition-
ally, the solid state properties of molecules are not typically controlled or even fully
characterized in the discovery phase. As a result, the solubility and resulting
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bioavailability often decrease when subsequent lots of material become available
which are more crystalline. Moreover, the doses selected for pharmacokinetic
studies are often not reflective of what will be used in first in human trials. At
lower doses, the absorption of compounds is often rapid and complete, even for
compounds with low solubility. However, at higher doses, solubility and/or perme-
ability limitations will begin to negatively impact absorption, resulting in oral
bioavailabilities significantly less than the original target values. In general, to
properly use this approach, several important aspects should be considered beyond
simply using this threshold as a means to filter compounds. Developing a deeper
understanding of the root cause of low bioavailability provides important feedback
to the discovery team so that additional hypotheses can be proposed and tested in an
attempt to resolve these issues. From the standpoint of the formulation scientist, it is
critical to understand what impact formulation may have on bioavailability in order
to correctly identify absorption risks and apply enabling formulation strategies
when appropriate. Experimental approaches to diagnosing the cause of limited
absorption represent the topic of Chap. 4, but are also treated below.

Bioavailability (%F) is defined as the product of absorption and metabolism and
is represented by the following equation:

F = Fa x Fg x Fh

where Fa={fraction absorbed, Fg={fraction escaping gut metabolism, and
Fh = fraction escaping hepatic metabolism. Consider two hypothetical compounds,
A and B (Fig. 2.7). Upon oral administration, a significant amount of Compound A
remains unabsorbed, while Compound B is almost completely absorbed. However,
first-pass extraction by either gut and/or liver metabolism is relatively minimal for
Compound A while Compound B is significantly metabolized. As a result, both
Compounds A and B would be found to have similar relative oral bioavailabilities.
However, it is clear from this simple example that the underlying absorption and
metabolism properties of the two molecules are quite different. Further analysis and
additional experimental data may be needed to fully elucidate these differences. For
Compound A, improvements in solubility and/or permeability or the use of enabled
formulations should be targeted as a means to increase Fa, while for Compound B,
additional SAR effort would be required to reduce metabolism of subsequent
compounds. In cases where bioavailability is determined to be limited by Fa, it is
necessary to distinguish between solubility and permeability limited absorption. In
the discovery phase, this is often relatively straightforward due to the availability of
in vitro systems designed for this purpose (Caco-2, MDCK, etc.). Once solubility
has been identified as the primary issue, there is a need to further interrogate
whether this is related to poor dissolution or low solubility. For compounds that
are dissolution rate limited, micronization, either by milling the neat API or by
probe sonication of a suspension, will result in enhanced bioavailability. The
impact of particle size reduction on absorption may also be assessed using
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Fig. 2.7 Comparison of oral bioavailabilities of two hypothetical compounds A and B

computational approaches, such as the microscopic mass balance model described
by Oh et al. (1993). In addition, commercially available software such as
GastroPlus from Simulations Plus, LLC may be used to simulate the effects of
changing particle size on absorption. Further reduction in particle size may be
achieved through the production of nanosuspension formulations. If micronization
alone is found to be ineffective in improving the dissolution properties of a
compound, the addition of a surfactant such as polysorbate 80 may be added to
improve the wetting properties of the material. In practice, particle size reduction is
typically combined with the use of low levels of a surfactant in the formulation at
the outset. When this approach still leads to lower than desired exposures, the use of
solution-based formulations is then employed. This approach can range from the
very simple, such as pH adjustment, to the use of complexing agents and
cosolvents, and even to the development of stabilized amorphous formulation
such as solid dispersions. When using these types of formulations for pharmacoki-
netic studies however, it is important to keep in mind the original goals of the study
and to carefully evaluate the impact of the dosage form on the interpretation of the
resulting data. A brief listing of general considerations for solutions and suspen-
sions is presented in Table 2.5. For example, in cases where the type and/or extent
of metabolism is being investigated, it may be desirable to utilize a solution
formulation as a way to eliminate any impact of the solid state properties of the
molecule. However, when the aim is to develop an understanding of the absorption
properties of a solid oral dosage form, and thus gain insight into possible future
development challenges, dosing of a suspension is preferred so as not to mask any
absorption risks due to poor physicochemical properties. The exposure obtained
following administration of a suspension in a pharmacokinetic study also provides
an early indication of the likelihood of achieving sufficient exposures in subsequent
toxicology studies, in which case the development of an enabled formulation might
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Table 2.5 General properties of solution and suspensions

Solution

Suspension

Drug is completely dissolved

Drug is suspended homogeneously as fine
particles

Drug directly available for absorption

Dissolution is necessary before drug becomes
available for absorption

Unless properly formulated, drug might pre-
cipitate upon dosing

Rate of dissolution is a function of particle
size and solubility

Solubility is a limiting factor for formulation;
dose volume may be limiting factor due to
excipient toxicity

Solubility is not a factor for formulation, but
formulation viscosity may limit ability to use
higher doses

Required for intravenous dosing; may be dosed
orally to eliminate impact of solid state

Required when goal of study is to better
understand oral bioavailability and absorption

properties; solid state properties must be
carefully considered

be required. It is important to note that if the data is to be used to draw conclusions
about absorption, the solid state properties of the material used in the animal studies
should be as representative as possible of the form that would be progressed in
development. If the data is generated early in the project’s lifecycle using material
where solid state properties are either unknown or are found to be dramatically
different than subsequent lots of material, exposure studies should be repeated with
more representative material to ensure that the impact on absorption is character-
ized. Given this caveat, a reasonable argument can be made that in early discovery,
it is not always appropriate to include an oral arm in a basic pharmacokinetic study,
as the resulting data may not be relevant and may even at times result in absorption
risks being over or underestimated.

Another key factor that must be considered in selecting a formulation is the
potential for the formulation excipients to alter the pharmacokinetics of the test
compound. The presence of suboptimal physical properties necessitates the use of
vehicles containing organic cosolvents, cyclodextrins, and surfactants. A thorough
review of the effects of common excipients on ADME properties was published by
Buggins et al. (2007). Table 2.6 provides a summary of doses at which minimal
effects are to be expected for a subset of the most commonly used excipients. For
each route of administration, a maximum dose volume is specified at which the
excipient’s effect on the pharmacokinetics is expected to be minimal based on a
relatively exhaustive search of the literature.

2.5.1 Absorption Modeling of Animal Pharmacokinetic Data

The underlying assumption in using preclinical species to conduct pharmacokinetic
studies is that the results of these studies will have some relevance to absorption in
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Table 2.6 Dose volumes of common pharmaceutical excipients at which minimal effects on
pharmacokinetic properties are expected

Excipient Recommended levels for in vivo studies

DMSO IV and PO: Max 5 % DMSO with dose volume of 5 mL/kg (0.2 mL/kg DMSO)

EtOH PO: Max 10 % with dose volume 10 mL/kg (1 mL/kg EtOH). Chronic dosing
can influence PK due to effect on enzymes.

Propylene IV and PO: less than 3 mL/kg for pharmacology studies measuring plasma

glycol glucose levels.

PEG400 PO: Max 40 % PEG400 in formulation with 5 mL/kg dose volume (2 g/
kg rats).
IV: 40 % PEG400 at 1 mL/kg (0.4 mL/kg PEG400). Known inhibitor of drug
efflux and also CYP3A, thus may enhance absorption of such compounds that
are substrates.

HPpB PO: Max 20 % if 10 mL/kg (2 g’/kg HPBCD).

cyclodextrin | [V: Max 20 % if 2 mL/kg, 400 mg/kg HPBCD.
Effect on distribution depends on protein binding, stability constant of
complex.

SBEP IV: Max 20 % if 4 mL/kg

cyclodextrin

Cremophor EL | IV and PO: Increased absorption due to inhibition of P-gp and CYP3A4,
inhibits absorption by micellar entrapment.

PS 80 PO: Max 0.5 % if 10 mL/kg (0.05 g/kg PS 80).

Solutol HS 15 IV: Max 5 % with dose volume of 2 mL/kg.
If compound is a P-gp substrate, may significantly alter PK after either IV or
PO administration.
Data suggest that Solutol or a component there-in is absorbed orally, PK of IV
administered drug altered after PO administered Solutol HS 15.

humans. Chiou and Barve (1998) conducted studies to investigate the extrapolation
of absorption experiments in rodents to humans. In this study, 64 compounds were
selected from the literature where data existed for both species. Despite the fact that
the compounds possessed a very broad range of physicochemical properties,
including molecular weight (150-4,000), ionization state (acids, bases, neutral),
and lipophilicity (log P —5 to +4), an excellent correlation was observed between
absorption (Fa) in rats relative to humans (r2:0.975). However, a very poor
correlation was observed when a similar analysis was conducted to compare
estimation of human bioavailability based on rat studies. This was attributed
primarily to differences in expression of metabolizing enzymes in the intestines
of the two species (Fg and Fh). Physiological differences between species must also
be carefully considered both in the experimental design as well as in the interpre-
tation of the data. For example, gastric pH has been shown to vary considerably in
the dog, with values of fasting gastric pH reported to range from 1.8 to as high as 6.8
(Lui et al. 1986; Yamada and Haga 1990; Akimoto et al. 2000). In humans,
however, gastric pH has consistently been shown to be less than 3, regardless of
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Fig. 2.8 Comparison of Simulation of Pharmacokinetic Exposure Data
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the method used to measure it (Fancher et al. 2011). As a result of these differences,
caution must be used in using the dog as a model of human absorption, especially
for test compounds with ionization constants in the range of 5-8. To overcome this
issue, the use of pentagastrin is common to control the canine stomach in a range
that is more relevant to human fasting conditions, while the proton pump inhibitor
(PPI) famotidine is recommended to simulate elevated stomach pH conditions.

Estimation of absorption risk in the discovery setting is a key activity that
provides discovery scientists with a relatively straightforward method of selecting
scaffolds that will ultimately achieve sufficient oral exposure to allow for testing of
the clinical hypothesis. Once exposure data becomes available from rodent and/or
canine pharmacokinetic studies, absorption modeling using commercial modeling
packages such as GastroPlus™ may be used to form an initial assessment of
absorption potential and risk. This approach requires a minimal set of measured
parameters, which can be obtained from both in silico tools as well as experimen-
tally. These parameters serve as inputs to the software, which when combined with
prebuilt physiological variables, allow the user to evaluate an initial fit of the
experimental plasma concentration data. In the event a good fit is not obtained,
key parameters related to absorption (i.e., solubility, permeability, particle size,
etc.) may then be optimized until an adequate fit is obtained. An example is
highlighted in Fig. 2.8. Fitting of the observed exposure data was not possible
using a value for intestinal solubility taken directly from an in vitro solubility
experiment in fasted simulated intestinal fluid (FaSSIF). Optimization of the solu-
bility parameter resulted in the estimation of an in vivo solubility that was signif-
icantly higher than the in vitro value. These optimized values may then be used to
estimate absorption potential in humans, simply by applying a human physiology to
the existing model (Fig. 2.9). This general method allows for rapid assessment of
compounds and provides a means of either eliminating compounds with poor
absorption potential or mitigating exposure limitations through the use of enabled
formulations.
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2.6 Toxicology Formulations

Toxicology or nonclinical safety assessment is a critical component of the discovery
and clinical development of any pharmaceutical agent. There are many excellent
reviews regarding toxicology testing in drug discovery and development and the
reader is encouraged to consult these papers to gain a thorough understanding of
toxicology studies necessary to support human dosing (Dorato and Buckley 2007;
Buckley and Dorato 2009; Higgins et al. 2012). Regulatory guidance for conducting
nonclinical safety studies have also been issued (M3(R2)). The safety term often used
in the support of clinical trials is the Margin of Safety (MOS). The MOS relates to the
No Observed Adverse Effect level (NOAEL—a dose that produces no relevant
adverse effects) to the maximum effective dose and is displayed in Fig. 2.10. Dosing
up to the maximum tolerated dose (MTD) to demonstrate target organ or dose
limiting toxicity is a general expectation of regulatory authorities in support of
clinical testing. In the absence of this, other equally appropriate dose-limiting criteria
may be considered. These include a limit dose (1,000 or 2,000 mg/kg) that results in
acceptable exposure margin relative to the clinical dose, a 50 fold exposure multiple,
or an exposure limiting dose or maximum feasible dose (ICH M3(R2)).

The toxicology formulation must provide consistent plasma exposures with low
variability and clear dose separation. This must be accomplished using excipients
that have adequate safety data supporting the amounts used and the duration of the
study. Conventional suspension formulations with particle size control, prepared in
standard vehicles that are well understood and characterized in terms of safety, are
preferred for oral toxicology studies and will ideally provide a linear increase in
exposure with dose as depicted in Fig. 2.10. However, it is not uncommon for a
compound to display solubility limited absorption in the toxicological dose range
from a standard suspension vehicle, resulting in a plateau in the dose versus
exposure relationship. If no dose limiting toxicity is observed, then avenues to
enhance systemic exposure and/or justify a maximum feasible dose must be
explored.
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Early alerts to the potential for exposure related issues at toxicological doses and a
strategy for how and when to apply various formulation approaches are critical to
avoid delays in the program timelines. Basic molecular properties that may be
indicative of solubility limited absorption are listed in Table 2.7. The pharmacoki-
netic and absorption models previously described are particularly useful tools to
understand absorption sensitivity (e.g., particle size, solubility, pH) and to identify
early risk of saturation of exposure as dose is increased. It is not until actual studies
are conducted however that dose dependency can be more fully understood. For
example, in repeat dose-exposure response studies (e.g., toxicokinetics from a 4- or
14-day study), enzyme auto-induction may be observed as a confounding factor in
hepatic clearance and may be mistaken for an absorption-limited phenomenon.

Once a plateau is observed in either predicted or observed exposure (in absence
of a dose limiting toxicity), an appropriate amount of due diligence is needed to
improve exposure. A strategy for toxicology studies is illustrated in the pyramid
(Fig. 2.11). Two categories of options can be utilized; study design options involve
the modification of dosing parameters (e.g., frequency and route of administration).
Formulation options involve application of Alternative formulations that address
the root cause of absorption issues. Considerations influencing the decision on
which option to use include ease of implementation, cost, and/or logistics. A
detailed review of the advantages and disadvantages of various options is provided
in Table 2.8. Most pharmaceutical companies explore a number of options (formu-
lation, dose frequency) to achieve higher exposure. The rationale and supporting
data for the recommended strategy should be well documented to support regula-
tory submissions if needed.

The overall complexity of each method is represented by its relative height on
the pyramid in Fig. 2.11. This ordering of formulation options is not meant to imply
that each method must be tested in succession, starting from the bottom and
working toward the top. Rather, key information as to the type and goal of the
study, as well as physicochemical properties (e.g., lipid solubility, ionization)
should be taken into account in order to determine the most appropriate level in
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Table 2.7 Parameters suggesting solubility-limited absorption

Properties Alerts

pKa No ionizable groups
Weak base (pKa <4)
Weak acid (pKa >5)

LogP >5

Melting point >250 °C

Solubility in fasted simulated
intestinal fluid (FaSSIF)

<100 pg/mL (dependent on permeability and dose
(Willmann et al. 2004)

Fraction absorbed (calculated)
(rodent and nonrodent)

<0.2 (dosed as a solution or suspension at pharmacology
dose, permeability limited absorption ruled out)

Amorphous
/" semi-solids and
solid dispersion

y- +Lipids <30 days. B
4 «Limit dose strategy

«Parenteral route
/*Altemate species if supported by metabolism™\

2N

\\

/~Amorphous SD in lid (PEG3350) matrix (dogs only)\‘\
/’ «Altemate or amorphous salts 9
y «Cyclodextrins
4 +Fed State (dogs only) R
y. «ConsiderBID dosing \\

/
,/ \\
/ Standard suspension with or without particle size reduction

/ \

Fig. 2.11 The “pyramid” of dosing options or study design to increase exposure in toxicology
studies

which to start. If one option fails, moving to the next level of complexity may be
warranted in order to identify a suitable solution. This combined with in vitro
dissolution tests such as the artificial stomach and duodenum and computational
modeling can serve as valuable tools to choose the best formulation approach. The
dissolution tools can be used to assess the rate and extent of dissolution, and also
precipitation/supersaturation, properties of formulations under biorelevant condi-
tions. Computational modeling tools can be used to identify the relative impact of
absorption parameters (e.g., solubility, particle size, permeability, etc.) on exposure
limitations (Bhattachar et al. 2011).

Solid dispersions are at the peak of the pyramid shown in Fig. 2.11. The use of
solid dispersions has been very successful at Lilly for toxicology testing and this
formulation option has provided high exposures for solubility limited molecules.
An added advantage of solid dispersions is the clear “line of sight” to the clinical
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Table 2.8 Summary of options to enhance toxicology exposure

Options

| Advantages

Disadvantages

Study design

b.i.d. dosing regimen

» Enhanced exposure Css
(if appropriate #,)

« Greater potential for stress-
induced pathology and dosing
accidents

« Complicates kinetics and eval-
uation of exposure

» Conventional formulation

« Increased compound
requirements

» May confound direct correlation
to human QD dosing

Dose in fed state
vs. fasted state (dog
only)

« Conventional formulation

« Difficulty to control food intake

» Pharmacological effect might
affect food consumption during
the study

* Potential for variability in
exposure

Limit dose strategy
(e.g. 1,500 mg/kg)

» Conventional formulation

» High compound requirements

« Potential safety issue if lack of
premonitory signs for toxicity
complicates clinical plan. Dose to
exposure not MTD; requires real-
time analysis of plasma and PK,
and slower escalation

» Acceptable MOS achieved, no
MTD

« Limit dose may not be deemed
adequate by regulatory authority
(e.g., certain divisions at FDA)

Increase dose volume®

» Conventional formulation

» Marginal improvement of AUC.
May increase variability due to
effects on GI motility or emesis

Change route of
administration to define
toxicity (e.g. IV
infusion)

* Potentially higher systemic
exposure with lower doses

« Potentially altered metabolite
profile which may alter MTD or
observed effects

* Enabling vehicles still required
for low-solubility compounds

« Complicates long-term toxicol-
ogy study designs as multiple
routes may need to be tested

» Route differs from clinical route

Change rodent or
nonrodent species

» Enhance exposure

« Potentially altered metabolic
profile compared to humans

Formulation

Different salt form

» Enhance exposure

* Bridging studies between salt
forms may be necessary

(continued)
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Options

Advantages

Disadvantages

Toxicology vs. first in
human studies

* Depending on the impurity
profile of salt, may extend FHD
timelines. New salts (other than
those approved by FDA) may
require additional long-term data

« If amorphous, potential to crys-
tallize in suspension

Solubilizing vehicles
(lipid/cosolvent/
surfactant)

* Can be prepared in toxicology
and contract labs.

 Lack of experience with
prolonged dosing

» Limited dose volume and dose

« Effect on pharmacokinetic
parameters

« Stability in presence of oxidiz-
ing excipients

« Emesis, particularly in dogs

« In vivo precipitation

* May require a placebo arm

Solid dispersions

* Generally involves GRAS
excipients

» API stability required to support
long-term toxicology studies

* High potential of significantly
increasing exposure when
designed appropriately for
highly crystalline compounds

* Maximum loading dose limited
(approximately 25 %)

« Residual solvents

* Requires sufficient characteri-
zation to assure chemical and
physical stability of the solid
form

« Physical stability in suspension
sufficient for dosing

Nanoparticles

* Use of conventional excipients

* May not enhance exposure if
solubility limited.

 Concentration of surfactant to
stabilize nanosuspensions should
be acceptable for long-term toxi-
cology studies

« Particulates from bead or
equipment

« Increase in particle size due to
Ostwald ripening, hold time
limits may be required

“Increasing dose volume may lead to physiological changes such as reflux, fasting, and alterations
in gastrointestinal transit. Dose volumes higher than the recommended amount may be considered
under the guidance of veterinary resources

dosage form since it can be used for both animal and human testing. A drawback is
the additional resources and API is required for polymer screening, analytical
testing (physical and chemical), and the use of larger scale specialized equipment
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(e.g., spray drying). However, the current state in understanding amorphous sys-
tems has improved in recent years and the development of automation and small-
scale laboratory equipment to perform polymer screening/solid dispersion manu-
facture is making this an easier dosage form to execute (Friesen et al. 2008;
Nagapudi and Jona 2008). Small-scale manufacture of amorphous dispersions is
thoroughly discussed in Chap. 3.

As evident from Fig. 2.11 and Table 2.8, the use of nanoparticles, SMEDDS, and
cosolvents in toxicology studies may be somewhat limited due to the following
reasons.

Nanoparticles—The use of nanoparticles to enhance bioavailability at moderate
doses is well recognized and there are commercial products that utilize this tech-
nology. At toxicological doses where absorption is solubility limited, these
approaches are less successful based on Lilly experience. There are limited exam-
ples of the use of nanoparticles at high toxicological doses (Kesisoglou and Mitra
2012). The use of computational modeling tools to predict the exposure increase
that can be achieved with this approach is somewhat limited at this time, as the
in vivo absorption parameters of nanosuspensions are not very well understood.

SMEDDS (Self Microemulsifying Drug Delivery Systems) and Cosolvents—
The amounts of surfactants and cosolvents necessary to achieve the solubility
enhancements typically required in toxicology studies are generally poorly toler-
ated due to local gastrointestinal effects, and consequent effects on electrolytes and
body weight over time. Thus, their use here has been limited to short-term explor-
atory studies.

Cosolvents—Formulations based on cosolvents may be used in small amounts
for shorter term studies that generally do not exceed 4 days (Lilly internal experi-
ence) and thus these excipients are not considered to be preferred options. However,
they are fairly simple to prepare and their use must always be based on a good
understanding of the risk of precipitation upon administration.

Several decision trees for toxicology formulation development to conserve
resource have been proposed in the literature (Higgins et al. 2012). Acceptable
toxicology vehicles have also been previously published (Brewster et al. 2007).
Additionally, a key resource can be an in-house database that archives details on
different toxicology studies. This database could contain information on the API
characteristics, formulation approach, exposure enhancement attained, and adverse
effects reported in the animal model. Additional resource is the Vitic Excipient
Database—Lhasa LTD as mentioned earlier.

As toxicology studies use large amounts of compound, the formulation and
design options used in these studies have significant implications on the amounts
of compound required, and this in turn can impact cost and timelines. Some enabled
formulations may need slightly longer time and larger amounts of material to be
made available for formulation and process development work. Studies using
enabled formulations may help reduce the administered doses by improving the
fraction absorbed, but depending on the type of formulation, there might be
processing or handling losses incurred that need appropriate planning. Therefore,
regardless of the formulation or study design options used, effective collaboration
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between toxicologists, formulators, and chemists is essential for planning and
successful execution of toxicology studies.

2.7 Formulation Considerations for Alternate Drug
Delivery

Alternate formulations or delivery routes are widely utilized as a means to modify
the process of administration or in vivo release profile of pharmaceutical agents.
Efforts to develop these formulations are often initiated late in the development
process as part of a lifecycle management strategy (Chien and Ho 2011). In more
recent times, however, successful drug delivery strategies have actively assessed
alternate drug delivery systems in parallel with molecule selection, when molecule
attributes may still be influenced, to help ensure the evolution of developable
systems that meets the patients’ and product lifecycle needs.

Alternate drug delivery may be particularly important for patient populations
with elevated needs around cognition, behavior, or dexterity, including therapeutic
areas such as Alzheimer’s (Muramatsu et al. 2010), Parkinson’s (Wright and
Waters 2013) chronic and acute pain, and epilepsy (Anderson and Saneto 2012).
Important therapeutic benefits and advantages may include a more favorable
efficacy profile and/or alleviation of side effects. Examples include rivastigmine
transdermal system, a cholinesterase inhibitor indicated for dementia of the
Alzheimer’s type and dementia associated with Parkinson’s disease. The patch
formulation provides an improved gastrointestinal side effect profile compared
with oral administration (Exelonpatch.com) and caregiver convenience and prefer-
ence for use (Bernabei, Rossini et al. 2012). Rotigotine, a dopamine agonist
indicated for Parkinson’s disease, is only available by transdermal patch form as
a means to provide continuous delivery over 24 h. Continuous rather than pulsatile
delivery is believed to more closely mimic physiological dopaminergic stimulation
(Waters 2013). Intranasal sumatriptan and intranasal fentanyl provide more rapid
onset for acute migraine and cancer breakthrough pain, respectively, with time to
onset of 10—15 min (Dietrich and Gums 2012).

Alternate drug delivery may also play a role in the delivery of pharmaceutical
doses that could not be administered effectively or safely through conventional
routes. Sublingual tablets and sprays for nitroglycerin avoid extensive first-pass
metabolism and provide rapid onset for treatment of angina pectoris. Similarly,
nonoral administration of testosterone avoids the high first-pass metabolism and
hepatotoxicity following conventional oral delivery and allows therapeutic expo-
sures to be achieved (Pfeil and Dobs 2008). Marketed testosterone delivery systems
include topical, transdermal patch, buccal, and IM depot (prodrug).

The decision to purse alternate drug delivery can occur at any stage of the drug
discovery, development, or commercialization lifecycle. Early awareness by teams
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Table 2.9 Preferred physicochemical properties for various routes of delivery.

Criteria Intranasal Pulmonary Transdermal Sublingual/buccal
MW <1,000 <10,000 <500 (<350 preferred) <500

LogP 14 —1to2 2-4 2-4

pKa 4-9 4-9 Unionized 4-9

pH range 4-7 3-7 4-7 3-8

Volume 50-150 pL <200 pL 5-10 pL/cm? <500 pL

of potential benefits of alternate drug delivery and guidance around parameters
required for various routes of administration can help to shape robust development
strategies. This generally begins with cross-functional team discussion of the target
product profile and potential therapeutic opportunities. Key questions center on:

1. Therapeutic benefits for the patient.
2. Efficacy and adverse effect profile and relationship to C,,., and/or AUC.
3. ECs0 or minimum concentration required to exert a therapeutic effect.

Once potential opportunities are identified, an initial assessment of feasibility
can often be made with minor adjustments to the computational and formulation
screens described previously. The physicochemical properties generally preferred
for common routes of delivery have been reviewed (Mathias and Hussain 2010) and
key parameters are summarized in Table 2.9. Further details may be found in recent
reviews for transdermal (Neely et al. 2009; Paudel et al. 2010; Watkinson 2013),
intranasal (Chapman et al. 2013), and sublingual/buccal delivery (Zhang
et al. 2002; Goswami et al. 2013; Lam et al. 2013). Strict limitations around
human efficacy dose (Table 2.10) for nonoral routes of administration are due
primarily to permeation limitations or dose volume constraints at these sites.
Consequently, good estimates of human efficacy dose and understanding of phar-
macokinetic parameters as described for ADME studies are critical.

Equally important is ready access to formulations that allow exploration of
pharmacokinetic and pharmacodynamic response in in vivo studies. Compared
with oral administration, the range of vehicle options is more limited due in part
to the high exposure to the excipients at the application site. Table 2.11 lists
examples of vehicle systems employed for screening studies by various routes of
administration. These relatively simple formulations may serve as a baseline for
future formulation optimization studies. When possible, it is helpful to select
excipients and concentrations with a history of prior use in humans so as to not
over-enable exposures or generate adverse local effects. Good resources for this
information include the FDA Inactive Ingredient Guide (FDA Inactive Ingredient
Guide), major compendia (e.g., USP/NF, JP, PhEur), excipient suppliers, and
external databases such as Lhasa (Lhasa Vitic Nexus database).

Alternate drug delivery may add significant value to a candidate if therapeutic
advantages are realized for the patient. Early assessments of potential opportunities
and technical feasibility in the discovery phase may serve to provide realistic
expectations prior to investment in more costly development activities.
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Table 2.10 Maximum human doses and potential therapeutic benefits of different dosage forms
and routes of delivery

Dose form with Preferred Sustained Decrease Minimize
assumptions around total | dose Rapid | plasma dose first-pass
unit size or wt (mg/dose) |onset |exposure frequency | metabolism
Oral

Conventional tablet, 150— | <100 — — - -

450 mg

Sustained release (matrix | <50 — v N -

or multiparticulate)

Orodispersible tablet <25 \ - - -
Orodispersible film strip, | <25 \ - - -

150 mg

Soft gelatin capsule, #0, <100 N — - -

0.68 mL

Fine granules (5 g sprin- | <1,000 - - - -
kles, 20 % active)

Sublingual

Tablet <10 V - - V
Spray (0.5 mL) <10 v - - \
Transdermal

Passive patch (delivered <10 - J \ \
dose)

Gel (delivered dose, 5 g <10 - N v N
applied product)

Injectable

IM depot <2mL - 3 \ \
Subcutaneous <1 mL - v - N

Table 2.11 Standard vehicles for in vivo evaluation of alternate routes of delivery.

Route Species Volume Formulation examples References
Transdermal | Rat, mon- Typically 5-25 pL/ | (a) Hydroalcoholic gel: Lee
key, cm? for pharmacol- | EtOH or IPA 60-85 %, et al. (2010),
minipig, ogy studies, up to water 1540 %, propylene | Lehman and
and ex vivo | 10 % of BSA. glycol 0-20 %, Raney (2012)
studies hydroxypropylcellulose
1-2 % to increase
viscosity

(b) Ex vivo: PEG400
45 %/PBS 55 % pH 6.4

Intranasal Rat, dog Rat 10-20 pL, Dog | Aqueous buffers pH 4-9 | Sutton

100-150 pL or saline et al. (1993),
Blagg
et al. (2007)
Sublingual/ | Dog Dog up to ~1 mL (a) Aqueous buffers pH 4— | Gayrard
buccal 9 et al. (2013)

(b) Ethanol 40 % in water
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2.8 Summary

A basic tenet of any in vivo study depends on reliable delivery of the drug to the
target site of action and is profoundly influenced by the formulation. Formulations
can impact drug release, absorption, metabolism, and the PK profile. The pharma-
ceutical scientist at the discovery—development interface is best qualified and
ideally positioned to recognize the unique formulation needs of discovery teams
and provide the necessary support. The need for this support has steadily increased
in recent years due to the growing sophistication of the discovery engine and the
shift toward a chemistry space characterized by lower solubility, greater
lipophilicity, and thus greater challenges with in vivo release and absorption.
Delivery of these drugs by “traditional” means where the compound is dosed as a
simple formulation in an aqueous medium is increasingly not an option for eliciting
the desired pharmacodynamic response or toxicological exposure. Active engage-
ment of the pharmaceutical scientist and the utilization of appropriate formulations
for in vivo studies, while maintaining a clear line of sight to commercial develop-
ment are essential to the success of any discovery program.
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Chapter 3

Enabling Discovery Through Leveraging
and Miniaturizing Pharmaceutical Principles
and Processes

Roy J. Haskell, Kimberly A. Foster, Ching Kim Tye, and Michael Morgen

3.1 Discovery Versus Development

The focus, goals, and work environments within discovery and development are
quite different from each other and it is useful to describe those differences to
understand why the tactics and strategies employed in each may appear divergent.
Table 3.1 contrasts the two by focusing on how the nature of the problems and,
hence, the solutions appropriate for each differ.

The basic substrate for work in both areas is the drug substance itself. It is
discovery’s charge to use the material available to find the molecules that will
become candidates, and it is development’s to bring those candidates into commer-
cial reality. Thus, while there may be only one molecule selected for development,
thousands or even tens of thousands of molecules must be synthesized and evalu-
ated in discovery before that molecule is identified. Thus, activities are allocated
across numerous molecules in discovery, whereas only one molecule receives the
focus and resources applied in development. The experimental tools, resources, and
timelines available in discovery make it inevitable that many molecules supplied to
the pharmaceutical scientist are not well characterized and frequently have unde-
sirable physical presentations (e.g., they are gums or oils). In contrast, the need to
understand the drivers of properties such as polymorphism, powder flow, repro-
ducibility, and stability requires that the active compounds used by development be
well characterized and homogeneous. In addition, the quantity of material available
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Table 3.1 Comparing the discovery and development environments

R.J. Haskell et al.

Parameter Issue Discovery Development
Experimental Elements Many compounds Many formulations
substrate Sample Poor Good
definition
Quantities 1 mg to grams 100’s mg - 1 kg
Execution Motivation Biological model Clinical results
Timelines Hours/days/weeks Weeks/months/years
Disciplines Highly integrated Communities of
practice
Limitations Adulteration Model integrity Safety
Compliance <GLP >GLP, GMP
Environment Results Affect compounds Affect ideas
Design Extrapolation/ QbD, DoE, PCA, etc.
interpolation
Major risk False negative False positive
Molecule Wide range Candidate selected
In vivo Dosing Open ended Well defined
Species Many Few

GLP good laboratory practice, GMP good manufacturing practice, QbD quality by design, DoE
design of experiments, PCA principal component analysis

for identification of a formulation in discovery is frequently small (e.g., 1 mg),
whereas tens to thousands of grams of active compound are devoted to the analo-
gous task in development.

Large communities of practice centering on pharmaceutical science exist in
development, whereas the discovery scientist’s results and influence are immedi-
ately integrated into multidisciplinary teams. Indeed, discussing the details of
physical chemistry could actually be a disservice in discovery teams because it
may impede understanding for those with significantly different technical
backgrounds.

The determinant of progress in later stage R&D is in vivo results, achieved over
years of human trials at preselected doses. By comparison, the primary drivers in
the discovery space are the success and enablement of multispecies pharmacolog-
ical models that employ variable/high doses. The results of these models are used to
direct chemical synthesis in rapid-cycling iterations. Regulatory concerns do not
affect day-to-day activities in discovery to the same extent as they do in develop-
ment, but collection of artifact-free biological data from compounds with poor
absorption, distribution, metabolism, and excretion (ADME) properties is no less of
a challenge.

There is little discovery resource available to study the pharmaceutical proper-
ties of compounds that are inadequate in some area of performance (e.g., toxicology
or efficacy). As a result, follow-up experiments often cannot be conducted no
matter how useful they might be in understanding such properties, since the
compound is never resynthesized. This results in interpolation or extrapolation
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from incomplete data sets, which were originally designed and collected for other
purposes, as opposed to extraction from specific, comfortably undersaturated
experimental designs.

The most significant difference between the two environments is, of course, the
fact that in most stages of discovery the compound that could eventually command
enormous development resources has not even been identified. While mitigation of
undesirable properties is the aim of post-candidate selection activities, enabling
discovery to focus on strategies that find, or better yet design, compounds requiring
minimal investment in pharmaceutical science resources is a very cost-effective
strategy.

Pharmaceutical sciences should play a major role in discovery, however. Rapid-
cycling, multidisciplinary activities that study structurally diverse, scarce, intracta-
ble compounds using assays sensitive to vehicle effects necessitate the best
approaches the discipline has to offer. While scientists must avail themselves of
the drug delivery tools widely available in the development community, these tools
must be adaptable to address the practical requirements of discovery. For instance, a
highly effective delivery method that requires several hundred milligrams of
crystalline solid and a week’s lead time will find little practical application in the
discovery setting.

Although the development tool or technology may not be directly applicable, the
mechanism behind the method may be very useful in discovery. For example,
amorphous dispersions are now an accepted approach to enhance oral exposure
by inducing supersaturation and/or forming colloids that serve as sources of free
drug. However, the question arises as to how to make dispersions in a manner
compatible with the discovery environment described above. Solving this problem
requires creativity that recognizes which aspects of a given development technol-
ogy can be relaxed and which must be preserved to allow application to discovery.
Using this approach, issues otherwise perceived as limitations may become irrele-
vant or actually become assets. An amorphous dispersion, for example, does not
require the powder properties that enable good flow or dispersibility from a tablet if
it is employed as an aqueous suspension prepared and manipulated with laboratory
equipment. Similarly, an excipient that induces gel depots does not have to possess
a long-term safety profile if it is to be used in a preclinical model that runs only a
few weeks. The excipient does, however, need to be demonstrably innocuous with
respect to the desired in vivo endpoint.

As noted above, there are a myriad of delivery technologies described in the
literature, many with in vivo data collected from species common in discovery
(e.g., rodents). In most cases, however, these studies are retroactive in the sense that
they were first developed for clinical application and then scaled down to the
compound-sparing smaller species to enable screening. This scenario benefits
from the advantage of large compound supplies, significant practical experience,
and existing understanding of in vivo behavior when tackling drug delivery prob-
lems. The discovery scientist has few of these advantages. Hence, developing an
approach for species commonly used in discovery with development resources is
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not the same as developing an approach for discovery species when working solely
in discovery.

This chapter seeks to show how a wide range of technologies and approaches
generally considered to be the exclusive domain of the manufacturing floor can be
applied to solve problems encountered in the early stages of research and develop-
ment. Discovery applications of some types of formulations (e.g., nanosuspensions
and amorphous dispersions) are described in great detail, whereas others (e.g., bead
coating) are discussed more generally. This imbalance is not meant to suggest that
some technologies are better suited than others, but rather reflects the different
levels of maturity of the technologies as research-enabling tools. Indeed, the reader
is encouraged to take ideas from the following discussion and consider how they
might be developed and employed using this paradigm.

3.1.1 Enabling Exposure in a Discovery Setting

The drug discovery effort can be broadly divided into the following stage gates:
target identification, target validation, hit-to-lead, lead evaluation, and lead optimi-
zation, with the ultimate goal being identification of a compound with properties
suitable for clinical testing (Hughes et al. 2011). After the target identification
stage, discovery teams focus on identifying a compound that can be used to conduct
key pharmacology studies to validate the target. Significant work is performed to
understand aspects of the target, such as what concentration is necessary for
efficacy and whether the chemical template or modulation of the target has gross
toxicological liabilities. Early assessment of the efficacy and safety of a new target
often depends upon achieving adequate in vivo exposure to generate reliable results
(Chiang et al. 2010). At this stage, teams often rely on lead or tool compounds that
are potent enough to help answer key questions but have liabilities that would
preclude further development. These compounds allow the discovery team to build
knowledge of viable paths forward while continuing to improve the properties of
newly synthesized compounds in the lead optimization stage. Leads in early
discovery often exhibit undesirable pharmacokinetic (PK) attributes and physico-
chemical properties such as high clearance rates or poor solubility, making in vivo
assessment difficult due to low exposure (Chiang et al. 2010). For example, a given
combination of these properties may defeat efforts to maintain a given plasma
concentration for a specified duration to achieve the desired pharmacological
response (Thomas et al. 2006). The problem is exacerbated when teams need to
determine the toxicity of an unoptimized compound in a study that often requires
>10-fold exposure over the efficacious concentration.

Discovery formulators are tasked with designing drug delivery strategies that
enable adequate exposure (magnitude and duration) in preclinical studies to help
answer questions regarding efficacy and safety. This can be a daunting challenge
for compounds with physicochemical and/or PK liabilities. Indeed, one publication
recently cited that one of the main limitations to validating a target in vivo is the
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dosing regimen or formulation used (Chen and Du 2007). It is imperative that
discovery formulators use exposure-enabling technologies to help advance pro-
grams in early preclinical studies.

3.1.2 Solution Dosing

Solution dosing is covered at length in Chap. 2, but a brief description of how it fits
into the toolbox of delivery strategies is provided here. Early in the discovery
process, solution dosing is employed to try to achieve the maximum exposure by
eliminating the dissolution step in the drug absorption process. This is especially
advantageous because the solid form of the compound has typically not been fully
characterized in the discovery stage, perhaps apart from knowing whether it is
amorphous or crystalline. Synthetic routes may change from lot to lot during scale-
up and can result in multiple solid forms, which may affect exposure. Solution
dosing—i.e., completely dissolving the compound—helps eliminate the variability
associated with the solid form of the compound.

Solution dosing may involve solubilizing the compound with a cosolvent or
complexation agent and/or adjusting the pH for ionizable compounds (Thomas
et al. 2006). The solution formulations may also be prepared with the addition of
precipitation inhibitors because the compound is likely to be more soluble in the
dosing vehicle than in the gastrointestinal (GI) tract, where absorption occurs (Dai
and Xu 2012; Dai 2010).

3.1.3 Suspension Dosing

Due to the undesirable properties of many of the compounds in discovery, teams
may need to resort to suspension dosing if they are unable to solubilize the
compound in a vehicle acceptable for in vivo studies. Suspension dosing may be
the only option if the pharmacology model is sensitive to vehicles based on organic
cosolvents. In these cases, discovery formulators are often restricted to aqueous-
based suspension vehicles containing limited surfactant (e.g., 0.5 % methylcellu-
lose/0.1 % Tween 80).

3.1.4 Tandem Dosing

One strategy often used in discovery to improve exposure is to increase the dosing
frequency. While this may increase exposure, this strategy often requires a large
amount of drug, which may not be available. In response, researchers recently
developed a novel dosing paradigm known as “tandem dosing,” in which multiple
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oral doses are administered in a short time to simulate an oral infusion (Chiang
et al. 2010). This concept is based on using gastric residence time to define the
dosing interval that enables the drug to be absorbed as efficiently as possible.
Sequential oral doses are administered in such a way that the GI tract can accom-
modate a new dose as soon as the previous dose has passed the absorption window.
In one published study, two different poorly soluble compounds were evaluated
using this approach (Chiang et al. 2010). Both molecules had previously been dosed
in rats at up to 1,000 mg/kg by quaque die (QD) administration of a standard
suspension, but the area under the time-concentration curve (AUC) and maximum
drug concentration (Cy,,x) values had plateaued due to solubility limitations. The
compounds were also dosed at 200 mg/kg as suspensions dosed ter in die (TID) at
2.5-h intervals in rats, which consumed only 600 mg/kg of material. Both the C,,,.«
and AUC values increased approximately twofold using the tandem dosing strategy
compared with the exposure achieved with the original protocol (Chiang
et al. 2010). In a follow-up study, the authors looked at optimizing the dosing
interval (i.e., 1, 1.5, or 2.5 h) and found that the time interval that provided the best
exposure depended on the dose (Chiang et al. 2011). In general, the higher the dose,
the more beneficial the increased time between dosing. One advantage of tandem
dosing is that it does not require additional formulation development resource—a
simple suspension formulation was used in the published studies. In addition,
higher exposure (i.e., higher C,,x and AUC values) was achieved with this
approach using less total drug. One potential disadvantage of this technique,
however, is that animals must be handled several times in a short time frame.
While this may not be a problem for some preclinical studies such as toxicology
studies, many pharmacology models—particularly those with behavioral read-
outs—may be adversely affected by increased handling. Even when tandem dosing
is used, the increased exposure potential may not be sufficient to achieve the desired
in vivo concentrations, so more resource-intensive formulation technologies may
be needed.

3.2 Nanosuspensions and Their Use

When the dimensions of material drop below the micron scale, two very different
phenomena are observed. The first represents a linear extrapolation of behavior
observed at macroscopic scales. The simplest example of this type of relationship is
dissolution rate. Since this property is directly related to the solvent-accessible
surface area, if large particles dissolve at a given rate, then small particles dissolve
faster and nanoparticles dissolve faster still. The second phenomenon, generally not
encountered until characteristic material dimensions are less than 100 nm, is
behavior qualitatively different from that of conventional experience. This can
manifest itself in the way matter interacts with biological systems—for example,
the transformation of glass into a toxic substance because of the endocytotic
mechanisms available solely to nanoparticulate forms of the material
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(Stark 2011). Alternatively, the difference can be a discontinuous one in apparent
conflict with everyday experience—for example, the several-hundred-degree drop
in melting point (7;,,) of nanogold compared to that of the corresponding bulk
material (Roduner 2006).

While nanometer-sized particles represent a significant opportunity with respect
to novel therapies that modulate biodistribution (Bertrand and Leroux 2012; Caron
et al. 2012), this section describes the use of nanosuspensions as tools to identify
and develop conventional molecular therapies based upon traditional medicinal
chemistries. This discussion will be focused on the first type of behavior (i.e.,
continuous extrapolation) since leveraging the second requires that the intervention
itself directly employs a form of nanotechnology—a topic beyond the scope of this
chapter.

There is still much to be gained by employing nanoparticles’ properties as a
simple extrapolation from those of larger particles, however. For example, there is a
finite amount of time available for dissolution as a solid passes through the GI tract
or travels from the site of injection to the nearest reticuloendothelial organ. The
poor physicochemical properties of many discovery compounds and/or samples
may limit or prevent their bioavailability due to slow dissolution. Since, as noted
above, nanosuspensions enable dissolution rates unattainable with larger materials
(Kesisoglou and Amitava 2012; Quinn et al. 2012; Deschamps et al. 2009), they
enable collection of useful biological data for such compounds. This use represents
perhaps one of the most frequent applications of nanosuspensions.

As noted above, solution formulations also reduce concerns related to dissolu-
tion and solubility. However, in many instances, the requirement to identify a
biocompatible solvent before a compound can be intravenously administered is a
serious impediment to assessment of its ADME, pharmacological, and other prop-
erties. Though the particles in conventional microsuspensions are too large to easily
pass through capillary beds—their use would likely result in embolism (Douglas
et al. 1971)—reducing their size below 1 pm eliminates this concern and thus
relaxes the need for solubilization in parenteral formulations.

Even when appropriate solvents can be identified, it may not be possible to find
agents that retain the solubilized state when the solutions encounter aqueous
environments (i.e., supersaturation), particularly when low potency or the need
for hazard identification drives up dosing concentrations. In these cases, it may be
better to employ a nanosuspension directly, which ensures that a material of known
characteristics is present at the critical point of use instead of a solution that
produces a poorly defined precipitate with unpredictable performance. When pre-
cipitation cannot be avoided, it may still be possible to choose additives that
promote the formation of submicron solids. This can be accomplished restricting
growth in one of the two ways: (1) by coating the particle surface or (2) by depleting
the surrounding solution of compound via extensive nucleation (Ozaki et al. 2012).
Such a presentation, employed either in vivo or in vitro, actually represents the in
situ formation of a nanosuspension.



102 R.J. Haskell et al.

Table 3.2 Types of nanoparticles

Core Shell Surface Type of nanosuspension
Crystalline drug Crystalline drug | Stabilizer Nanocrystal
Amorphous drug | Amorphous drug | Stabilizer Amorphous drug nanoparticles
Oil and drug NA Stabilizer Emulsion
Aqueous and drug | NA Stabilizer and Liposome
drug
Stabilizer and NA Stabilizer and Micelle
drug drug
Lipid and drug Lipid and drug Stabilizer Solid lipid nanoparticles
Drug and polymer | Drug and Stabilizer Polymeric nanoparticle
polymer
Drug and polymer | Polymer Stabilizer Core-shell polymeric
nanoparticle

NA not applicable

3.2.1 Types of Nanosuspensions and Their Production

While nanoparticle structure is closely related to the means of its production, the
two issues should be addressed separately since a given structure can be achieved
by more than one method. One flexible way of describing a nanoparticle is to
consider it as being composed of an inner core, an encapsulating shell, and an outer
surface, the last of which represents the interface between the particle and the
surrounding medium. The distinction among the different possible nanostructures is
then derived from the composition of these three components, as shown in
Table 3.2. Note that this scheme does not preclude having more than one compo-
nent made from the same material.

Nanosuspensions can be produced using the two general approaches shown in
Table 3.3: (1) “size reduction” or top-down and (2) “size growth” or bottom-up. In
the top-down approach, the size of particles is reduced to the point where they are
small enough to take on the requisite properties. This is achieved by introducing
large amounts of mechanical energy into a suspension via media milling, sonica-
tion, or high-pressure homogenization. The particles are broken up into smaller and
smaller pieces until the energy represented by the total surface area of the particles
is equivalent to that being supplied (Hennart et al. 2012). The efficiency with which
mechanical energy can be delivered, regardless of scale, limits the minimum
diameter accessible using this approach to 100-200 nm. The primary consideration
for top-down methods is introducing energy into a stable system in a way that does
not lead to destabilization.

In the bottom-up method, nanomaterials are produced by building them up from
their individual constituents using one of a number of techniques (Chan and Kwok
2011). The simplest example of this approach is arrested precipitation. Since these
approaches start with the size scale of individual molecules and grow from there,
one of their advantages is that they can more easily be used to produce
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Table 3.3 Means of making nanosuspensions

Approach Method Distinguishing features

Size reduction Attrition Grinding action of media

(top down) Sonication Cavitation generated by acoustic waves
High-pressure Shear and cavitation generated by turbulent flow
homogenization

Size growth (bot- | Solvent Compound driven out of solution as particles by

tom up) displacement solvent/anti-solvent mixing

Emulsion-diffusion | Emulsion/microemulsion droplets used as template
for particle formation

nanomaterials with dimensions of less than 100 nm. However, this approach also
presents the problem of producing an unstable (i.e., growing) system and then
having to bring it rapidly to a steady state (Schwarzer and Peukert 2002). This
problem is further complicated because the counterintuitive behavior of matter at
these size scales (described above) immediately comes into play as growth occurs.

Comparing the two nanoparticle-production approaches, the top-down strategy
is generally the most useful. This is not because it is perceived as universally
applicable to discovery. Indeed, some drugs are available only as a solution or a
glass-like film, immediately eliminating the possibility of the top-down approach
for such compounds. Even if there is solid available, it might be in a form unsuitable
to size reduction (e.g., it may desolvate in aqueous media to form an unworkable
mass or exist as an unstructured material more likely to thermally decompose upon
the input of energy than fracture into smaller size). In addition, unacceptable
polydispersity can arise from solids that have adequate properties initially, but
lose them in the continual presence of water and energy.

Instead, the preference for top-down method is based on the observation that
bottom-up methods are even more likely to encounter difficulty. By necessity, such
techniques involve a significant amount of dilution. So the problem is immediately
encountered of maintaining colloidal stability while bringing the concentration up
to the tens of milligrams per milliliter that might be necessary to pharmacologically
assess low potency and/or high clearance compounds. A related issue is the frequent
need to remove any solvents that are employed, again without compromising the
suspension. The requirement that a compound demonstrate both very high solubil-
ity in some solvents and very low solubility in miscible solvents eliminates many
compounds from consideration. Use of strong, water-miscible solvents such as
dimethyl sulfoxide, dimethyl acetamide, dimethyl isosorbide, and glycofurol
might make this less of a hurdle, but such solvents are also difficult to remove
from the final product, exchanging one problem for another.

Finally, the most significant issue for bottom-up methods is that of control and
reproducibility. As stated above, for matter to go from molecular dimensions to a
stable colloid, it must by necessity pass through a size range where unexpected
phenomena are observed. This in turn leads to a significant element of
unpredictability in the process, making choices of excipients and processing
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parameters unique for each compound and/or scale rather than being broadly
applicable across chemical space, as required by the higher throughput of discov-
ery. Similarly, numerous studies have demonstrated the dependence of successful
nanoparticle generation on subtle aspects of mixing (He et al. 2013; Thorat and
Dalvi 2012), though carefully engineered mixing systems have been introduced to
address such problems (Chiou et al. 2008).

3.2.2 Analysis of Nanosuspensions
3.2.2.1 Approach

By definition, the first characteristic to consider when discussing nanosuspensions
is nanoparticle dimensions. As noted above, the size of the individual particles will
determine both the performance and disposition in vitro and/or in vivo. Therefore,
an accurate measure of nanoparticle dimensions will help in evaluating the suit-
ability of various formulations for a specific task and also assist in interpreting the
data collected using a given formulation. Such measurements can be made using a
number of methods, which can be classified in the three ways shown in Table 3.4.
The first are ensemble methods, which rapidly transform the superposition of all the
signals generated by the sample’s individual components into a size distribution. In
the second category are the precise, yet slow, counting methods in which individual
nanoparticles are counted and binned by dimension, producing a histogram that
represents the sample’s size population. In the last category are the elution methods
in which a nanoparticle population is subjected to a size-related perturbation (e.g.,
centrifugal force), which physically separates the sample into components. Since
sorption, in addition to size effects, can play a role in particle separation, these
methods must be used with care to avoid artifacts.

Nanoparticle size is not the sole characteristic worth measuring, however. The
magnitude and polarity of charge associated with a nanoparticle will play a signif-
icant role in determining its behavior and performance (Caron et al. 2012). Signif-
icant physical stability is afforded via charge-charge repulsion resulting from
magnitudes in excess of 30 mV, with negative charges being more likely to avoid
sticking to surfaces (Wu et al. 2011). A positive polarity can be used to enhance
binding to cell membranes, which are negatively charged. There are several means
of quantifying charge, but for the purposes of understanding the colloidal stability
of nanoparticles, the most useful is zeta potential, which is the electric potential
between the bulk solution and the interfacial slip plane, which separates the
stationary layer of fluid diffusing with the particle from the fluid of the surrounding
media (Wu et al. 2011).

The first consideration when choosing an analytical technique is the underlying
reason for taking the measurement in the first place. Often, the analyst is trying to
interpret data derived from use of the material in an experiment or to determine if
the material has the characteristics needed for a specific purpose. For example, a
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nanosuspension is useful in evaluating the dependence of oral exposure on disso-
lution rate only if its particle size is known, it is monodisperse, and it is stable
in vivo. Another consideration, particularly for discovery, is the amount of sample
required for a given analysis. Typically, the preparation of nanosuspensions repre-
sents expenditure of a scarce active compound to answer a question, so little
material is left over for characterization.

3.2.2.2 Methods

While the use of nanosuspensions suggests the need for sophisticated laboratory
equipment, the truth is that the discovery-scale implementation makes analyses
relatively straightforward. In the current application, microscopy is a very useful
method of nanosuspension characterization (Murphy 2001). Nanoparticle size,
aggregation, stability, and, if polarizing optics are employed, crystallinity can be
assessed immediately with only 1 pL of sample. The inability of typical light
microscopes to resolve particles less than approximately 0.7 pm renders the con-
ventional technique best suited to characterization of starting materials and samples
early in processing, since nanosuspensions themselves will appear only as a shim-
mering haze. Dark-field illumination, which reveals the presence of particles
through light scattering rather than producing a direct image, is a useful means of
probing below diffraction limits. This method also allows assessment of particle
numbers and the detection of the presence/absence of Brownian motion—both
practical, albeit indirect, indicators of nanosizing. However, use of such small
volumes makes obtaining a statistically accurate sampling of the suspension highly
unlikely. Analysts also need to be aware that cover slips tend to induce aggregation.

Measuring the amount of diluted suspension passing through syringe filters with
a range of pore sizes is another straightforward, sample-preserving means of
determining size. The most serious concern is that sorption will be misinterpreted
as the intended sieving process. The influence of this artifact can be accommodated,
but not eliminated, by ensuring that all of the filters have the same composition.

Another convenient, accessible method of characterization is wavelength-
dependent turbidity analysis (Oshchepkov and Sinyuk 1998; Gulari et al. 1987).
Light-scattering theory indicates that turbidity transitions from being relatively
independent of wavelength at particle sizes above 2—-3 pm to being skewed such
that short wavelengths generate increasingly more signal as the size drops (Kerker
1969). Using ultraviolet-visible spectroscopy, measurements can be as simple as
noting the ratio of transmittance at a wavelength of 400 nm to that at 800 nm. This
ratio will increase as nanosizing continues and will stabilize as size stops changing,
which makes it a reliable indicator of process status. More detailed information can
be obtained by comparing the turbidity spectrum of the sample against those of
previously measured standards and reconstructing the former as a linear combina-
tion of the latter (Haskell et al. 1998).

The need to obtain and interpret in vitro or in vivo results usually requires
quantitative assessment of size rather than an inferential measurement. Dynamic
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light scattering (DLS), also known as photon correlation spectroscopy (PCS) or
quasielastic light scattering (QELS), is frequently employed. The intensity varia-
tion of light scattered from particles in Brownian motion is quantified to produce a
signal from which a corresponding diffusion coefficient can be derived. Applying
the Stokes-Einstein relationship between diffusion and size in an environment of
known temperature and viscosity completes the measurement (Villari and Micali
2008). Large particles passing through the scattering volume generate changes in
intensity unrelated to size, which limits measurements to less than 3 pm. Hence,
such particles must be eliminated from the sample before analysis. The need to
avoid the artifacts induced by multiple scattering requires high dilution, which
keeps sample consumption low, though some compounds are sufficiently soluble to
dissolve under such conditions. While instrumentation for this measurement is
moderately complex and may not exist in a discovery-oriented pharmaceutical
science laboratory, the method is commonly employed to assess protein aggrega-
tion (Yadav et al. 2013), so it is likely available nearby.

Light diffraction, a method by which the angular-, wavelength-, and
polarization-dependent scattering pattern is deconstructed to calculate a particle
size distribution, can also be employed, although there are several limitations (Keck
and Muller 2008). First, sample requirements can be as high as tens to hundreds of
microliters, which may be more volume than is available in the entire formulation.
Second, the real and imaginary refractive indexes may not be known. This limita-
tion allows light passing through the particles to be misinterpreted as light derived
from nanoparticles not actually present in the sample. Third, the necessary instru-
mentation is relatively scarce in discovery labs. Despite these limitations, the
method is valuable, particularly in its ability to measure sizes ranging from
50 nm to 400 pm simultaneously. Thus, the presence of large particles does not
present a problem the way it does for DLS.

Single-particle optical sensing is a particularly useful technique, which has been
previously applied to parenteral emulsions (Driscoll et al. 2001). Particles of the
suspension are introduced into a flow system, where they pass individually through
a laser beam and produce a scattering signal in proportion to their size. Counts are
binned into particle size ranges, producing a number histogram that is converted
into a volume distribution, assuming sphericity. The area under this curve is an
absolute measurement representing the total volume of material that passed through
the sensor. This value can be normalized to the amount of material that is calculated
to have been present and reported as a volume detected per unit mass of sample
introduced. Because the size detection limit of this technique is approximately
0.7 pm, the entire distribution is observed in a microsuspension but is mostly
undetected for a nanosuspension. As a result, the number of particles drops precip-
itously as processing continues. This selectivity renders the method reasonably
useful for monitoring small changes in the large-size tail of a size distribution
dominated by nanoparticles, providing information on the status of milling and
stability and indicating aggregates (Tolla and Boldridge 2010).
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3.2.3 Generating Top-Down Nanosuspensions
at the Discovery Scale

Typically, large media mills are used to make top-down nanoparticles. These large
mills (e.g., Dynomills and Netzsch mills) agitate a slurry of beads and suspension
using rapidly rotating mixing elements. Such equipment are unsuitable for use in
discovery for several reasons. First, these mills require a large amount of com-
pound, ranging from thousands of liters of nanosuspension down to a few hundred
milliliters. Even the smallest laboratory-based systems require 5—10 mL—far more
volume than is available in most cases. Second, the equipment generates a large
amount of frictional heat, which is an unavoidable by-product of a process based on
grinding surfaces together. The chemical stability of discovery compounds in
warm, aqueous environments is either poor or unknown, and the unstructured
nature of the solid tends to encourage the production of an unusable putty in such
conditions. Third, the time required to assemble, clean, and reassemble conven-
tional equipment is prohibitive in an environment where tens of compounds may be
formulated as nanosuspensions in a week. While the 150- to 200-nm nanoparticles
produced by top-down approaches will enhance dissolution rate, they are not
sufficiently small to enhance solubility (Van Eerdenbrugh et al. 2010).

Capturing the essential mechanism of such systems—i.e., a well-mixed slurry of
beads, suspending vehicle, and drug—can also be accomplished using miniaturized
equipment (Van Eerdenbrugh et al. 2009) or simple laboratory equipment at little
cost. One approach is to employ glass vials, 0.5-pm glass beads, and a stir plate/stir
bar in a configuration that can easily achieve stirring rates of 3,000 rpm (Haskell
2004). Because this approach uses commonly available laboratory equipment, it
affords non-pharmaceutics laboratories to access the advantages of nanosuspensions
(Nophsker and Haskell 2010). The most anticipated problem, decoupling of the
magnets, is addressed by using higher strength magnetic stir bars, now commonly
available from commercial sources, or by modifying the stir plate. By using equip-
ment such as high-speed drills fitted with strong ceramic magnets, stirring speeds up
to 10,000 rpm can easily be achieved, enabling use of highly viscous systems (e.g.,
thixotropic systems or lipids) as the continuous phase. The volume of beads is near
80 % of that of the total slurry and success is most generally encountered if the vessel
is chosen so that the slurry fills approximately 50 % of the volume available.
Maintaining thorough mixing is clearly an important concern, so the stir bar must
be large enough to produce a vortex. Using vial combinations in the 0.5- to 20-mL
range, this approach enables the production of nanosuspensions with active com-
pound quantities ranging from 500 pg up to 2 g—the range required in the discovery
environment.

The bead-bead interaction in this approach is of lower energy than that attained
with large media mills. This is an important consideration for a process in which
energy input is a key factor in determining the rate and extent of size reduction
(Knieke et al. 2011). Original reports of this technique demonstrated that, at the
laboratory scale, time can be substituted for aggressive agitation, since even
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low-energy roller mills were sufficient to produce particles as small as 180 nm
(Liversidge et al. 1992). Figure 3.1 shows the time course of a process that produces
a nanosuspension in a process taking place overnight. The plot, prepared using
single-particle optical sensing, shows the number of particles counted per mass of
suspension and the total volume corresponding to those same particles. The particle
count rises with time, consistent with the larger observable particles breaking up
into smaller observable particles, and then falls as the particles break up further,
producing particle sizes below the detection limit of the sensor. Monitoring the
volume leads to a first-order decrease in signal, as predicted by comminution
models (Tangsathikulchai 2003).

After the suspension is produced, it is removed from the bed using transfer
pipettes with openings smaller than that of the beads. Even though the surface
tension is low due to the presence of surfactants, capillary action limits recovery to
approximately 75 %. Milling at higher concentrations than is actually required
allows the beads to be repeatedly rinsed with fresh vehicle, achieving recoveries in
excess of 95 %. In general, milling efficiency is better at higher concentrations
(Kapur et al. 1996), so this is a practical strategy in most cases. If other require-
ments eliminate dilution as an option, alternate approaches can be employed.
Touching the vessel to a vibrating surface simultaneously reduces capillary effects
and leverages the shear-thinning nature of the suspension, improving nonrinsing
recoveries to 90 % or more. The problem of handling small-scale production (i.e.,
<0.75 mL) and/or the desire for even higher recoveries can be solved by poking
holes in the bottom of the milling vessel, effectively converting it into a sieve.
Gentle centrifuging of this with a collection vessel completely eliminates capillary
effects and transfer losses, improving recoveries to more than 98 %. Obviously, the
milling must be done in a plastic vial for this technique to be successful.
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Polymers, such as polyvinylpyrrolidone (PVP), hydroxypropyl cellulose (HPC),
carboxy methyl cellulose (CMC), and hydroxypropyl methylcellulose (HPMC, also
known as hypromellose)—particularly those with lower molecular weights (Choi
et al. 2008)—effectively achieve suspensions with the physical stability needed to
obtain submicron particle dimensions during manufacture and maintain them
before use.

Polymers—which achieve stability via steric mechanisms, osmotic pressure, and
resistance to Ostwald ripening—are even more effective if used with charged
surfactants such as sodium lauryl sulfate, dioctyl sulfosuccinate, and cetyl trimethy-
lammonium bromide. These charged surfactants impart additional stabilization
through electrostatic repulsion. Charged surfactants are less desirable for parenteral
applications due to their hemolytic properties, which can in turn perturb pharma-
cological or toxicological studies, so poloxamers and polysorbates can be used in
their place. Such surfactants avoid the formation of destabilizing lipophilic salts
produced when basic compounds stabilized with sulfonic acids encounter reduced
pH (Donoso et al. 2012).

While the mechanisms by which these excipients maintain stability are well
understood (Verwey and Overbeek 1948), choosing which combinations to employ
is still an empirical undertaking (Ghosh et al. 2011; Juhnke et al. 2010). As a result,
formulation optimization is best carried out via screening—an unavoidably time-
intensive activity. However, the need for as little as 0.5 mg per attempt makes it
possible to try several conditions while consuming only a few milligrams of
compound. Physicochemical stability must be maintained only long enough to
perform the experiment for which the formulation was made in the first place,
considerably relaxing the complexity of the stabilization problem. This is one of the
primary reasons nanosuspensions of this type are so easily employed in discovery.
Since the physiochemical properties are clustered for a given program’s chemical
space, it is generally not necessary to screen each compound.

One of the problems unique to this implementation of media milling is the
tendency to generate foam because of the ease with which air is entrained into
the slurry from the vessel headspace—something that is less of a consideration with
large-scale equipment. Not merely an inconvenience, foam significantly reduces
the efficacy of the process by dissipating much of the input energy. Fortunately, this
is easily avoided via the use of small amounts (e.g., 0.2 ppm) of a silicone oil-based
defoaming agent. Excessive use of these materials will destabilize the system,
because the excess polymer will coat the particles and create a hydrophobic surface.
That said, additional aliquots may be needed throughout the milling process
because the effectiveness of the defoaming agent drops over time (Denkov
et al. 2000).

Some combinations of available drug, suspension volume and concentration,
bead quantity and diameter, and vial size require use of a custom stir bar to ensure
adequate mixing. Custom stir bars also improve resistance to decoupling, as can
happen when highly viscous slurries are milled using a high-strength magnetic
system. This resistance is better described by the ability of a magnetic field to
induce torque in the coupled object, quantified by units of oersted, than by the value
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of the vector field itself (in units of gauss). Typical stir bars use AINiCo alloys with
a resistance of ~1,000 oersteds. Substantially more torque is tolerated by SmCo
magnets (~15,000 oersteds), but sometimes the even higher resistance to
decoupling afforded by NdFeB magnets (up to 40,000 oersteds) is required.
While the former are commercially available as cores for stir bars, the latter are
not. Magnetic stir bars with any core can be easily made by inserting magnetic disks
into chemically resistant tubing and then sealing the ends (Haskell 2003).

The major concerns working at the laboratory versus production scale are
compared in Table 3.5, which makes it clear that generating nanosuspensions as
described above renders their use more accessible in discovery than at the produc-
tion scale for a variety of reasons. The two areas of concern specific to the small
scale—i.e., avoiding foaming and maximizing recovery for discovery applica-
tions—are addressed through the use of antifoaming agents and creative use of
laboratory equipment, respectively. An additional enabling feature of the
laboratory-scale application is the relative ease of using radioactively-labeled
compounds since the equipment employed is easily decontaminated or disposed
of, if necessary. A similar argument applies to the formulation of compounds with
occupational exposure band (OEB) ratings of four and higher.

Parenteral applications are also much more accessible when making and using
nanosuspensions as discovery tools as opposed to a clinical drug product. Reason-
able care alone leads to a high degree of sanitation adequate for many purposes, and
sterile formulations can be produced using aseptic techniques without difficulty
because of the simplicity of equipment. However, an easier approach is manufac-
ture of the suspension at a higher concentration than necessary, followed by sterile
filtration, assay of the filtrate for drug content, and appropriate dilution with
additional sterile-filtered vehicle. Because of the lower energy process used in
laboratory-scale media milling, filtration losses of compound can be higher than
those encountered in a manufacturing environment, which typically employs higher
energies that are more effective at reducing particle diameters below 0.22 pm.
Thus, it is advisable to start with a suspension concentration that is as high as
possible. As discussed above, higher concentrations actually enhance the effective-
ness of the milling process. Use of sterile filtration does not obviate the need for
clean excipients and careful handing since endotoxin contamination can be the
result of carelessness in this regard.

3.3 Solid Amorphous Dispersions (SADs)

While crystalline nanosuspensions increase the surface area, which is often useful
for addressing compounds that are dissolution rate limited, SADs are useful for
addressing compounds whose absorption is limited by either dissolution rate or
solubility since SADs exhibit both high thermodynamic activity and rapid dissolu-
tion of the amorphous drug. Dissolution can be especially rapid for spray-dried
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Table 3.5 Comparison of nanosuspension preparation issues at the laboratory scale versus the
production scale

Concern at production | Concern at laboratory

Category Issue scale scale
Manufacturing | Equipment complexity High Low

and cost

Energy dissipation High Low

Efficiency of energy use High Low

Attrition of milling media | High Moderate

Poor recovery Low High

Poor mixing Moderate Low

Foaming Low High
Properties Colloidal instability High High

Characterization High Moderate

Long-term physical High Low

stability

Bioburden High Moderate

dispersions (SDDs) made at small scale for discovery applications, as constitutive
particles tend to be small in size (~1 pm) and therefore have high surface areas.

SADs can be formed by a variety of processes, including combining heated drug

and excipient to produce hot melt extrusions (HMEs) (Crowley et al. 2007); evap-
oration that generates SDDs or rotoevaporated dispersions (Vehring 2008; Dobry
et al. 2009); and precipitation from solvent-anti-solvents (Shah et al. 2013). SDDs
have several advantages for discovery applications, including the following.

Suitability for small-scale manufacture—Spray-drying is readily amenable to
small-scale manufacture (tens of mg active). Some other processes for forming
SADs, such as HMEs, have traditionally been less amenable to such small scale
due to equipment limitations.

Quick turnaround time—SDD formulations can often be produced at the rate of
about one per hour.

Broad applicability—Because they are kinetically stabilized using rapid drying,
drug miscibility with the matrix material is not required, allowing compounds
having diverse physicochemical properties to be formulated with great flexibility
with respect to loading and excipient choice. Drug loading and physical stability
can be balanced against one another for a particular discovery application,
depending on the required dose and study requirements. In addition, a range of
organic solvents can be used to assure mutual solubility of drug and matrix
material in the spray solvent. Figure 3.2 indicates the breadth of applicability of
SDDs to compounds with varying physicochemical properties. The plot shows
the T, divided by glass-transition temperature (1) versus the calculated octanol/
water partition coefficient (CLogP) for 147 compounds that have been formu-
lated at small scale as SDDs at Bend Research. More than 1,000 compounds
have been formulated as SDDs for early preclinical evaluation.
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¢ Suitability for commercial progression—SDDs are scalable and they are used in
products. They also typically use nontoxic, precedented excipients that can be
used at high doses for preclinical toxicology testing of active compounds. The
safety of the excipients and scalability of the process enable formulations
assessed in discovery to transition rapidly into development.

» Flexibility with respect to drug form—The solid form of the active compound
(e.g., amorphous or fully/partially crystalline) is not important, since the active
compound will be dissolved in a solvent and sprayed into an amorphous powder.
The approach is often amenable to compounds with unknown chemical stability,
due to minimal exposure to elevated temperature, as opposed to HME, for
example.

Due to the advantages of SDDs, they are the focus of this discussion of SADs.
Dispersions formed in other ways share some of the characteristics described
below.

3.3.1 SDD Manufacture
3.3.1.1 Materials

SDDs are typically manufactured using polymers with high T,s to enhance the
physical stability of the amorphous form. In addition, the polymers tend to be
soluble in aqueous media at physiological pH. They are commonly water soluble or
enteric, to ensure dissolution of the SDD in the GI tract. In addition, the dispersion
polymer must have sufficient solubility in the organic spray solvents in which the
active compound is also soluble. Examples of dispersion polymers include
hydroxypropyl methyl cellulose acetate succinate (HPMCAS) (Curatolo
et al. 2009; Friesen et al. 2008), HPMC (Raghavan et al. 2003), PVP (Lindfors
et al. 2008), polyvinylpyrrolidone vinyl acetate copolymer (PVP-VA), and
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Table 3.6 Key properties of select SDD polymers

T, °C) Water
Sample | content at
Dry at75 % | 25°C/75 % Ionizable
Polymer (grade) sample |RH RH (%) Typical spray solvents groups
HPMCAS (-M) 125 73 6 Acetone, methanol, tet- | Acidic
rahydrofuran (THF),
dichloromethane
(DCM)
HPMC (E3) 142 43 11 Methanol/water None
PVP-VA (VA64) | 106 17 21 Acetone, methanol None
PVP (K-15) 116 —14 35 Methanol None
Polymethacrylate | 191 97 12 Acetone, methanol, Acidic
(Eudragit L100) DCM

RH relative humidity

polyacrylates. HPMCAS is often used because it is a particularly enabling polymer,
due to its amphiphilic nature and associated ability to form drug/polymer colloids
and to inhibit drug crystallization (Curatolo et al. 2009; Friesen et al. 2008). These
drug-polymer colloids are often useful for resupplying free drug as it is absorbed
from the GI tract (Friesen et al. 2008). Table 3.6 lists key properties of some select
dispersion polymers.

For drugs that might be acid sensitive or that are not as prone to precipitation,
particularly crystallization, neutral water-soluble polymers such as HPMC or
PVP-VA are chosen. These neutral polymers are also appropriate if gastric, as
opposed to intestinal, dissolution is important in vivo. In a discovery environment,
several polymers and drug loadings can be screened for performance, depending on
the quantity of active compound available. When the quantity of active compound
is extremely limited, as is often the case, a single polymer and drug loading is
chosen for formulation into an SDD with a high degree of success. A common
selection is a conservative drug loading in the middle (-M) grade HPMCAS
polymer. In situations where the quantity of active compound is limited, the map
in Fig. 3.2 can be a useful guide for initial SDD formulation selection. The T,,/T,
ratio reflects the tendency of a drug to crystallize, with higher ratios representing a
stronger crystallization tendency. As this ratio increases, it is often necessary to
reduce the drug loading in the polymer and sometimes move toward a more
hydrophobic polymer to mitigate crystallization in the solid state and in suspension.
The ability to employ large dosing volumes preclinically and the lack of need for
dosing forms other than suspensions allows low drug loadings to be useful and is an
example of how some requirements can be relaxed in discovery. The CLogP value
represents the lipophilicity of the active molecule. Compounds with higher CLogP
values can have slower dissolution rates, particularly with more hydrophobic poly-
mers, such as hydrophobic grades of HPMCAS. For compounds that are both highly
lipophilic and have a tendency to crystallize, there is often a need to balance the
need for rapid dissolution with the requirement for crystallization inhibition. This is
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sometimes accomplished through use of a moderately hydrophobic polymer, such
as HPMCAS-M.

3.3.1.2 Process

Spray-drying can be carried out over a wide range of scales that is applicable to
early development all the way through commercial manufacture. This offers the
advantage of a progressible formulation that can be successfully transitioned from
discovery into further development. Small-scale spray dryers are available in
different designs from more than one source. We describe here a design used to
manufacture SDDs at small scale, the Bend Research “mini” spray dryer, which has
been optimized for rapid drying kinetics and good recovery at small scale (Curatolo
et al. 2009).

In this spray dryer, the spray solution is fed via syringe to a two-fluid atomizing
nozzle mounted at the top of a stainless-steel processing chamber. A syringe pump
feeds the solution to the nozzle at a rate typically between 0.5 and 1.5 mL/min,
while a mass flow controller meters nitrogen gas through the outside, annular
nozzle opening. Heated nitrogen atomizes the feed solution into high-surface-area
droplets and evaporates solvent for drying of the particles. The droplets dry rapidly
and solidify as they are carried by the nitrogen downward toward the collection
filter. In this application, the two-fluid nozzle is used to enable sufficient contact of
the drying nitrogen for rapid drying kinetics, and to make small droplets amenable
to drying in a short-residence-time chamber. Since the small spray-dried particles
would be difficult to collect efficiently in cyclones that are used at larger scale due
to the low drying-gas flow rate, they are collected on filter paper at the outlet of the
chamber. The process parameters (e.g., flow rates, temperatures) are controlled with
an electronic control system and can be optimized based on the SDD formulation or
the spray solvent used. Batch sizes as small as ~100 mg of SDD are routinely
collected at >90 % yield. Thus, at a low drug loading of 10 % in the SDD, which is
often sufficient in discovery, only 10 mg of active compound is needed for each
formulation. This allows efficient screening of multiple SDD formulations and/or
compounds using minimal active compound, when both compound and time are in
short supply.

Important considerations for spray-drying include the solvent choice. Typically,
high-volatility organic solvents, sometimes mixed with small amounts of water, are
chosen for processing because they are easy to remove from the SDD after spray-
drying. It is important that both the active compound and polymer have sufficient
solubility in the spray solvent to enable reasonable throughput. A solids concentra-
tion of approximately 2 % by weight is commonly used for small-scale spray-
drying, although the aforementioned flexibility in discovery allows further reduc-
tion if the active compound or polymer has low solvent solubility. Solids should be
sprayed at concentrations significantly lower (e.g., ~20 %) than their solubilities in
the spray solvent to guard against precipitation of solids in the syringe, lines, or
nozzle during processing.
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After being sprayed, SDDs normally undergo secondary drying to remove
residual solvent. At large scale, this step is performed using agitated dryers or
tray dryers. For the small-scale process described above, the SDDs are often
scraped from the filter paper into a vial or another small container and dried by
vacuum desiccation. A nitrogen or airstream can be added to aid in solvent removal.
The particle size of powders spray-dried at this scale are typically small and are best
handled using a static wand to avoid significant loss of material.

3.3.2 Characterization of SDDs at Small Scale
3.3.2.1 Performance

A number of bulk-sparing performance tests have proven useful for characterizing
the performance of SDDs early in discovery when active compound quantities are
limited. Two such tests are the microcentrifuge dissolution test (Curatolo
et al. 2009; Friesen et al. 2008) and the membrane permeation test (Vodak 2012;
Babcock et al. 2009). The microcentrifuge test (MCT) is used to screen formula-
tions by quantifying solubilized drug species that are important for oral absorption.
In particular, it measures the time-dependent concentration of drug residing in
small, neutrally buoyant species present in a biorelevant medium. Such species
typically consist of freely dissolved drug, drug in bile-salt micelles, and drug/
polymer colloids:

[D] = [Ddiss} + [Dmic} + [Dcoll} (31)

where [D], [Dgissl, [Dmicl, and [Do] are the concentrations of total solubilized
drug, dissolved drug, drug in bile-salt micelles, and drug in drug/polymer colloids,
respectively. The drug/polymer colloids, which are typically present only when
using amphiphilic polymers like HPMCAS, can be important for enhancing absorp-
tion because they are high-energy, high-surface-area species that can rapidly
resupply freely dissolved drug and drug in bile-salt micelles (Friesen et al. 2008).

In the MCT, SDD is weighed into a microcentrifuge tube and a suitable
biorelevant dissolution medium, such as a simulated gastric or intestinal fluid, is
added to create a nonsink condition. The solution in the tube is vortexed briefly and
at each time point the sample is centrifuged to pellet any undissolved SDD solids or
dense, large-particle precipitate. An aliquot of supernatant is withdrawn, and the
sum of the active compound in the species of Eq. (3.1) is quantified by high-
performance liquid chromatography (HPLC). The test is performed with 1-2 mL
of solution and often requires less than 1 mg of active compound to be run in
duplicate, depending on the drug solubility in the medium. The dissolved drug
concentrations provided by the amorphous drug form are often 5-10 times higher
than the corresponding crystalline solubility (Friesen et al. 2008), so the test is
typically run with drug concentrations that are approximately tenfold higher than



118 R.J. Haskell et al.
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the latter value. The MCT can employ a single biorelevant medium, or can involve
a transfer between media to mimic transit through the GI tract. The transfer test can
be particularly valuable when evaluating ionizable active compounds with
pH-dependent solubility.

The MCT is particularly useful for evaluating supersaturation levels and
sustainment of those levels—i.e., crystallization inhibition—provided by SDDs.
Figure 3.3a shows an example of microcentrifuge data for two SDDs compared to
data for crystalline drug. As the figure shows, SDD #1, in particular, shows a
substantially higher level of solubilized drug species than the crystalline drug due
to the supersaturation provided by the amorphous drug form and/or drug/polymer
colloids. SDD formulation #2, although it outperforms crystalline drug, is not
optimum for the drug compound shown in this example.

The MCT can be combined with an ultracentrifugation step to further separate
solubilized drug species. Ultracentrifugation typically pellets the less buoyant drug/
polymer colloids, leaving freely dissolved drug and drug in bile-salt micelles in the
supernatant. In conjunction with micro- and ultracentrifugation, nuclear magnetic
resonance (NMR) analysis of the suspension can likewise provide further informa-
tion on drug speciation by separating drug species based on mobility (Curatolo
et al. 2009; Friesen et al. 2008). Drug in colloidal particles is generally not detected
by solution NMR due to the particles’ relatively long rotational time. Dynamic light
scattering can be used to confirm that colloids have been pelleted from the super-
natant of ultracentrifuged samples, with a large reduction in size/scattering intensity
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indicating a successful separation. Finally, the pellet from the MCT can be
inspected by polarized light microscopy or analyzed by powder X-ray diffraction
(PXRD) to determine if drug concentrations have decreased over the course of the
test due to precipitation of crystalline or amorphous drug. In addition, the pellet
from the MCT can be redispersed into fresh biorelevant medium in a
“redissolution” test to assess whether the precipitate can quickly source high levels
of solubilized drug. A number of these drug-speciation tests can be conducted using
a sample from the same microcentrifuge test (ultracentrifugation, dynamic light
scattering, PXRD, and polarized light microscopy) or using very little additional
SDD (in the case of NMR analysis), thus conserving valuable active compound.

The MCT is useful not only in assessing the performance of the as-manufactured
SDD but is also a valuable tool for assessing the physical stability of an SDD
suspension in the dosing vehicle. Suspension stability can be particularly important
for longer term toxicology studies where frequent dosing over many days is
necessary. Suspension stability of the SDD versus crystallization or particle aggre-
gation is important because it facilitates dosing by allowing preparation of a large
volume of suspension for use over several days or even weeks, so that separate
suspensions do not have to be prepared one or more times per day. For suspension
stability studies, instead of adding solid SDD powder to the biorelevant dissolution
media, a concentrated suspension of SDD can be held for various periods of time
before dilution into the dissolution media and assessment of dissolution perfor-
mance. Typical suspending agents include HPMC and HPMCAS in buffered media.
Consistent performance in the test after extended hold times (e.g., days or weeks)
suggests good physical stability. These data are especially useful for establishing
acceptable formulation protocols for preclinical dosing, especially for multiple-
dose studies in which it can be inconvenient to make new suspensions just before
each dosing.

The membrane permeation test is another useful in vitro test of SDD perfor-
mance and has been used for more than a decade to screen SDDs. The test measures
the flux of drug across a semipermeable synthetic membrane into a secondary liquid
phase that provides a sink for the drug. Like the MCT, the membrane test uses
minimal active compound—typically, a few milligrams, depending on the solubil-
ity of drug in the aqueous feed media. As in the MCT, the SDD is suspended in the
biorelevant medium such that the active compound is at several times its solubility.
In the test, a porous (l-pm pore size) polypropylene membrane separates an
aqueous donor solution from an organic permeate solution in which the drug is
highly soluble. The ideal organic solvent has limited miscibility with the aqueous
feed solution and a low vapor pressure to limit evaporation; a representative organic
solution is 80:20 (w/w) decanol:decane. An SDD is dosed to the aqueous donor
solution and the organic permeate solution is sampled over time. These samples are
then analyzed by UV-VIS absorption with or without a chromatographic separation
step, to determine the drug concentration in the organic permeate solution. Since it
is believed that only freely dissolved drug is transported across the membrane, and
since the flux is proportional to freely dissolved drug levels (Babcock et al. 2009),
the test offers an indirect measure of the sustainment of free drug levels in the
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aqueous donor solution. This information, in conjunction with the sustainment/
speciation data from the MCT, can be useful in ranking formulations or compounds.
Figure 3.3b shows example membrane permeation data for an SDD compared with
crystalline drug.

3.3.2.2 Characterization of the State of Matter

When formulating SDDs for discovery, it is useful to verify that a homogeneous
drug/polymer dispersion has been formed, since phase separation, and particularly
the presence of crystalline drug, can adversely affect the solubilization performance
of the SDD by lowering drug activity, dissolution rate, and long-term physical
stability (Friesen et al. 2008). Several bulk-sparing methods can be used to detect
phase separation. These include PXRD, scanning-electron microscopy (SEM), and
modulated differential scanning calorimetry (mDSC). Depending on the specifics
of the instrument and sample, PXRD can be used to detect the presence of
crystalline drug to a level of approximately 1 wt% of the SDD (Palermo
et al. 2012). As such, PXRD is not as sensitive as some other techniques, but is
nondestructive and consumes no active compound. SEM, which uses <1 mg of
material, is often used as a highly sensitive, but nonquantitative, method of
detecting drug crystallinity in SDD particles (crystals often form first on the surface
of SDD particles due to the high mobility and the high-energy state of the drug at
the particle surface).

mDSC is a valuable tool for assessing amorphous phase separation in disper-
sions. In particular, a single, sharp T, is typically interpreted as an indicator that
there is no large-scale (> ~15-nm domains) phase separation of drug and polymer
(Utracki 1990). The T, of the SDD, both dry and at various RH values, is a valuable
indicator of solid-state physical stability of the SDD when evaluating formulations
or compounds. At the earliest stages of research, less attention is typically given to
long-term physical stability when using the formulations to enable discovery.
However, a good understanding of this property is required to assess SDD progres-
sion into development, as described in Chap. 1.

3.3.2.3 In Vivo Performance

For early preclinical in vivo studies, such as pharmacokinetic or toxicity studies in
rodents, SDDs are typically prepared as suspensions and dosed by oral gavage (e.g.,
through a 16G needle). Well-dispersed and stable suspensions are typically made
by adding a suspension vehicle dropwise to the SDD powder using a mortar and
pestle to uniformly wet the particles. The suspension is made at a concentration that
is high enough to deliver the dose in a reasonable dose volume (e.g., 5—-10 mL/kg),
but low enough that it is syringeable and has sufficient physical stability to achieve
the dosing protocol. The maximum syringeable concentration of SDD in suspension
depends on the choice of polymer and the drug, and sometimes on the drug loading
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in the polymer. For HPMCAS SDDs, suspensions with polymer concentrations up
to 150-200 mg/mL are usually achievable.

3.4 Discovery Formulation Approaches for Modulating

Oral Exposure

We have just focused on two mature techniques used in the discovery environment
to help achieve desired exposure. As more is understood about the efficacy/toxicity
of a given molecule, teams may need to find a way to achieve tunable exposure to
further understanding of the molecule and target attributes. In addition, some
therapeutic areas (e.g., diabetes and oncology) may need to modulate the PK profile
to avoid tolerability issues associated with a high C,,,x (Reddy et al. 2013; Sampath
Kumar et al. 2012; Eichenbaum et al. 2006). Modulating exposure of compounds
through modified-release delivery approaches may be useful in discovery settings
for a variety of reasons, including the following:

Overcoming the PK deficiencies of tool compounds [e.g., excessive ratios of
Cmax to the minimum drug concentration (C,;,), rapid clearance], so that teams
can use them to validate targets and answer other questions in preclinical animal
models: This allows the use of nonoptimized molecules and enables programs to
proceed without the need to wait for the “right” compound to be discovered,
synthesized, and characterized.

Manipulating the exposure profiles of high-clearance compounds, which allows
pharmacological parameters such as occupancy to be studied more easily.
Reducing the need for repeated dosing, decreasing in-life resource burden, and
simultaneously minimizing the risks that repeat dosing and the associated
handling stress will introduce artifacts into animal studies.

Drawbacks and challenges include the following:

The likely need to increase dose (i.e., consume scarce material) to compensate
for the reduced absorption rate that many approaches use to generate sustained
release.

The potential that sustained release will result in increased intersubject variabil-
ity in exposure.

The need to reconcile the technology employed to achieve sustained release with
the physiological dimensions and characteristics of preclinical species: For
example, the needed volume for a formulation in which excipient constitutes
90 % of the dosed material may be too large to be administered.

The tendency of modified-release technologies to be highly compound depen-
dent, which could render a technology unusable in discovery where dozens of
molecules may require controlled-release delivery.
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Modified-release drug delivery technologies have seen limited application in the
discovery space (Eichenbaum et al. 2006), with the possible exception of their use
to identify if a given compound has suitable properties for controlled release as a
development candidate (Thombre 2005). Modified-release technology has primar-
ily been applied for post-Phase 2 clinical candidates or for lifecycle management
applications (Eichenbaum et al. 2006). While lengthy late-stage preclinical animal
studies may be conducted with compounds formulated in food to enable sustained
exposure (Strickley 2013), this may not be an option early in discovery programs
when active compound is limited. In the early discovery setting, teams have
historically relied on subcutaneously implanted mini-pumps to achieve sustained
delivery of compounds (as is described below in this chapter). These pumps can
provide a constant plasma concentration for in vivo studies, but their utility is
subject to solubility limitations and the pumps require surgical implantation, which
may interfere with pharmacology results. Discovery formulators are beginning to
pursue alternative technologies that modulate exposure in preclinical settings. This
topic has been increasing in popularity in the last few years to the point where
exposure modulation in discovery was the subject of a recent mini-symposium at
the 2013 AAPS National Meeting (Fraunhofer et al. 2013).

On a numbers basis, most preclinical studies are conducted in rodents because
they are the primary species used in the pharmacological models, and because their
use entails much less resource (e.g., husbandry, compound) than larger species
do. Since many formulation technologies are designed for use in humans, their use
in rodents represents a significant challenge because of the differences in physiol-
ogy (Kararli 1995). Many of the formulations used for modulation of exposure are
solid oral dosage forms, which may not be easily administered to rodents. There
have been several publications in which modified-release dosage forms have been
successfully dosed in rats. However, these are typically studies conducted with
mature/development compounds to evaluate a novel formulation strategy for poten-
tial commercial application. This research is thus afforded extensive background,
formulation development, and analytical characterization resources not available in
the discovery environment. For example, alginate microspheres of diclofenac
sodium have been formulated to protect the stomach from irritation and tested in
rats (Fenyvesi et al. 2009). In this study, 19 different formulations were prepared
and optimized by modifying pH, polymer ratio within the microspheres,
gel-hardening time, and concentration of calcium chelator. Other formulation
development studies have been conducted in rats in which various microspheres
were prepared and coated with enteric polymers to enable site-specific delivery to
the GI tract (Gan et al. 2013; Lo et al. 2013; Ferrari et al. 2013; Ahmadi et al. 2011).
In addition, microspheres designed to be retained in the GI tract by giving off CO,
in vivo have been tested in rats to enable sustained delivery of ginger extract to the
stomach in an ulcer prevention model (Singh and Kaur 2011; Choi et al. 2002).
While these formulation strategies may not be directly applicable to a discovery
program where 20 mg of material is available, the concepts behind these technol-
ogies can be scaled back to allow fit-for-purpose application in the discovery
environment. These strategies are highlighted in the following section.



3 Enabling Discovery Through Leveraging and Miniaturizing Pharmaceutical. . . 123
3.4.1 Enteric Coated Capsules

Enteric coating polymers can be used to protect a molecule that is labile in the
acidic media of the stomach and can protect the stomach from materials that cause
irritation. From a delivery perspective, compounds have been formulated with
enteric polymers to enable delivery to the small/large intestine. Several researchers
have published the results of studies on administering enteric coated formulations
in rats using size 9 capsules (Reix et al. 2012; Saphier et al. 2010; Sonaje
et al. 2010; Kremser et al. 2008). In one study, capsules were coated with Eudragit
L 100-55, a polymer that was designed to achieve enteric properties as it dissolves
at pH 5.5 in the duodenum. Imaging studies were conducted in rats using barium
chloride to show that the enteric coated capsules remained intact in the stomach for
5 h, whereas uncoated capsules disintegrated in the stomach in less than 1 h (Reix
et al. 2012). In addition, a pharmacokinetic study was conducted using acetamin-
ophen (5 mg active plus 11 mg of lactose per capsule) dosed in either enteric coated
or uncoated capsules (Reix et al. 2012). The coated capsules increased the time of
maximum drug concentration (Tp,.x) approximately 6-fold, C,,.x approximately
2.5-fold, and AUC approximately 2-fold compared with values for the uncoated
capsules. In that study, a fluid-bed apparatus was used to administer a uniform
coating on the capsule. This equipment is not widely available in the discovery
realm, but other researchers have manually coated capsules to employ enteric
coating technology on a small scale (Saphier et al. 2010; Sonaje et al. 2010;
Kremser et al. 2008). While this approach may introduce some variability in
polymer coating thickness, it may be acceptable in the discovery environment.
One potential disadvantage of this technology is that the amount of material that can
be dosed to rodents using capsules is limited. In addition, capsules may not be able
to accommodate the wide range of doses frequently encountered in discovery.
Thus, it would be advantageous to use a formulation technology that provided
more flexibility with respect to dose range and could easily be administered via
gavage tube.

3.4.2 In Situ Alginate Gels for Modified Release of Drug
in Rodent Models

Polymer systems, such as alginate gels, which increase in size after swelling
and retard passage through the pylorus, have been used to enable gastric retention
(Hoffman et al. 2004; Curatolo and Lo 1995). Alginate is a linear, biodegradable
copolymer of f-D-mannuronic acid and o-L-guluronic acid (George and Abraham
2006; Khotimchenko et al. 2001). It is soluble above pH 2.5 and in the lower pH
range converts to insoluble alginic acid (Moustafine et al. 2005). Cross-linked gels
result from interaction of alginate with metal ions and divalent cations such as
calcium (Fenyvesi et al. 2009). These gels are physically stable in the acidic pH
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environment of the stomach and erode in the higher pH environment of the
intestines (Ain et al. 2003). Over time, mechanical degradation of the gel occurs
by the normal actions of the stomach, and fragments of the gel pass into the small
intestine where erosion processes can come into play and promote drug release.

Alginate systems have previously been employed to test the concepts of
sustained-release drug delivery in rodents (Satapathy et al. 2010; Rastogi
et al. 2007; Kubo et al. 2003; Miyazaki et al. 2000; Katayama et al. 1999). Some
authors have reported using the gels in preclinical species to compare release
profiles with commercial sustained-release formulations (Kubo et al. 2003; Miya-
zaki et al. 2000). In studies evaluating the sustained release of paracetamol, alginate
was formulated with calcium ions with the calcium chelator sodium citrate being
added to prevent gel formation ex vivo (Kubo et al. 2003). Gel formation was
accomplished in situ by the release of the complexed calcium ions in the low-pH
environment of the stomach, resulting in cross-linking of the alginate matrix.
Another published dosing strategy involved the separate oral administration of a
solution of a sodium alginate immediately followed by a calcium salt in rats to
evaluate sustained release of ampicillin in the treatment for Helicobacter pylori
(Katayama et al. 1999).

Studies using the in situ gelling technique with the radio-opaque tracer barium
sulfate have shown that alginate gels form in rats (Fig. 3.4) and are retained in the
stomach for up to 8 h (Foster et al. 2012). Compounds can be formulated in the
alginate matrix and release over time in vivo through a diffusion and erosion
process that enables modulation of the PK curves versus a standard formulation.
Modulation of exposure using in situ alginate gels compared with a standard
formulation was recently shown for celecoxib, a poorly soluble compound, as
well as for ibuprofen, a moderately soluble compound, when dosed in rats (Foster
et al. 2013). In those studies, the final concentration (C,s) of both compounds was
more than threefold higher than the concentrations obtained from suspension
dosing, indicating that in situ gels may be an option for discovery teams that
hope to stay above a desired concentration for a given duration. In contrast, no
modulation in exposure was observed for metoprolol, a highly soluble compound,
when dosed in the alginate formulation versus a control solution (Foster
et al. 2013). Advantages of the in situ gel system include that it minimizes the
resources needed for formulation development and accommodates a wide range of
drug loadings. Both of these advantages make this system amenable to the discov-
ery environment. Limitations of in situ gel systems include variability in the
duration of gastric retention from animal to animal. Relying on in situ gel formation
may not provide robust gels—that is, they may have insufficient cross-linking,
compared with gel-based microspheres prepared ex vivo. In addition, the simple
approach described here is not applicable to compounds that are highly soluble in
the low pH environment of the stomach. Without additional improvements to the
technology, such as coating of drug containing particles that are encapsulated in the
gel, application of this approach can be limited to lower solubility compounds. This
can be a constraint in a discovery program where multiple chemistry options are
still being pursued.
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Fig. 3.4 Digital radiograph showing gastric retained alginate gel containing barium sulfate in rats
(Foster et al. 2012)

3.4.3 Bioadhesive Liquid Crystals for Modified Release
of Drug in Rodent Models

Mucoadhesive formulations are designed to adhere to the mucin at the absorption
site in the GI tract and facilitate flux across the intestinal membrane. The concept
behind this strategy is that the increased contact time of a compound in the intestine
may facilitate increased absorption, particularly for poorly permeable compounds.
This approach has been illustrated with pravastatin sodium, a highly soluble/poorly
permeable compound, which was formulated as microparticles with the
bioadhesive polymers ethylcellulose or Eudragit S100 (Garg and Pathak 2011).
The flux of pravastatin with the optimized Eudragit S100 bioadhesive formulation
was 1.6-fold higher than that of drug alone across goat ileum tissue. These results
demonstrate that mucoadhesive formulations may have the potential to overcome
poor permeability of tool compounds and thus improve bioavailability.

Liquid crystals are one formulation approach that has recently been explored for
bioadhesive utility in rodents (Nguyen et al. 2010, 2011; Lee et al. 2009). Surfactant
and polymer systems form supra-assemblies that can be used as drug delivery
vehicles (Garg et al. 2007). These lyotropic systems include liquid crystalline
aggregates, such as liposomes or cubosomes, which load, stabilize, and deliver
active ingredients (Garg et al. 2007). These self-assembled structures can be formed
by some amphiphilic lipids in excess water and have been identified as potential
sustained-release drug delivery vehicles (Nguyen et al. 2011; Garg et al. 2007). In
this strategy, the surfactant assembles into bilayers that are twisted into a three-
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dimensional honeycombed structure with bicontinuous domains of water and lipid
(Garg et al. 2007). Drugs can be incorporated into the internal domains of these
structures to enable diffusion-controlled release into the surrounding aqueous
environment (Nguyen et al. 2011; Shah et al. 2001; Drummond and Fong 2000;
Burrows et al. 1994). One advantage cubosomes have over liposomes is that they
can accommodate water-soluble, lipid-soluble, and amphiphilic molecules (Garg
et al. 2007). Phytantriol and glycerol monooleate/dioleate are commonly used for
this type of delivery system. Phytantriol offers the advantage of lacking an ester
bond, which improves stability in the gastric environment and resistance to diges-
tion (Nguyen et al. 2010).

The use of cubosomes to achieve a sustained-release profile was described in a
study of the poorly soluble compound cinnarizine (Nguyen et al. 2010). In this
study, rats were dosed orally (7 mg/kg cinnarizine in 300 mg of lipid vehicle) with
phytantriol or glyceryl monooleate (GMO) cubosomes and the results were com-
pared with those for a standard aqueous suspension. The bioavailability for the
phytantriol formulation was 41 % versus 19 % for the GMO formulation and 6 %
for the standard aqueous suspension (Nguyen et al. 2010). The phytantriol formu-
lation had a T,,,, of 33 h versus 5 h for the GMO formulation and 1 h for the
suspension. The increased drug release of the GMO and phytantriol formulations
are presumed to be due to the bioadhesion of the cubosomes versus the suspension.
The greater than sixfold increase in release time of the phytantriol relative to GMO
cubosome formulation was due to the previously discussed stability difference of
GMO versus phytantriol in the gut (Nguyen et al. 2010). In fact, 56 % of the
phytantriol formulation was retained in the stomach at 24 h. In contrast, only 66 %
of the GMO formulation remained at 1 h, and none remained at 24 h (Nguyen
etal. 2010). In a separate study comparing phytantriol cubosomes to an emulsion of
cinnarizine, 7 mg/kg cinnarizine was prepared in 3 g vehicle (10 % w/v lipid, 1 %
w/v Pluronic F127 in water for the cubosome formulation versus 40 mg of oleic
acid in 0.2 % Tween 80 for the emulsion) and dosed in rats. The T,,,, of the
cinnarizine increased from 1 h with the emulsion to 5 h with the phytantriol
cubosome formulation (Nguyen et al. 2011). In that study, the gastric retention of
phytantriol cubosomes provided sustained absorption of cinnarizine from 12 to 48 h
(Nguyen et al. 2011).

One advantage of the cubosome approach is that formulations can be prepared
with basic laboratory equipment, such as a probe sonicator. However, definitive
characterization of the liquid crystalline phase requires small-angle X-ray scatter-
ing (SAXS) and cryo-transmission electron microscopy (TEM) capabilities (Garg
et al. 2007), which are not typically available in the discovery environment.
Therefore, formulation characterization of these systems may be limited.

A potential concern with the use of phytantriol is that published data illustrate
that phytantriol can be absorbed from the intestine (Nguyen et al. 2010) even
though the material historically has been used as a topical agent (McLain 2007).
While an understanding of the pharmacokinetics and toxicology of oral ingestion of
phytantriol needs to be further studied if it is to be used clinically, the lack of such
information does not limit its use in discovery. Based on literature reports, the oral



3 Enabling Discovery Through Leveraging and Miniaturizing Pharmaceutical. . . 127

median lethal dose (LDs) of phytantriol is more than 5,000 mg/kg for mice and rats
(DSM 2011; McLain 2007; Roche 1999). In addition, reports showed that
phytantriol is not cytotoxic in cultured human lymphocytes, not phototoxic, and
not mutagenic in Ames tests, with or without metabolic activation (Nguyen
et al. 2010; McLain 2007). Another potential concern for this formulation strategy
is that gastric retention of the formulation may impact food intake of the study
animals; however, normal turnover of the enterocytes may help alleviate these
concerns. In the cinnarizine studies described above, the gastric retention of the
cubosome formulations appeared to have no impact on the food intake of the rats
(Nguyen et al. 2011).

Thus far, the approaches discussed in this section have been demonstrated in an
acute setting. While a given therapeutic area may have acute pharmacology/toxi-
cology models at their disposal, multi-day studies will ultimately be needed to
demonstrate the utility of these formulation strategies in a chronic setting. Thus, the
formulation strategy must allow repeated dosing using a regimen that ensures
reliable, predictable exposure. This means that formulation strategy must not be
adversely affected by the presence of food.

While oral delivery is typically the preferred dosing route, the application of in
situ gels and liquid crystal technology is not limited to oral delivery (Guo
et al. 2010). Indeed, subcutaneous dosing may be required to enable desired
exposure or test compounds by the intended route of administration. The next
section focuses on modulating exposure via parenteral administration.

3.5 Discovery Formulation Approaches for Modulating
Exposure via Parenteral Routes

3.5.1 Parenteral Routes for Discovery

Drugs administered via any route other than oral or rectal routes are considered to
be parenteral. Parenteral drug delivery can be via injection (intravenous, intramus-
cular, subcutaneous, or intraperitoneal), transdermal delivery, or inhalation. Injec-
tions, especially via the intravenous and intraperitoneal routes, are the most
commonly used in discovery research for evaluating PK because they bypass the
GI tract and directly access systemic circulation. For compounds with inadequate
oral exposure or compounds with high variability, parenteral routes offer the best
alternative for achieving the required systemic exposure. Also, while aseptic
practice and formulation sterility are major burdens in the clinical setting, the use
of injectables in the discovery setting, especially in rodents, has minimal aseptic
requirements. This makes parenteral route practical and extremely important in
drug discovery research.
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3.5.2 Parenteral Modified-Release Drug Delivery
Technologies

As described earlier, most of the drug delivery technologies employed in the
development setting are not applicable in the discovery environment due to the
amount and type of resources required. Today, limited off-the-shelf modified-
release technologies are available to discovery formulators for parenteral delivery.
The most common technology is the implantable Alzet™ mini osmotic infusion
pump, which is manufactured by Durect Corporation (previously Alza Corpora-
tion). There are also Infu-Disk " infusion pumps, based on electrochemical Prime
Mover™ technology, made by Med-e-Cell. Recently, a more advanced type of
peristaltic infusion pump, the iPrecio®™ programmable pump developed by
PrimeTech Corporation, was introduced. Other technologies have been used, but
those are mainly employed by individual groups with specific knowledge for a
particular technology, and are not widely available.

As drug hunting evolves, the ability to modulate a compound’s PK early in the
discovery process has become increasingly important, which means that modified-
release drug delivery is no longer just a product lifecycle management tool. The
ability to modify compound release by switching the drug delivery device on and
off or purposefully changing the intensity or duration of exposure will enable
PK/pharmacodynamic (PD) studies. Furthermore, since PD studies are typically
longer in duration and require chronic administration, modified-release drug deliv-
ery platform technologies will enable them to be conducted more effectively and
productively with nonoptimized compounds. Preclinical formulations are important
in supporting these early in vivo studies and are the critical link between key
pharmacology, PK, and toxicology studies (Kwong et al. 2011). The ability to
modulate the compound PK allows the discovery team to study targets more
effectively, obtain meaningful data earlier, and better understand toxicological
responses, helping to bring the best candidate forward.

Therefore, discovery formulation scientists are increasingly interested in
modified-release delivery technologies that can be applied in the discovery stage.
The approach has included adapting technologies from development, miniaturizing
equipment, and leveraging advances in electronics that enable “smart” drug deliv-
ery devices. Some of these technologies are described below.

3.5.3 Mini Osmotic Infusion Pumps

Osmotic pumps were conceived in the 1970s (Theeuwes and Yum 1976) and the
Alzet® mini osmotic infusion pumps have been the most popular, dependable, and,
until recently, the only off-the-shelf controlled-release drug delivery tool available
for discovery scientists for the last three decades. The mini osmotic infusion pumps
are single-use, miniature, implantable devices that release drug in a controlled,
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predictable manner. Cited in 13,500 published articles, they have been used in
mice, rats, and a variety of laboratory animals, to deliver a broad range of agents,
including small molecules, antibodies, cytokines, growth factors, hormones, pep-
tides, and proteins. These references have been compiled and categorized by the
agent types they have been used to deliver. This reference list, which is searchable
and updated periodically, can be found on the manufacturer’s website (www.alzet.
com).

The pumps are powered by the osmotic pressure difference between a compart-
ment within the pump, called the salt sleeve, and the body fluid of the animal in to
which the pump is implanted. The high osmolality of the salt sleeve causes water be
drawn into the pump through a semipermeable membrane that forms the outer
surface of the pump. As the water enters the salt sleeve, it compresses the flexible
reservoir, displacing the test solution from the pump at a controlled, predetermined
rate in a zero-order fashion. Since the delivery rate is controlled by osmotic pressure
and the water permeability of the pump’s outer membrane, the physical and
chemical properties of the drug molecule have no bearing on its release rate. The
fact that the device is insensitive to physicochemical properties of the active
compound makes this technology an extremely useful device in the discovery
environment, where a large amount and a broad range of investigational molecules
are studied quickly. A detailed technical explanation of the operation of osmotic
pumps has been previously published (Theeuwes and Yum 1976).

Alzet® mini osmotic pumps consist of 0.5- to 6.5-mL capsules that are surgically
implanted. They can deliver compounds at continuous, controlled rates from 0.1 to
10 pL/h for 1 day to 6 weeks without external connections. Most commonly, they
are implanted subcutaneously or in the peritoneal cavity. They also can easily be
attached to a catheter and used to infuse a blood vessel, a target organ, or a target
tissue, such as the brain.

For targeted delivery to the brain (which is needed because many compounds do
not cross the blood-brain barrier adequately), the pumps are used with special
commercial kits that allow infusion of compounds directly into the brain. This
setup has been used in many neuroscience studies to infuse active compounds
locally to the central nervous system. These compounds have included growth
factors (Paliouras et al. 2012), small interfering ribonucleic acid (siRNA) (Wang
et al. 2011; Kim and Kang 2011), and psychoactive drugs (Abrams et al. 2008).

The mini osmotic pumps have been used with suitable catheters to achieve
targeted delivery to many other organs. These include direct infusion into the
kidneys of mice (Villar et al. 2013), the uterus of a sheep (Dorniak et al. 2012),
the inner ears of guinea pigs (Toyota et al. 2012), and the tumors inside the pancreas
of mice (Casazza et al. 2012). The use of these pumps in toxicology and in
preclinical experiments is discussed extensively elsewhere (Perkins et al. 2000).

The mini osmotic pumps are compatible with organic and inorganic solvents
commonly used in preclinical formulations, such as acids, bases, cyclodextrins,
dimethyl sulfoxide (DMSO) concentrations up to 50 %, polyethylene glycol, and
others. The minipumps can also be used with solvents that are incompatible with the
pump’s reservoir material by attaching an external reservoir to the pump, the
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contents of which are displaced by the action of the pump. The external reservoir
can be made by coiling polyethylene tubing, a technique known as Lynch coil
(Lynch et al. 1980). Detailed information is available on the manufacturer’s website
(http://www.alzet.com/products/guide_to_use/catheter_use.html).

Although the osmotic minipumps have numerous attributes that made them the
gold standard for preclinical parenteral controlled-release delivery for many years,
they have some drawbacks that hinder their broader application. Firstly, these
include limited, non-refillable reservoir volumes (100-200 pL for small pumps
and 2 mL for larger pumps) that make administration of high doses to small rodents
challenging. Replacement pumps can be implanted, but doing so requires a second
surgical procedure. Secondly, the potential exists for precipitation or plugging of
the minipump at release site. Typically, drug is formulated in organic solvents as a
concentrate in the reservoir. When the formulation is released from the pump, it is
diluted with the surrounding body fluid and precipitation sometimes occurs within
the cannula, which results in the blockage of the pump. Thirdly, implantation of the
pump requires specialized surgical procedure, which may induce inflammation and
thus could interfere with the animal model. Because of these drawbacks, discovery
formulation scientists are continually seeking new PK-modulating tools that can
offer higher precision, broader flexibility, and easier execution.

3.5.4 Mini Peristaltic Infusion Pumps

A new type of mini infusion pump based on peristaltic action, the iPRECIO™
infusion pump, was invented by the PrimeTech Corporation. Available since
2007, these pumps offer an alternative to the mini osmotic pumps for use in small
laboratory animals. These electromechanical pumps are implanted subcutaneously,
and allow the drug dosage to be programmed to infuse at specified time points and
durations. They are self-contained intelligent devices consisting of a microcontrol-
ler with associated memory, embedded software, inputs/outputs, a micropulse
stepping motor, crystal oscillators, electronic circuitry, and a battery power source.
Once programmed, implanted, and activated, the infusion proceeds unattended
following the user-specified protocol (Tan et al. 2011; Abe et al. 2009; Tan and
Tsuru 2009). The animals are unrestrained and can move freely in their cages.

In comparison to an osmotic version, this new pump has three attractive features:
it is (1) more precise, (2) refillable, and (3) programmable for complex release
patterns. However, it has a significant higher up-front cost. In 2014, each disposable
pump costs about $250 USD and required a software investment of $1,600 USD.
The first commercial version of the peristaltic pump weighs about 9 g and is too big
to be used with mice, but is suitable for use with rats and animals that are larger than
230 g. The pump is programmable and can delay the start of infusion to allow a
surgical recovery period. During this time, only saline is infused to keep the
catheter open. The pump can be programmed for up to 10 variable flow rates of
1-30 pL/h with 5 % accuracy. The reservoir of the pump can be refilled
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percutaneously via a refill port with a resealable septum. The duration of total
infusion is limited by the battery, which can be used to deliver a total infusion
volume of 4.5-6.5 mL (Tan and Tsuru 2009). The pump can also be attached to a
catheter and thus used to deliver formulation to a specific part of the body.

While the technology is still relatively new, reports of successful application of
the pumps have been published. In one study, the pumps were used to infuse
serotonin, a compound known to cause a decrease in blood pressure, into
Sprague-Dawley rats. The flow rate started at 5 pg/kg/min for 48 h and was
increased stepwise by 10 pg/kg/min to achieve a final rate of 45 pg/kg/min
(Davis et al. 2010). Delivery intervals were followed by an interval in which the
pumps were stopped for 48 h. The ability to program the device to start, stop, and
deliver different doses at different time points allowed the researchers to clearly see
the effect of different doses of serotonin on blood pressure as the doses were
gradually increased. This study demonstrated that a smaller rate of serotonin is
required to elicit a hypotensive effect in rats compared with previous data
established using osmotic pumps. In a different study, the pumps were shown to
reproducibly inject the minimum programmable volume of 100 nL of bicuculline
methiodide over 6 min into the hypothalamus in the brain of conscious rats to
produce cardiovascular and locomotor responses (Zaretsky et al. 2012).

Recently a smaller pump, which is suitable for subcutaneous implantation in
mice, has become available. This device weighs 3.3 g and has a built-in elastic
reservoir. In comparison to a larger system, it allows wireless reprogramming after
implantation, which enables researchers to change the flow rate and duration of
dose administration during the experiment. This degree of flexibility is highly
desired in discovery, where the doses required to elicit responses from pharmaco-
logical models are frequently poorly defined. According to the manufacturer, this
new pump can be used in a variety of research areas, including cardiovascular,
neuroscience, oncology, and pharmacology, although reports of its use in these
areas have not been published.

3.5.5 Multilayered Modified-Release Microspheres

Multilayered modified-release microspheres are a mature technology in the phar-
maceutical industry. However, even the smallest commercially available bead
coater is too big for practical use in discovery. For example, the Micro Flo-coater™
by Freund-Vector or the MP-MICRO™ fluid-bed coater by GEA Niro, can typi-
cally be operated with particles no smaller than 300-500 pm in diameter, a spray
bed size of minimally 20 g, and at least a few grams of active compound. These
minimum requirements, especially the gram scale of active compound, make the
fluid-bed coating technology unsuitable for drug discovery setting. The minimum
particle size, approximately 300-500 pm, is also too large for injectable
application.
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To extend the application of multilayered microspheres into discovery research,
a miniature fluid-bed coater was built that can operate at 1-g spray-bed size and
requires only about 100 mg of active compound (Morgen et al. 2013; Tye et al.
2013). Multilayered microspheres made with this so-called micro coater were
successfully used to demonstrate modified release of active compounds in rats
(Tye et al. 2014).

The micro coater developed was based on the Wurster coating process. The
engineering challenges of equipment miniaturization, including overcoming the
electrostatic charges experienced by the microspheres, were addressed by unique
coater design, careful equipment-surface conditioning, and appropriate temperature
and humidity control. The modified-release microspheres were monodisperse mul-
tilayer particles approximately 100 um in diameter, consisting of a glass bead core,
a drug layer, and a second modified-release polymer layer. Glass beads approxi-
mately 60 pm diameter were chosen as the core, because they resulted in coated
beads of an acceptable size for parenteral injections for rodent species, and they
offer the right combination of particle size and density to allow fluidization in the
miniature coater.

The drug layer was applied by spraying a solution mixture of a drug and a
binding agent (HPC or HPMC) in an organic solvent. The modified-release polymer
layer was applied by spraying a solution mixture of water-insoluble polymer
(ethylcellulose) and water-soluble polymer (HPMC). The water-insoluble polymer
acts as the barrier for dissolution, whereas the water-soluble polymer dissolves to
leave tortuous water passages that modulate drug diffusion.

Multilayered microspheres were successfully manufactured using four model
compounds—phenytoin, rapamycin, metoprolol, and atazanavir—in some cases
using less than 200 mg of active compound per batch. In in vitro dissolution tests
using sink conditions, the drug release rates from the microspheres were related to
the solubility of the drug. Metoprolol, with a high aqueous solubility of 169 mg/mL,
was found to be completely released from the microspheres within 2 h; phenytoin,
rapamycin, and atazanavir, which have low aqueous solubility (<40 pg/mL),
showed close to zero-order release over several days.

The release profiles of these multilayer microspheres do not show the undesired
high initial “burst” commonly seen in monolithic systems, because the release rate
is controlled by the diffusion of compounds across the outer modified-release
polymer layer, which maintains a barrier of constant dimension. To modulate
drug release rates, the thickness of the modified-release polymer layer of the
microspheres was varied. Microspheres were manufactured with various coating
thicknesses. Thicker coatings were found to be correlated with slower drug releases,
as expected from a diffusion-controlled modified-release system.

In an in vivo study, multilayered microspheres containing atazanavir were dosed
in rats and successful modification of drug PK was observed (Tye et al. 2014). In a
24-h study, one dose of the atazanavir modified-release microspheres was injected
intraperitoneally and it sustained plasma drug concentration at a close to constant
level for 24 h. These results were in contrast to intraperitoneal injections of
atazanavir solution, which resulted in a PK profile with only 1 hr half-life in rats.
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In a follow-up 5-day study, the single dose of atazanavir microspheres provided
plasma concentration that gradually decreased throughout the duration of the study.
While constant plasma concentration was not obtained, the pharmacokinetic profile
was clearly extended relative to the solution control. The atazanavir microspheres
were also given to rats via subcutaneous injections, and were found to continuously
release drug throughout the whole period in an 8-day study (Tye et al. 2014). The
plasma level peaked at 7 h and then gradually decreased. Even though zero-order
release was not achieved, the multi-day sustained-release profile achieved was
significant, as the plasma concentration from the control solution dropped to
undetectable levels by 24 h. The subcutaneous route appeared to provide slower
and prolonged release compared with the intraperitoneal route, probably due to the
physiological differences between the tissues that affect drug dissolution and
diffusion.

Another potential use of the microspheres is via the oral route. The microspheres
could be coated with an enteric polymer using a similar spray-coating process, to
produce beads that protect drug molecules from the acidic conditions of the
stomach. Furthermore, since the microspheres are not exposed to high temperatures
in the spray-coating process due to evaporative cooling, use of this technology
Could be expanded beyond small molecules to peptides and proteins.

3.5.6 Microneedles

The mechanical use of micron-scale needles (microneedles) provides a minimally
invasive drug delivery route in which a microneedle array is placed on the skin to
enhance skin permeability. Microneedles were introduced about two decades ago,
when they were prepared as a mechanical tool to pierce the stratum corneum to
create drug delivery channels without stimulating underlying pain nerves (Henry
et al. 1998). Painless application was the most attractive feature of this approach.
Since then, the field of microneedles has expanded quickly, and they have been
investigated for a wide range of transdermal applications, including those in the
pharmaceutical and cosmetic industries. For pharmaceuticals, microneedles have
been used to deliver drugs into the intradermal space. They have also been inves-
tigated as a means of delivering peptides, proteins, oligonucleotides, and
deoxyribonucleic acid (DNA) vaccines; reducing blood glucose levels by insulin;
and inducing immune responses from foreign proteins (Hussein et al. 2013). The
potential advantages of microneedles for drug and vaccine delivery, as well as the
challenges associated with commercialization of such technology, are reviewed
elsewhere (Mikszta et al. 2006).

Microneedles have been made of different types of materials, including silicon,
metals, and biodegradable polymers. The various methods of microneedle fabrica-
tion and drug incorporation into the microneedles for different types of drug
delivery have been previously summarized and critically reviewed (Donnelly
et al. 2010). More recently, there is a comprehensive review about microneedle
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design strategies (e.g., solids, hollow center, coatings, water soluble, and hydrogels)
and their related limitations (Tuan-Mahmood et al. 2013). A review for the con-
struction and application of microneedles for peptides and proteins was recently
published (Chandrasekhar et al. 2013), and there is also a review that describes
newer polymeric microdevices, including microneedle arrays with micropumps,
that are in early stages of research and development (Ochoa et al. 2012). Hollow
microneedles with a fine bore can be integrated with a drug reservoir for continuous
drug delivery. With the use of a single hollow glass microneedle inserted into
human cadaver skin, Martanto et al. (2006) studied the relationship between
infusion rate and other parameters, such as insertion depth, retraction distance,
infusion pressure, needle-tip opening size and geometry, and the presence of
hyaluronidase. Strategies were demonstrated to increase the flow rate using well-
designed infusion protocols and needle geometries.

While most microneedle research is focused on application for use in humans,
this technology has the right attributes to be converted for use in drug discovery for
preclinical animals. The micron size of the needles is directly applicable to small
animals and the different lengths of microneedles allow selection of the appropriate
piercing depth for the target of interest. Microneedle is a delivery technology that
can potentially be used from discovery, on animals, to development, on human.
Furthermore, since discovery technologies do not require regulatory data packages
and long-term stability data, the application of microneedles in discovery will be
accompanied by significantly less regulatory burden than in development and can
progress much faster. Considering the significant advancement of nanotechnology
in recent years, and the fact that microneedles have been successful in delivering
macromolecules, there is a lot of interest in the microneedle delivery technology for
application in drug discovery.

3.5.7 Utility of Parenteral Controlled Release

As drug-discovery processes evolve, new targets come onboard, and chemistry
space of interest expands to include oligonucleotides, peptides, proteins, stem cells,
and more. In addition, the pharmaceutical industry today is facing huge macro
environmental pressure to significantly reduce their total time and cost for bringing
new drugs to the market. Therefore, currently there is a compelling needs and
interest exist to develop better PK-modulating drug delivery tools for drug discov-
ery to effectively facilitate target validation research and mechanistic understand-
ing of new targets to speed up drug discovery process. In the area of parenteral
delivery, it is foreseen that these new tools will be created by adapting or minia-
turizing existing tools from development, and by taking advantage of the recent
advancement in new micro- and nanotechnologies in combination with electronic
intelligence to create specialized micro-intelligent devices for preclinical animals.
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3.6 Summary

There are many drug delivery challenges encountered when enabling the discovery
of new compounds. Well-developed techniques used in development such as spray-
dried dispersions, nanosuspensions, and sustained-release formulations can be used
to address these needs if they are sufficiently scaled down and appropriately
modified. In many cases, however, their application to discovery is facilitated by
the reduced requirements for stability, robustness, and scale-up. As demonstrated in
this chapter, the key to success in this area is to identify the core characteristics of a
technology and then creatively adapt them to the tasks at hand.
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Chapter 4
Diagnosing Biopharmaceutical Limitations

Susan M. Jenkins and Dawn D. Parker

4.1 Introduction

The drug discovery process involves several iterative processes of increasing
potency, efficacy, and ADME properties while avoiding off-target and systemic
toxicological effects. This chapter will focus on the part of the discovery process
where the compounds of interest are functional from a biological and chemical
perspective but are sub-optimal due to poor oral exposure.

Often, issues related to poor exposure are addressed by screening compounds in
an in vivo model until the targeted exposure is reached and one compound is
selected. This approach may work if the cause of the low exposure is known and
a rational approach has been designed to address the issue. However, if the reasons
for poor exposure cannot be identified readily, it may be beneficial to investigate
representative compounds that are not intended for development to better under-
stand the issues and determine the best path forward.

Oral bioavailability(%F) is a result of the following relationship:

%F = 100 * Fa * Fg * Fh * Fother

where
Fa = fraction of compound that is absorbed
Fg = the fraction that passes through the gut
Fh = the fraction passing through the liver
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Fother =the fraction passing through other clearance pathways, such as the
fraction passing through the renal system (Fr) or the fraction passing through the
lungs (F1) (Hyun-Jong 2013).

Once it is understood where the problems occur, it becomes easier to address the
specific issues (Ballard et al. 2012). This chapter addresses these issues individually
to improve understanding of causes and effects and to develop plans to solve the
problems, if possible. For the purposes of this discussion, we have assumed that the
major route of elimination occurs through the gut or liver. However, other elimi-
nation pathways (such as renal) should always be evaluated and taken into account.

The Biopharmaceutics Classification System (BCS) and Biopharmaceutics Drug
Disposition Classification System (BDDCS) have been introduced to help scientists
understand the underlying issues affecting compound progression (Benet 2010).
The systems are complimentary, each classifying compounds into four categories
based on solubility and permeability characteristics. The BDDCS expands on the
BCS by including metabolism and transporter-related properties. Therefore, Fh can
be further defined by the hepatic fraction due to metabolism (Fh,m) and the hepatic
fraction due to transporter processes (Fh,t). The same can be described by the
fraction passing through the gut (Fg,m and Fg,t). An excellent review has been
written for both classification systems (Benet 2013). These systems can be broken
down into a decision tree as follows:

Each of the biopharmaceutics classes has limitations related to the class it is
in. For compounds with high permeability, metabolism may be a concern because
of the compounds’ unimpeded access to the enzymes involved with metabolism.
Also, high-permeability compounds may be reabsorbed from drug excretion routes
and thus can be eliminated only through metabolism (Benet 2013).
Low-permeability compounds may have absorption issues, due to reduced ability
to penetrate the intestinal lumen. Transporter issues may be common to all classes
except the high-permeability/high-solubility Class 1 compounds. Although it is not
known why Class 1 compounds are not susceptible to transporter involvement in
the intestine and liver, it may be that the permeable nature of these compounds
overcomes transporter effects or they are just not transporter substrates by their
nature (Benet 2010).

This review discusses the decision tree in Fig. 4.1 in terms of each component so
that the cause of the biopharmaceutical limitation(s) may be identified and
approached in a logical fashion.
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[ \
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Fig. 4.1 Decision tree for determination of metabolic, transporter, and physicochemical limita-
tions to absorption

4.2 Permeability and Solubility

Early in the drug discovery process, several parameters should be evaluated for
each compound of interest. Many drug candidates are halted due to
pharmacokinetic-related issues; many others are stopped because they have phys-
icochemical properties that render them unsuitable for development. Since these
delays can be costly if encountered at a later stage in development, in vitro pre-
dictions must be made in the discovery environment where speed and throughput
are high (Avdeef 2001). Parameters relevant to in vivo performance, such as the
distribution coefficient (log D), partition coefficient (log P), logarithmic acid
dissociation constant (pKa), polar surface area (PSA), and molecular weight
(MW) can be readily calculated. These calculations can be used as a basis for
determining a compound’s ability to be progressed using Lipinski’s “rule of 5.” In
the discovery setting, the “rule of 5”” has shown that poor absorption or permeation
is more likely when there are more than 5 H-bond donors, 10 H-bond acceptors, the
molecular weight (MW) is greater than 500 and the calculated log P (c Log P) is
greater than 5 (Lipinski et al. 2001). Physical measurement of these parameters is
often performed to better define the physical and chemical properties of compounds
in a given chemical space. Several reviews (Meanwell 2011; Gleeson et al. 2011;
Keldenich 2009; Takano et al. 2012) have been written that discuss the principles
and approaches for physiochemical profiling and determination of the tools needed
to develop oral drug products.
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42.1 pKa

pKa is a quantitative evaluation of the ionizability of a molecule, indicating if
subgroup(s) on a molecule are acidic or basic. pKa can be expressed as:

Af
pKa = pH — log (ﬁ) for acids and

B
pKb = pH — log <%) for bases

The pKa is sometimes referred to as “the dissociation constant” but it is not a true
constant; it is dependent on temperature, ionic strength, and the solvent dielectric
constant. In most cases, however, these variables do not change and the pKa can be
calculated at physiologically relevant conditions. Several experimental methods
exist for determining the pKa of a compound, with the most common being
potentiometric titration (Reijenga et al. 2013). Lipophilicity and pKa can also be
calculated using computation methods (calculated parameters have a c to distin-
guish the difference, such as cLogP). However, the reliability of these methods is
dependent on starting assumptions and the choice in parameters used for the
calculation. It still may be some time before computational methods as accurate
as actual measurements (Reijenga et al. 2013).

The pKa of a compound has a direct impact on its solubility and permeability.
Acidic compounds may have a difficult time solubilizing in the low-pH environ-
ment of the stomach, whereas a basic compound may precipitate while traversing
the duodenum, jejunum, or ileum, where neutral conditions prevail. This situation is
further complicated by the pH variability in the gastrointestinal (GI) tract,
depending on the species and whether that species is in the fasted or fed state. In
the human fasted state, the stomach pH varies from 1.1 to 2.1 and in the fed state
from 4.3 to 5.4 (Kararli 1995). Gastric pH in fasted dogs is higher than in humans
ranging from pH 2 to 7, with a small but significant decrease in gastric pH with
feeding (Mahar et al. 2012; Lui et al. 1986; Sagawa et al. 2009). The pKa of a
molecule can readily be chemically modified to adjust this balance. It often happens
that several structural modifications are attempted to address pKa issues while
retaining potency and other desirable characteristics of the compound class. How-
ever, when structural modifications cannot improve permeability, then increasing
solubility may be the only way to improve absorption (Curatolo 1998). Section 4.5.2
further explores effects of food and pH on compound absorption.

4.2.2 Lipophilicity (log P/log D)

Lipophilicity is a fundamental physicochemical property that plays a key role in the
ADME of a compound (Waterhouse 2003). It is defined as a compound’s ability to
partition into a nonpolar lipid environment versus that of an aqueous environment.
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Lipophilicity is typically measured to assess a compound’s ability to penetrate
membranes, which can include the GI tract or the blood-brain barrier. Log P and
log D are the measurements used in the pharmaceutical industry to describe
lipophilicity. These measurements are the ratio of equilibrium concentrations in
immiscible solvents, most commonly octanol/water. Log P is defined as the loga-
rithm of the ratio of the concentration of the unionized compound in octanol to that
of water, whereas log D is the ratio of the sum of the concentration of all forms of
the compound (ionized plus unionized) in each of the two phases. Log P and log
D differ in that only the unionized species are measured for log P and all species
(ionized and unionized) are measured for log D. Since log D is pH-dependent, the
pH at which log D is measured must be specified. Log D is commonly measured at
pH 6.5 to estimate oral intestinal absorption and pH 7.4 to simulate the pH of blood
for IV administration. For unionizable compounds, log P =log D at any pH. To
obtain an accurate log P, the pH is adjusted to 2 units above or below the pKa,
depending on whether the compound is an acid or base.

Lipophilicity is a main factor in determining the PK properties of drug candi-
dates (Leucuta 2014). Lipinski’s “rule of 5” suggests that poor absorption or
permeability is more likely when log P is greater than 5 (Lipinski et al. 2001).
This is due to the fact that compounds with higher log P values are more nonpolar
and typically have poorer aqueous solubility. It is also true that compounds with
low log P values (< 1) are more polar and have poorer lipid-membrane permeability
(Curatolo 1998; van de Waterbeemd et al. 2001).

4.2.3 Solubility

Solubility is the quantitation of the degree of mixing that occurs when a substance
(solute) is placed in contact with another (solvent) and allowed to reach equilibrium
(Yalkowsky 1999). Solubility is an important physicochemical property that is
measured in the discovery setting because it can be used to predict absorption
and oral bioavailability in accordance with the BCS (Amidon et al. 1995). Solubil-
ity has a direct effect on absorption, since only compounds presented in solution
form can be absorbed in the intestine. Therefore, it is important to dose (1) solutions
that remain solutions in vivo or (2) suspensions containing solids that are amenable
to dissolution within the transit time of the GI tract. The speed at which a solid
dissolves into a solvent system is the dissolution rate. The rate of dissolution is
often expressed as the Noyes—Whitney equation:

dm D
—=A—(Cs—C(t
where:
m = mass of dissolved material
t=time

A = surface area of the interface between the dissolving substance and the solvent
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D =diffusion coefficient

h = thickness of the boundary layer of the solvent at the surface of the dissolving
substance

Cs = concentration of the solid (equilibrium solubility)

C(¢) = concentration of dissolved solute over time

Solubility measurements can be made thermodynamically or kinetically. Thermo-
dynamic solubility is the concentration of compound in a saturated solution when
excess solid is present. In this case, the solution and the solid are in equilibrium. A
typical method of determining thermodynamic solubility is from solid material by a
shake-flask test, which is an accurate but time-consuming method (Box et al. 2006).
Alternatively, kinetic solubility measurements are made from a predissolved solution
of the compound, which is added to an aqueous solvent system. The solubility is
determined at the time when the compound begins to precipitate from solution. These
methods answer two different questions. The thermodynamic method asks “To what
extent does the compound dissolve?” whereas the kinetic method asks “To what
extent does the compound precipitate?” (Saal and Petereit 2012).

Solubility and dissolution are dependent on many factors, including the struc-
tural attributes of the compound (e.g., molecular weight, lipophilicity, pKa); the
solvent being used (e.g., pH, composition) and the in vitro study conditions (e.g.,
solvent, equilibration time, temperature, separation technique of supernatant from
solid). The solid form of the compound can also affect solubility and dissolution, as
it may exist in many different forms, amorphous, crystalline, polymorphs, or
different particle sizes. Amorphous solids do not have a crystal lattice structure,
therefore dissolution is achieved faster than a crystalline compound (Fig. 4.2). Their
lack of order means amorphous solids are all different from one another, leading to
variable solubility values and may be more hygroscopic, less pure, and/or less
stable than their crystalline counterparts (Yu 2001).

Crystalline solids are defined unit cells with repeated regularity in three dimen-
sions (Fig. 4.2). Crystalline solids of the same form provide reproducibility in
equilibrium solubility, stability, particle size, hygroscopicity, and shape. Crystal-
line solids also provide a consistent dissolution rate, albeit slower than that of
amorphous solids. One exception to this reproducibility occurs when polymorphs
(different forms of the same crystalline compound) are present. Polymorphs often
have different characteristics one from another.
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Fig. 4.2 Schematic representation of a molecule (m) in amorphous (a), crystalline containing
several polymorphs (b) and crystalline (c) states (After Yu 2001)
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Due to the differences that can exist in the solid state, various lots of the same
compound are often tested in assays in the discovery setting. Solid-state character-
izations are often performed to distinguish one lot from another.

Particle size can also affect solubility and dissolution. By reducing particle size,
the surface area of the solid is increased. As noted in the Noyes—Whitney equation,
this increase allows for faster dissolution and more compounds in solution in a
shorter period of time. This can be critical when performing in vivo suspension
dosing or when solid precipitates from a supersaturated solution (Sect. 4.5.3).

Low-solubility compounds can be difficult to formulate for in vivo dosing.
Solution formulations involve more than simply dissolving compound into a sol-
vent system. The solution needs to traverse the GI tract without the compound
precipitating. This can be achieved through the use of an excipient that aids in
solubilization and precipitation inhibition. Another way to improve the solubility of
a compound in solution is to produce a supersaturated solution, which is a kineti-
cally unstable state in which the concentration exceeds the thermodynamic solu-
bility (Gao and Shi 2012). This unstable state causes precipitation of solid from
solution due to the increased concentration or can occur if the compound is in this
state for an extended period of time. The solid that precipitates may have variable
particle sizes or be a different form of material than what was originally dissolved.
No matter what size or form precipitates, if the solid does not re-dissolve in the GI
tract, then low oral bioavailability can be expected.

4.2.4 Biorelevant Solubility

Solubility can be measured in many different solvents or solvent systems. Most
commonly referred to is the aqueous solubility. However, solubility values deter-
mined in water or buffer systems at a given pH are not usually predictive of solubilities
in the GI tract. This may lead to underestimates of oral bioavailability, especially for
lipophilic or poorly soluble compounds (Dressman et al. 2007). Solubility determined
as a function of pH provides information about where in the GI tract the compound
may be soluble and gives rise to pH-dependent exposure. These systems do not
represent the conditions of the GI tract, which is much more complicated than pH
alone, as GI luminal contents can affect solubility. Therefore, the use of simulated
gastric and simulated intestinal fluids (SGF and SIF, respectively) more closely
mimics the in vivo environment. In the pharmaceutical industry, instant SIFs are
commonly used due to their predictive results and ease of use. These powders contain
bile acids and can be made into either fasted-state or fed-state simulated intestinal
fluids (Boni et al. 2009). The solubility values generated in such solvents provide
solubility values that are closer to those encountered in vivo, but may also be used to
aid in prediction of food effect (i.e., in in silico modeling, as discussed in Sects. 4.6)
(Lentz 2008). In vivo work would be needed to confirm a food effect (Sect. 4.5.2), but
this in vitro work could be the first indication that further work needs to be performed.

Overall, determination of solubility is a useful tool in comparing compounds and
aiding in assessing in vivo performance.



148 S.M. Jenkins and D.D. Parker
4.2.5 Chemical Stability

In vitro chemical stability measurements are typically done in response to an in vivo
issue being addressed or at the request of the chemist who may notice instability
during synthesis. These measurements are performed at physiologically relevant
pH and temperature and take into account pH ranges throughout the GI tract. These
data can provide insight into potential chemical instability in the GI tract since pH
may play a significant role in degradation pathways. For example, if a compound is
hydrolyzed under acidic conditions, then it may be degraded in the stomach,
leading to low bioavailability since the parent compound was never introduced to
the site of absorption. Solution-state chemical stability is also monitored in dosing
solutions to ensure a compound is stable through the duration of dosing, whether an
acute or chronic dosing schedule.

4.2.6 Parallel Artificial Membrane Permeability Assay
(PAMPA)

Permeability is often measured using PAMPA, which determines the permeability
of a substance through an artificial lipid membrane. The system simulates the
passive permeability through the intestinal membrane; compounds are usually
tested using pH 5.5 and 7.4 buffers to cover the pH range in the intestinal lumen.
Differences in permeability at the two pH levels may indicate potential for
pH-limited absorption. A permeability coefficient (Pc) is calculated based on the
rate of passage of a test compound across the lipid membrane and can be expressed
as nanomoles of compound traversed across the membrane per second (nM/s). High
intrinsic permeability is predicted for compounds with a Pc >100 nM/s (>75 %
fraction absorbed) and low permeability is predicted for compounds with a
Pc <20 nM/s (<15 % fraction absorbed). Difficulties with interpretation of this
assay can arise if there is poor recovery (less than 30 %) due to binding to the
apparatus or membrane or with compounds that are undetected due to solubility or
chromatography/detection issues. An extensive review of the PAMPA and other
permeability assays is covered in this review (Balimane 2012).

4.2.7 Caco-2

A more comprehensive permeability assay is the human colon adenocarcinoma
(Caco-2) bi-directional permeability assay. This assay has lower throughput com-
pared to the PAMPA assay, but is physiologically more relevant. Caco-2 cells
possess morphological and functional qualities similar to enterocytes which serve
as a barrier to the absorption of drugs that are administered orally. The Caco-2 cells
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undergo differentiation in culture to form cell monolayers with well-established
tight junctions that function as intestinal epithelial cells. The cells are seeded on a
collagen-coated transwell plate and are incubated for 2—4 weeks to allow the cells to
differentiate. Compound is either added to the apical (A) or basolateral (B) side of
the membrane and after an incubation time of approximately 2 h, samples are
collected from both sides and analyzed. The permeability coefficient (Pc) is calcu-
lated as a rate of passage of test compound across the Caco-2 monolayer in
nanomoles per second. In the absence of transporters, the efflux ratio Pc (B — A)/
Pc (A — B) should equal 1. As with the PAMPA assay, compounds with a Pc
greater than 100 nM/s are considered highly permeable with prediction of high
in vivo absorption, whereas compounds with a Pc of less than 40 nM/s are predicted
to be poorly absorbed. Also like the PAMPA assay, poor recovery (less than 70 %)
from the apparatus could cause significant variation in permeability values and may
give erroneous values. Poor recovery is often associated with compounds that have
high lipophilicity, poor solubility, or nonspecific binding of the compound to the
device (Thomas et al. 2008). The presence of bovine serum albumin (BSA) in the
basolateral assay buffer at levels up to 4 % can improve permeability and recovery
by mimicking the physiological levels of human albumin within the capillary lumen
(Press 2011). Although Caco-2 cells are not suitable to predict intestinal absorption
when transporter-mediated routes and/or first-pass metabolism is involved, they can
be cloned to express multiple efflux and uptake transporters, which may assist in
discerning if transporter involvement is a factor in absorption (Sect. 4.4).

4.2.8 The Role and Interpretation of In Vitro Measurements

In vitro measurements are important in the discovery setting as they provide useful
data and can be performed quickly and with minimal material requirements in most
cases. Compounds may be tested many times in these assays as more lots of
material are made, providing more pure or different forms of the material. The
data provide insight into compound behavior in the in vivo environment, albeit not
a perfect mimic. Therefore, in vitro measurements such as solubility are not
typically used as decisional data for a compound, but can be informative on a
comparative basis to other compounds or chemical series.

4.3 Metabolism

Quite often, compounds have excellent physicochemical properties and complete
absorption from the intestinal lumen but still suffer from low oral exposure due to
metabolism and resulting high first-pass effects. Highly permeable, lipophilic
compounds are subject to metabolic processes, especially Cytochrome P450 oxi-
dative metabolism, glucuronidation, and other Phase 1 and Phase 2 metabolism.
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Metabolic processes continue to be extensively researched, due to the importance to
the drug discovery and development process. Metabolite identification (Met ID) is
an important aspect in drug discovery, not only to determine the “soft spot” on the
molecule for SAR purposes but also to determine if circulating metabolites have
importance from a biological or toxicological perspective. Metabolism may also be
species-selective. Often there is considerable variability in metabolic stability in the
preclinical species that could make a difference between further progression and
abandonment of a compound. Several reviews have been written that specifically
address CYP450 and other metabolism issues in a drug discovery setting (Yengi
et al. 2007; Bohnert 2009; Emoto et al. 2010; White 2011).

4.3.1 In Vitro Studies

The use of liver microsomes and hepatocytes as a measure of the rate of metabolic
drug oxidation is being extensively used in drug discovery. Incubation of the
compound of interest with liver microsomes in the presence of nicotinamide
adenine dinucleotide phosphate (NADPH) (or an NADPH-generating system) and
determination of the percent of parent remaining over time is a relatively quick way
of gaining valuable information regarding the capacity for oxidative metabolic
turnover. Hepatocyte studies are lower-throughput compared to microsomes, but
can provide a better estimate for metabolic turnover (Camenisch and Umehara
2012), especially if the compound is metabolized by Phase 2 metabolism, such as
glucuronidation or sulfation. Several papers have been written regarding the pre-
diction of in vivo metabolite clearance of compound based on microsomal or
hepatocyte studies. These predictions are often based on the well stirred and parallel
tube models of drug metabolism and incorporate the protein binding (both plasma
and microsomal protein binding) in their calculation (Obach 1996; Iwatsubo
et al. 1997; Austin et al. 2002; Bell and Wang 2012; Sohlenius-Sternbeck
et al. 2012). These calculations are valuable for compounds that are primarily
cleared by hepatic metabolism (Fh,m) and do not take extra-hepatic metabolism
and other clearance pathways into account. By increasing the stability of com-
pounds using in vitro studies, bioavailability can be greatly enhanced in vivo, if the
reason for the poor exposure was due to metabolism.

4.3.2 Intravenous and Oral Administration

Intravenous (IV) and oral (PO) pharmacokinetic studies in different animal species
have traditionally been used to select lead candidates. Several important parame-
ters, such as plasma clearance (CL), volume of distribution (Vss), half-life (T'2),
and oral bioavailability (%F’) can be obtained in this manner. Because of the value
of this type of study, several approaches such as cassette dosing, pooling samples,
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screening PK, and other processes have been proposed to increase compound
throughput while sparing animal resources (Nagilla et al. 2011). Once CL infor-
mation is obtained, it is useful to determine the extraction ratio (ER) as shown by
the following equation, where Q is the hepatic blood flow of the species under
investigation.

L
-0

ER

Clearance can then be classified as low (ER < 0.3), moderate (ER between 0.3 and
0.7), and high (ER > 0.7). High clearance can be due to several processes, including
transporter involvement, tissue partitioning or metabolism. Met ID and correlation
of in vivo with in vitro (metabolic stability) findings can assist with determining the
role of metabolism to high clearance. Correlation of in vitro metabolic stability with
in vivo results also appears to be valuable in screening and prioritizing compounds
with poor metabolic stability (Lau et al. 2002). Oral bioavailability is determined by
the following equation:

AUCn PO

F—1 ALERTO
AF =100 X eV

where AUCn PO is the area under the curve following oral administration
normalized to dose and AUCn 1V is the area under the curve following intravenous
administration normalized to dose. Since bioavailability is based on a ratio of PO to
IV exposure, it is possible to have relatively high bioavailability but if the com-
pound has high clearance, oral exposure can still be low on an absolute basis.
Conversely, oral exposure may be high but if the compound has low clearance, the
resulting bioavailability may be low. It is often useful to calculate the fraction
absorbed (f) once bioavailability is known (Nomeir et al. 2009) based on the
following equation:

Feo %F /100
" 1—ER

This term reflects both Fa and Fg as described in Sect. 4.1. If the fraction absorbed
is less than 1, incomplete absorption of compound can be assumed. If the fraction
absorbed is higher than 1, a saturable (nonlinear) clearance process may be respon-
sible. In either case, the reason for the inconsistency should be examined to better
understand compound liabilities. PK studies listed below (Sect. 4.3.3—4.3.6) assist
in addressing the potential issues in a specific manner.
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4.3.3 Gut Metabolism

Determination of gut metabolism (Fg,m) as a major clearance pathway is not as
easy to ascertain as hepatic metabolism (Fh,m). Although intestinal microsomes
may be useful in obtaining relative contribution of gut metabolism, this method is
not as predictive to in vivo as liver microsomes or hepatocytes (Shen et al. 1997,
Galetin et al. 2010). In general, the intestinal enzymes that are involved with gut
metabolism have a much lower contribution to the first-pass effect compared to
hepatic involvement (Thummel 2002). Therefore, any compound with extensive
gut metabolism generally also has a high first-pass systemic clearance. However,
determination of gut metabolism may be important for compounds with high
intestinal first-pass extraction. Several studies are described in the following sec-
tions that are able to separate intestinal from hepatic first-pass effects. The use of
specific inhibitors (Sect. 4.3.5) and the portal vein cannulation study (Sect. 4.3.7)
have been used successfully to determine the extent of intestinal extraction.

4.3.4 Bile-Duct Cannulation

In vivo PK screens in rodents (especially rat) are the most direct method of
determining compounds with high clearance, but high clearance does not necessar-
ily point to metabolism-related issues; transporters may also be involved (Sect. 4.4).
A bile-duct cannulated (BDC) study may be needed to determine the primary route
of elimination. In this study, the compound is administered by IV or PO route and
urine, bile, and feces are collected and analyzed for parent and metabolites. A
description of the surgical procedure involved with this study has been described
(Landskroner et al. 2011). If quantitative recovery of compound and metabolites is
possible through the use of radiolabel or other means, the percentage of the
administered dose that is excreted via the bile and urine can be used to directly
calculate the extent of oral absorption. In a rat study with a selective opioid agonist,
recovery of parent and metabolites in urine and feces from intact rats was compared
with recovery in bile, urine, and feces of BDC animals. Since fecal recovery was
90.4 % in intact female rats and 46.6 % in BDC animals, it was concluded that a
minimum of 51 % of administered dose was absorbed in rats (Guo 2011).

Table 4.1 describes the potential information that can be obtained from a BDC
study. For example, following IV or PO administration of a compound, where
parent is present as the major component in the bile, the results point to hepatic
transporter involvement (Fh,t) or passive permeability into the bile cannicula as
exposure-limiting mechanisms. However, if parent is only present as a minor
component in the bile with metabolites being the major drug-related components,
then hepatic (or gut) metabolism is apparent (Fh,m &+ Fg,m). For example, in a rat
BDC study with a novel dopamine agonist, only 30 % of the oral dose was
recovered in the bile, with no parent compound detected. When combined with
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Table 4.1 Potential outcomes from a bile-duct cannulated study

Route | Bile Urine Feces

v Primarily parent = Fh,t Primarily parent = Fr.,t Primarily parent = Fg,t
Primarily metaboli- Primarily metabolites =Fh, | Primarily metabolites = Fg,
tes = Fh,m m = Fother,m m =+ Fother,m

PO Primarily parent = Fh,t Primarily parent = Fr,t Primarily parent = Fg,
Primarily metaboli- Primarily metabolites =Fh, |t=+Fa
tes = Fh,m = Fg,m m =+ Fother,m Primarily metabolites = Fg,

m = Fother,m

other studies, it was concluded that the low bioavailability of this compound was a
consequence of poor absorption as well as extensive first-pass metabolism (Bollard
2000). If the compound is administered IV and parent is observed in the feces in a
bile-duct cannulated study, it is assumed that an active gut efflux mechanism is
responsible (Fg,t), since the fraction excreted in the bile is already accounted for.
Following oral administration, parent compound present in the feces may be due to
lack of absorption (Fa) or efflux transporter involvement (Fg,t). An example of this
was described using a radiolabeled NK2 antagonist in BDC rats. Following oral
administration, 87 % of the dose was recovered in the feces, consistent with poor
oral absorption. Following intravenous administration, 17 % of the dose was
recovered in the feces, suggesting that direct secretion of radioactivity across the
gut wall occurred and thus is partially responsible for the low exposure (Beaumont
et al. 2000). Metabolites present in the feces following oral administration indicate
the potential for gut metabolism, although there is also the potential for systemic
metabolism and direct transport into the gut.

Altogether, a BDC study can greatly assist in the determination of absorption,
metabolism, and elimination aspects for the compound under investigation.
Radiolabeled material may not be available early in the drug discovery process,
but a qualitative view may be all that is needed to differentiate the primary pathway
for elimination using unlabeled compound. However, careful interpretation of the
results is still necessary, due to the interplay of several processes at work in the
in vivo system combined with the potential lack of quantitative information. By
understanding the elimination pathway through a BDC study, a hypothesis can be
established for improving oral exposure and the appropriate studies can be designed
with follow-up compounds to address the issue.

4.3.5 Metabolism Inhibition

Inhibitors may be used in vitro (Khojasteh et al. 2011) and in vivo to probe
involvement of specific CYP isoforms in the metabolism of test compounds. Admin-
istration of an appropriate inhibitor, such as ketoconazole (Ward et al. 2004)
(a CYP3A4 inhibitor) or sulfaphenazole (CYP2C9 inhibitor) (Baldwin 1995) have
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been used to determine the extent of CYP involvement in the metabolism and first-
pass effects of xenobiotics. 1-Aminobenzotriazole (ABT) has also been used in vivo
(Strelevitz et al. 2006; Landskroner et al. 2011) as a nonspecific mechanism-based
CYP450 inhibitor to distinguish P450-dependent first-pass effects from other factors
such as solubility, permeability, and active efflux. Antipyrine, a probe for measuring
efficiency of hepatic oxidative metabolism, was evaluated in the rat, dog and monkey
in the presence of ABT. A 93 % inhibition of antipyrine clearance was observed
following a 2 h oral pretreatment of ABT at 100 mg/kg in the rat and 20 mg/kg in
dog and monkey (Balani et al. 2002), indicating the effectiveness of CYP inhibition
using this method. However, these studies need to be interpreted carefully. For
example, ketoconazole may also inhibit p-glycoprotein (an efflux transporter)
(Zhang 1998) and UDP-glucuronosyltransferase (glucuronidation) (Takeda 2006),
resulting in a more complex interpretation of the results.

4.3.6 Duodenal Administration

Duodenal administration should be considered in special cases, especially if there is
a potential for acidic degradation or if there is reason to suspect that precipitation of
the compound is occurring in the stomach. For example, duodenal administration of
idarubicin as a solid lipid nanoparticle in rats resulted in prolonged release of
compound, improving bioavailability compared with solution (Zara et al. 2002).
The authors concluded that this prolonged release approach may be useful in
reducing the toxicity of idarubicin. Duodenal administration in the rat was used
to demonstrate an increase in bioavailability of an in-situ gelling formulation that
may provide a new approach to improved bioavailability for BCS Class 3 drugs
(Dai et al. 2013). An ion-pair strategy was used to improve intestinal absorption and
oral bioavailability of amifostine, a prodrug with low lipophilicity and charge at
physiological pH (Samiei et al. 2013). Using duodenal dosing to bypass drug
degradation in the stomach, these authors demonstrated a 20- to 30-fold increase
in amifostine bioavailability. Due to the invasive nature of this approach, duodenal
administration is most often done in a rodent, such as mouse or rat, but duodenal
administration can also be done in the dog with surgically ported animals (Sinko
etal. 1997; Lee et al. 2001). Although duodenal administration is not feasible as an
eventual clinical approach, it can be used to determine the formulation strategy for
improved bioavailability.

4.3.7 Portal-Vein Cannulation

A useful in vivo method to separately assess the first-pass effect of a compound in
the intestine and liver is the portal-vein cannulation study. A detailed description of
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Fig. 4.3 The portal vein cannulation study (courtesy R. Haskell)

the surgical procedure for this study has been published (Landskroner et al. 2011).
In this design, compound is dosed by oral (or duodenal) gavage and blood is
collected from the portal vein to obtain Fg*Fa and systemic (jugular, carotid)
veins to obtain Fg*Fa*Fh. These results are compared with results obtained when
the compound is administered in the portal vein and samples are collected system-
ically to obtain Fh (Fig. 4.3). Using this method, it was determined that the low
bioavailability of a thromboxane A2 antagonist was due to extensive gut and
hepatic first-pass clearance rather than solubility or permeability issues (Murakami
et al. 2003). Another example of this method was used to determine the intestinal
and hepatic first-pass effect of metoprolol in the rat. Following IV, intraportal and
intraduodenal administration of metoprolol at 1 and 2 mg/kg, the resulting intestinal
and hepatic first-pass extraction ratio was approximately 0.45 and 0.60 (respec-
tively) indicating considerable contribution of intestinal first-pass extraction to the
low bioavailability of metoprolol in rats (Yoon et al. 2011). Evaluation of the
metabolites present in the samples may also assist in determining if extensive
metabolism is a factor in the clearance process. This procedure is most often
conducted in rats, but other species have been evaluated using this approach.

4.3.8 Biopharmaceutical Considerations

From a biopharmaceutical perspective, it is difficult to increase oral exposure in
compounds where metabolism is a major component. Intra-nasal (Ali 2012), buccal
(Garg 2011), and transdermal (Perumal 2013) approaches have been used as
alternatives to other more common drug administration (PO, IV, IM, SC, etc.) to
avoid gut and hepatic first-pass effects with success. Another alternative is the use
of prodrugs that are capable of being metabolized and released as parent compound,
thereby avoiding first-pass effects. An example of this is an amide prodrug of
gemcitabine that avoided the extensive first-pass metabolism that occurs following
administration of gemcitabine (Wickremsinhe et al. 2013). However, these
approaches may not have an appropriate preclinical species for evaluation, leading
to extended development times and potentially more risk than a “traditional”
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approach. Determination of the metabolic “soft spots” on a molecule and rapid
evaluation of metabolic stability are often better approaches in this case.

4.4 Transporter Involvement

Until recently, it was not well understood how compounds that are metabolically
stable and have acceptable biopharmaceutical properties can still have high clear-
ance or low oral bioavailability. For years, transporter involvement had been
suspected, since what was observed in vivo could not be explained by simple
permeability, solubility, or metabolic processes. Great strides have been made in
the last 10-15 years in the understanding of transporter involvement in drug
disposition. An International Transporter Consortium has been established which
explored clinically important transporters involved with drug absorption and dis-
tribution and provided recommendations to help guide in vitro and in vivo trans-
porter studies necessary for filing new drug applications (Giacomini et al. 2010).

Transporters involved with drug disposition can be roughly divided into two
groups: uptake transporters or efflux transporters. Uptake transporters have been
demonstrated to improve drug absorption through the GI tract but can also increase
blood clearance by active uptake into hepatocytes. These transporters include
members of the organic anion transporting polypeptide (OATP) family, peptide
transporters (PEPT), sodium/bile acid transporters (ASBT), and monocarboxylic
acid transporters (MCT). Efflux transporters can restrict drug absorption by
pumping drugs out of intestinal epithelial cells back into the intestinal lumen.
They include multidrug resistance protein 2 (MRP2), breast cancer resistance
protein (BCRP), and p-glycoprotein (P-gp, also known as multi-drug resistance
transporter 1 (MDR1)). Many other transporters have been described and charac-
terized but this chapter will only cover the most relevant transporters involved with
drug disposition.

4.4.1 Assessing Transporter Activity In Vitro

One of the most prominent transporters responsible for the efflux of compounds
across biological membranes is P-gp. Also known as MDR1 and ABCBI, it has an
important role in limiting the entry of various drugs into the central nervous system
and has a large role in intestinal absorption and biliary (or renal) excretion of drugs.
A useful in vitro tool to determine P-gp involvement is the Caco-2 system
overexpressing the P-gp enzyme. Since P-gp is localized in the apical membrane
in polarized cell monolayers, a high efflux ratio of basal-to-apical (B — A) com-
pared with apical-to-basal (A — B) indicates a potentially significant role for P-gp
involvement in absorption. Conversely, if the efflux ratio is significantly lower than
1, the potential for an active uptake process should be investigated. However, a high
efflux ratio in vitro does not always translate to poor oral absorption. If a compound
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has high permeability and solubility, the rate of absorption may exceed efflux,
depending on the Km and Vmax of the transporter and the physical properties of the
molecule. Therefore, the involvement of P-gp is more apparent in compounds that
have a poor apparent permeability coefficient (Papp). Another efflux transporter
expressed in intestine and liver is BCRP (ABCG2). BCRP was found to be an
important factor in the clearance of pitavastin in vitro by using Madin-Darby canine
kidney II (MDCK II) cells expressing human canalicular efflux transporters and
in vivo using BCRP1 knockout mice (Hirano et al. 2005).

Hepatic uptake processes play an important role in the hepatic clearance of
drugs. An important transporter in this regard is OATP, which is responsible for the
disposition of many drugs such as the HMG-CoA reductase inhibitors (statins) and
angiotensin-converting enzyme (ACE) inhibitors. A review of the OATP family of
transporters and their impact on pharmacokinetic properties of pharmaceutically
relevant compounds has been written (Kalliokoski and Niemi 2009). Two
approaches have been described to evaluate uptake using hepatocytes. One
approach is the media-loss assay (Soars et al. 2007), which evaluates the loss of
parent compound from the incubation medium into hepatocytes. This assay is used
to predict the in vivo clearance of drugs with significant hepatic uptake. A direct
hepatocyte uptake assay has also been established that can determine the uptake
clearance of test substrates by passive diffusion or transporters (Watanabe
et al. 2010).

4.4.2 Assessing Transporter Activity In Vivo

For compounds that have low in vivo clearance and unaccountably low oral
bioavailability that cannot be explained by first-pass metabolism, the role of P-gp
and other efflux transporters should be investigated, especially if Caco-2 studies
indicate the potential for transporter involvement. Conversely, if higher than
expected in vivo clearance is observed, the role of OATP and other uptake trans-
porters should be considered. Although mammalian P-gps display a high level of
primary structure similarity and homology across several species (Bosch and Croop
1998), there are differences in substrate selectivity that have been observed in vitro
(Suzuyama et al. 2007) and in vivo (Xia et al. 2006; Nishimura et al. 2008).
Therefore, relating results from preclinical species must always be considered in
light of eventual human studies. With that in mind, there are several available
in vivo methods to ascertain the effect of transporters on oral bioavailability.

One method is to determine pharmacokinetic parameters in knockout animals. In
this way, involvement of specific transporters may be evaluated. A Balb/c, MDR1a,
or MDR1a/b gene-deficient (knock-out) (Chen et al. 2003) mouse has been used as
a powerful tool to evaluate the role of P-gp in vivo, using an FVB mouse (control
wild-type strain for MDR1a mouse) as a comparator. Caution should be used,
however, in interpreting results from these studies. For example, although
MDR1a-deficient mice lack P-gp at both the apical membrane of intestinal
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Table 4.2 Inhibitors Inhibitor Transporter Reference

commonly used to determine -

transporter involvement Elacridar P-gp and BCRP Darby et al. (2011)
Kol43 BCRP Allen et al. (2002)
Rifampicin OATP Imaoka (2013)
Cyclosporin A OATP, BSEP Shitara (2011)
Probenecid OAT Feng et al. (2013)
Cimetidine OCT Feng et al. (2013)

epithelial cells and the biliary canicular membrane of hepatocytes (Schinkel
et al. 1995), up-regulation of the MDR1b gene has been observed when MDR1a
is disrupted. Additionally, by limiting intracellular substrate availability, P-gp may
influence CYP3A-mediated metabolism in MDR1a and MDR1a/b-deficient mice
(Lan et al. 2000) and must be considered when interpreting the data from the
MDR 1a knock-out mouse studies.

Another way to evaluate transporter involvement is co-dosing an inhibitor when
administering the test compound. Common transporter inhibitors used both in vitro
and in vivo as tools to elucidate pharmacokinetic parameters and understand
absorption mechanisms are shown in Table 4.2.

Due to potential drug—drug interactions and high clearance that is often observed
with compounds that are substrates for hepatic uptake, SAR studies are often
conducted to help eliminate compounds that display transporter involvement,
thereby improving pharmacokinetic properties. Unfortunately, conducting hepato-
cyte uptake assays for multiple compounds can be difficult, due to the low through-
put and labor-intensive nature of this assay. In this case, a PK screen often assists in
rapidly disqualifying compounds that have high clearance and corresponding high
liver exposure. Compound is administered IV in the test species (usually rat) and
plasma is sampled up to 5 h post-dose, with livers removed and analyzed for
exposure. In this way, clearance and liver to plasma ratios can be rapidly assessed
to find compounds with more favorable PK properties.

4.4.3 Biopharmaceutical Considerations

Formulation strategies have been evaluated to enhance membrane permeability and
inhibit efflux transporters (P-gp). Agents such as Tween 80 (polyoxyethylene(20)-
sorbitanemonooleate), Pluronic P85 (polyoxyethylene-polyoxypropylene copoly-
mer), Cremophor EL (polyoxyethyleneglycoltriticinoleate), and TPGS
(D-a-Tocopheryl polyethylene glycol 1000 succinate) (Akhtar et al. 2011; Guo
et al. 2013) can modulate drug absorption by multiple mechanisms including
inhibition of intestinal P-gp. Other approaches that have been described in
Sect. 4.3.6 may also be used to avoid first-pass effects due to transporters. Improve-
ment in permeability or solubility (Sect. 4.5) so that efflux transporters may be
saturated or bypassed (by increasing passive permeability, for example) may also
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be used. This includes the synthesis of prodrugs that are more efficiently absorbed
and are cleaved once in systemic circulation, but the opportunity for hepatic
transporter involvement may still be an issue.

4.5 Absorption

As compounds are evaluated further, it becomes necessary to achieve multiples of
exposure necessary for toxicology studies. Although there is no firm criteria in the
multiples of efficacious exposure necessary to move a compound forward, due to
the nature of the compound and the safety required for the indication (FDA 2010), a
rough exposure multiple that is often used is 30 times the expected human effica-
cious AUC for initial toxicology studies and 30 times the expected human effica-
cious Cmax for preliminary cardiovascular safety studies. Achieving high exposure
for toxicology studies can be a daunting prospect for a biopharmaceutical scientist,
as the choice for safe, tolerable vehicles is diminished. Figure 4.4 shows possible
AUC exposure increases when dose is increased for a representative preclinical
species. The desired effect is for dose-proportionality (squares); however, this is
often not the case. Permeability-limiting exposure is often observed as slowly
increasing AUC with increasing dose, but at a less than dose proportional level
(diamonds). Solubility-limiting AUC increases proportionally until the solubility
limit has been reached; as dose is increased beyond the solubility limit, exposure
does not increase further (triangles). When a clearance process becomes saturated,
such as P-gp efflux or CYP450 metabolism, a greater than dose proportional
increases is observed with increasing dose (circles). This is a general rule of
thumb and other process, such as transporter involvement, may be involved that
could change the conclusion. For example, what appears to be solubility-limiting
exposure may be uptake-limiting for a poorly permeable compound. A thorough
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understanding of the physical chemical properties of the molecule and the use of
applicable studies (such as a transporter inhibitor in this example) may be necessary
to determine the cause of nonlinearity and to establish the best path forward for the
molecule or the compound series.

4.5.1 In Vivo Studies

As discussed earlier, BDC or PVC studies are able to determine the fraction of a
compound that is absorbed (Sect. 4.3). Another way to determine fraction absorbed
is if the compound has a renal elimination component. Determination of the percent
of compound-related material eliminated in the urine following IV administration
compared to oral administration provides a rough estimate of the fraction absorbed.
An example of this was the relative urinary recoveries of radioactivity following IV
and PO administration of an NK2 antagonist in the rat. A recovery of 19.7 % was
observed in the urine following IV administration and 1.7 % following oral
administration indicating the compound is approximately 9 % absorbed in the rat
(Beaumont et al. 2000). However, the molecular weight of a compound is known to
be an important factor affecting the renal elimination of certain compounds. The
molecular weight threshold appears to be approximately 325+ 50 for biliary
excretion of polar compounds in the rat (Hughes et al. 1973). Compounds with a
high molecular weight will be primarily eliminated by biliary processes, with very
little renal elimination.

4.5.2 Food Effect Studies

Food can dramatically alter the absorption of a drug through a variety of mecha-
nisms. Food may affect drug solubility, increase GI motility and bile flow, delay
gastric emptying, or affect other processes. Therefore, drug absorption may be
increased, delayed, not affected, or decreased depending on how the compound
interacts with the physiological changes that occur with food consumption. BCS
Class I (high permeability, high solubility) drugs are not affected by fed conditions
in clinical studies, but BCS Class III (low permeability, high solubility) drugs can
be greatly affected by food, due to changes in transit time through regions of the
intestine necessary for compound absorption (Yu et al. 2004). BCS Class II (high
permeability, low solubility) drugs are more likely to show a positive food effect,
due in part to increased in vivo solubility in the presence of food (Wu and Benet
2005). Due to the low solubility of these BCS Class II compounds, suspension
dosing is commonly used in food-effect studies. Since suspensions are solid-state
formulations, they may also be better correlated to a traditional tablet formulation,
which might be used later in clinical studies, versus using a solution formulation
that may provide different oral exposure. The beagle dog has been used as a model
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to examine the effect of food on preclinical compound bioavailability (Lentz
et al. 2007). In this model, a high-fat (FDA) meal in coordination with pentagastrin
pretreatment was predictive of the human food effect for a validation set of
compounds. Pentagastrin administered at 6 pg/kg via IM injection 15-30 min
prior to dosing lowered the gastric pH in the dog to mimic the basal gastric pH in
the human (Zhou et al. 2005). Famotidine (Pepsid) can also be used to increase
gastric pH by oral administration 3 h before dosing the test compound (Zhou
et al. 2005). When applied to fasted animals, these treatments are also helpful in
determining the pH-dependent effects on oral drug absorption and for screening
formulations to overcome pH dependency on oral bioavailability. The rat has also
been shown to be a useful model to examine pH-dependent solubility on oral
exposure using pentagastrin and famotidine as gastric pH modulators (Lubach
et al. 2013).

4.5.3 Formulations to Diagnose Limited Exposure

When compounds have good IV pharmacokinetic properties but low oral bioavail-
ability, formulation may play a key role in achieving exposure needed for com-
pound advancement. The use of formulations to improve oral exposure is dependent
on the factor that is limiting absorption. Solubilization, dissolution rate, and per-
meability are the most common rate-limiting steps to drug absorption. While
permeability is generally not affected by formulation, the following properties
can be influenced by formulation technology:

e Solubility—determined by compound properties
» Supersaturation—delivering solution over the solubility limit of the compound
¢ Dissolution rate—influenced by particle size

While traditional dosage forms, such as solutions and tablets, are preferred for
development, many poorly soluble compounds are not amenable to these dosage
forms. Fortunately, recent advances in formulation technologies have allowed
many of these compounds to be advanced to development (Chap. 3).

4.5.3.1 Effect of Precipitating vs. Nonprecipitating Solution

Due to the poor aqueous solubility of many compounds, in vivo precipitation from
solution is a common problem, which leads to low oral bioavailability. Low
solubility compounds may precipitate in vivo when they come in contact with GI
fluids, blood, or other aqueous body fluids (Schroeder and DeLuca 1974). Com-
pounds may precipitate in vivo before absorption due to loss of the supersaturated
state, thereby changing the compounds precipitation kinetic profile and affecting
drug absorption and bioavailability (Dai et al. 2007). The form(s) and particle size
(s) of the in vivo precipitate are unknown, leading to many questions about what
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was actually dosed. To assess the potential for a solution formulation to precipitate
in vivo, in vitro precipitation studies at physiologically relevant pHs and in SIFs
have become a standard practice in the many discovery environments. Solubility-
enhancing solutions, supersaturated solutions, and high concentration solutions are
of the most concern when dosing in vivo due to their likelihood of precipitation.
The in vitro precipitation screening of these formulations can be performed in a
96-well plate format, which enables many solutions to be evaluated at once with a
rapid turnaround time. The precipitation can be evaluated by spectroscopy using a
UV plate reader, which evaluates light scattering in a given sample that changes
when precipitation occurs. The light scattering is affected by particle size, concen-
tration, and wavelength making spectroscopy a more informative tool than visual
observations alone (Morrison and Nophsker 2009). If the in vitro screening is
performed post-dosing on the dosing solution administered to animals, the precip-
itation data obtained can be correlated back to in vivo results, since formulation
performance is often the first place to look when oral bioavailability is low or an
unanticipated result is observed in vivo. If the in vitro screening is performed prior
to in vivo dosing and precipitation is observed, a change in the solution formulation
to resist precipitation (i.e., by adding a precipitation inhibitor) can be made and
reevaluation in the in vitro precipitation assay should be performed.

Solutions that are precipitation resistant have a significant impact on the amount
of oral exposure obtained from solution formulation dosing compared to nonpreci-
pitation resistant solutions. In Fig. 4.5, two solutions of a compound were dosed to
rats, one a solution known to precipitate and the other a nonprecipitating solution.
In this case, there was approximately a fivefold increase in exposure when com-
paring the two solutions. This shows that not all solutions are created equal;
dissolution of a compound into a solution formulation does not ensure good
exposure. Dosing solutions must be precipitation-resistant to ensure the compound
can be absorbed in the GI tract, as only solubilized compound can be absorbed.
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4.5.3.2 Effect of Solid on Dissolution

In late-stage development, tablet dosing is the most common formulation utilized
due to its straightforward nature and prior knowledge of many pharmaceutical
scientists in developing such formulations. Due to this, there is a need to evaluate
solid dosage forms in discovery at a relatively early stage. Suspension dosing is
often used as a stand-in for tablet formulations. In the discovery setting, suspen-
sions can be easily and quickly prepared compared to the time it takes to develop a
well behaved tablet for in vivo dosing.

When dosing a solid, an additional step, dissolution of the compound, is added to
the process of absorption that is not present from solution dosing. As discussed in
the previous section, a compound can only be absorbed from the solution state.
Therefore, when a solid formulation is dosed, the compound must dissolve before it
can be absorbed. The time it takes for a compound to dissolve can vary and is
affected by different physicochemical properties, including the crystallinity of the
material and the form being dosed (i.e., free or salt form).

When low solubility compounds are dosed in vivo and a plateau or loss of
exposure is observed with respect to increasing dose, solubility-limited exposure
may be the problem. This is a common issue observed with low solubility com-
pounds. Solubility-enhancing formulations or supersaturated solutions aid in solu-
bilizing low solubility compounds but may have a concentration limit where they
are either insoluble or begin to precipitate. Target concentrations of solution dosing
are study-dependent due to the doses required. For example, oral PK studies at
lower doses show high exposure through a solubilized formulation, while high
doses required for toxicology studies may not provide any further increase in
exposure. Solubility-limited exposure can be diagnosed by dosing a suspension of
a low solubility compound in vivo and comparing the exposure obtained to a
solution formulation (Parker et al. 2013). Due to the extra step of dissolution, the
suspension may provide little compound in solution, making it unavailable for
absorption (Fig. 4.6).
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4.5.3.3 Effect of Surface Area on Dissolution

The particle size, or the surface area of a solid, can greatly affect the dissolution of
the compound when dosing a suspension formulation. When good oral exposure is
dependent on its dissolution properties, it is defined as dissolution-rate-limited
exposure. This can most effectively be probed by dosing suspensions of different
particle sizes and evaluating the exposure achieved. By dosing a suspension with
reduced particle size, the surface area of the suspension is increased. This increase
allows for faster dissolution and more compounds in solution in the GI tract, which
can readily be absorbed. In Fig. 4.7, two compounds with low aqueous solubility
were dosed in rats or dogs as microsuspensions or nanosuspensions. The oral
bioavailability was improved in each of these cases with the nanosuspensions,
indicating dissolution rate was limiting exposure from microsuspensions.

Another way to address exposure limitations in vivo is to look to stabilized
amorphous systems. Spray—dried dispersions (SDDs) are one of the technologies
that can be utilized. SDDs are amorphous systems that are stabilized within a
polymer matrix. Their primary objectives are fourfold (Friesen et al. 2008):

1. Enhance oral absorption by sustaining supersaturated concentrations in vivo
2. Provide physical stability by avoiding crystallization or phase separation of the
amorphous material
. Provide a way to reproducibly manufacture material
4. Is applicable to structurally diverse molecules with a wide range of physico-
chemical properties

(O8]

The applicability of this technology for a given compound can be assessed with a
few simple in vitro measurements, including log P, melting point, and glass
transition temperature. The in vitro feasibility assessment of this alternate technol-
ogy can be done quickly, which is highly valued in the discovery setting.

SDDs improve the fraction of drug absorbed by increasing dissolution rate,
increasing the dissolved drug concentration (solubility), and sustaining supersatu-
rated concentrations in vivo. Insoluble compounds can benefit from SDD technol-
ogy to enhance oral bioavailability, especially when traditional formulation
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Fig. 4.7 Comparison of oral bioavailability achieved from nanosuspensions vs. microsus-
pensions. Particle size d50s: (a) nanosuspension =0.5 pm, microsuspension =45 pm; (b)
nanosuspension = 0.3 pm, microsuspension = 1.5 pm



4 Diagnosing Biopharmaceutical Limitations 165

2600 4

—+—Solution
-8 Nanosuspension = N
2000 1 =
-~
—-SDD s
-~
- -~
1500 4 = P
z o
= -
= -~ -~
Q 00 4 -
2 1000 -
-~
- &
*
500 -

o 20 40 60 80 100

Dose (ma/kg)

Fig. 4.8 Rat oral exposures comparing different formulations, where solubility-limited absorption
is overcome by SDD formulation technology (Parker et al. 2013)

strategies fail. In Fig. 4.8, rat PO dosing of an SDD was conducted for a
nonionizable compound that had solubility limitations (precipitation likely at
higher doses of a supersaturating solution), as well as poor exposure from a
nanosuspension. The SDD formulation provided dose proportional increases in
exposure, thereby allowing a path forward for higher dosing, a necessity for
compound development. This exemplifies an example of solubility-limited absorp-
tion being overcome by formulation technology, in this case an SDD (Parker
et al. 2013). The topic of amorphous dispersions in general and SDDs in particular
is covered in more detail in Chap. 3.

4.6 In Silico Modeling

In silico modeling provides specific information that offers insight into a drug’s
in vivo behavior that would otherwise be unknown. A simulation software that is
commonly used in the pharmaceutical industry is GastroPlus™ (by Simulations
Plus, Inc.). This specific model incorporates the proprietary Advanced Compart-
mental Absorption and Transit Model (ACAT™), which accounts for all drug mass
present in vivo in all possible states. To understand the limitations to oral exposure,
the drug’s presence in the solid, dissolved, and absorbed states, are the most
relevant. It can model oral absorption, pharmacokinetics, and pharmacodynamics.
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With respect to oral absorption, the simulations can include:

¢ Release, dissolution, precipitation

* pH-dependent solubility or permeability

e Transit

» Absorption—passive diffusion and carrier-mediated transport
* Animal and human models

GastroPlus™ integrates in silico estimates as well as in vitro and in vivo data. It
simulates the rate and extent of absorption from different dosage forms and
calculates bioavailability and first-pass extraction. It can fit absorption, PK, or PD
data to explain observed data or to optimize dosage form design. This quantitative,
mechanism-based modeling has been used for many different purposes, including
formulation assessment, in vitro study parameters, in vivo environment effect on
absorption, formulation development, and predicting human PK. Formulation
assessments have been done comparing dosage forms aiding in the selection or
improvements needed to formulate a compound to obtain adequate oral exposure. It
has also been used from an in vitro perspective, where modeling aided in the
selection of dissolution media in setting in vitro bioequivalence dissolution stan-
dards for weak acids (Tsume et al. 2012). The in vivo environment is quite complex
but modeling has been utilized to predict the magnitude of gastric pH changes on
absorption relative to the dog’s stomach pH, which can vary from pH 2 to 7. The
modeling suggested improved bioavailability could be achieved through modula-
tion of the gastric pH (Bhattachar et al. 2011). In formulation development,
modeling has been used to guide form selection and particle size properties, steer
dosage form design, assess dosage form performance, and influence clinical study
design (Mathias and Crison 2012). Human PK from intestinally metabolized
compounds was predicted using modeling and scaling from human liver microsome
data (Heikkinen et al. 2012).

Another software system used in the Pharmaceutical industry is Simcyp
(Certara). Simcyp has been organized as a cooperative venture with a consortium
of pharmaceutical companies. The objective of this consortium is to develop a user-
friendly program that could be used as a framework for integrating in vitro data to
predict in vivo pharmacokinetics—pharmacodynamics in virtual patient populations
(Rostami-Hodjegan and Tucker 2007). Simcyp contains numerous databases that
contain human physiological genetic and epidemiological information based on
existing information. By integrating these databases with in vitro and other data
from a specific compound, the program allows for prediction of PK behavior in a
“real world” population. Simcyp has been used for modeling of clearance, drug—
drug interactions, transporter involvement, food effect, and assessment of popula-
tion variability as part of its comprehensive package (Dong 2008). A combination
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of two or more physiologically based modeling approaches has also been used to
optimize predictions. For example, GastroPlus was used to study and model the
absorption characteristics in the rat. The results were incorporated into Simcyp to
assess the human oral PK profile and drug—drug interaction potential of a BCS Class
II compound when co-administered with a potent CYP3A4 inhibitor (Sinha
et al. 2012).

Modeling is a useful tool in both the discovery and development settings. It can
aid in prediction and explanation of in vivo results as well as aid in decision making
for both animal and human models. As the models used in these programs continue
to be refined and made more user-friendly, acceptance of in-silico modeling in the
pharmaceutical industry continues to grow and expand.

4.7 Summary and Conclusions

Understanding the cause of poor exposure and what can be done to improve the
molecule or the formulation while still maintaining the relevant pharmacological
effect is a key aspect for compound progression. In order to accomplish this,
appropriate studies need to be conducted with a limited number of compounds to
better understand where the problems are occurring. By using a decision tree
(Fig. 4.1) to understand the source of the issue and addressing the potential issue
directly (is the low oral exposure due to transporter effects?) the proper study could
be applied. Several in vitro (Table 4.3) and in vivo (Table 4.4) studies have been
discussed in this chapter to address these specific issues.

As the cost of developing pharmaceutical compounds continues to rise and the
risk of failure great, there is an ever increasing need to learn as much as possible
early in discovery from limited material and tight timelines. By starting with
calculated physical chemical properties and expanding to relevant in vitro assays,
the drug discovery process can focus on the compounds that have the highest
potential for success. However, as compounds gain therapeutic potency, quite
often the desirable properties, solubility and permeability, are compromised leading
to compounds with poor exposure. Therefore, a careful balance must be maintained
in compound selection; excluding compounds based on physicochemical properties
and in vitro results alone could eliminate the most pharmacologically active agents.
The best approach is the careful investigation of new compound classes in selected
relevant pharmacokinetic and pharmaceutical studies and relating the results back
to the higher throughput studies so that the most appropriate properties of the series
being considered are investigated.
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Chapter 5

The Importance of Molecular Design
Principles in Delivering High Quality
Pharmaceutical Candidates

Thomas E. Prisinzano

5.1 Introduction

The successfully delivery of a high quality pharmaceutical candidate requires the
combined efforts of many different scientific disciplines toward a common goal.
Among these disciplines are molecular biology, behavioral pharmacology, and
medicinal chemistry. Historically, medicinal chemistry has played an important
role in the drug development process. This is based on its foundation in organic
chemistry or the art and science of constructing molecules. The discipline of medic-
inal chemistry is similar in this regard that it places an emphasis on constructing
molecules. However, it has the added art and science of knowing which molecules are
worth making for medicinal purposes. In general, similar molecules exert similar
biological activities. However, each biological target has its own idiosyncrasies and
challenges that provide exceptions to this otherwise widely held belief. To the
untrained organic chemist, all molecules look like drugs. To a medicinal chemist, it
is clear from experience that most molecules are useless medicinally.

Drug discovery has become a lengthy and expensive process. The time required
to deliver a new drug generally exceeds ten years and is estimated to be more than
$1 billion in the United States. Therefore, time is expensive and Competition is
increasingly difficult. Historically, the role of the medicinal chemist has been to
repair deficiencies in the molecular properties through the synthesis and biological
testing of analogs. In addition, the medicinal chemist has been tasked to provide
backup candidates to increase the likelihood of success. Presently, the role of the
medicinal chemist is evolving and now often encompasses the synthesis of probe
molecules to further the understanding of a given biological target. Medicinal
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chemists now routinely prepare fluorescent analogs and other labeled derivatives to
assist screening campaigns as well as further elucidate the biology associated with a
given target.

Hits and leads rarely have sufficient properties for direct clinical use or for
further pharmaceutical development. The molecular transformations needed to
improve a given hit or lead are dependent on the particular deficiency in the hit
or lead. Unfortunately, there is no single approach that works in all cases. Conse-
quently, one must be familiar with general approaches and their proper employ-
ment. While somewhat daunting, it does provide the opportunity for creativity and
individuality. It is not uncommon for multiple solutions to the same deficiency from
different medicinal chemists.

5.2 Current Thinking on High Throughput Screening

High throughput screening of large chemical libraries of compounds is a proven
way to identify novel chemical entities that target a biological system of interest.
This technology is being used by pharmaceutical industry and a growing number of
academic screening centers for drug discovery campaigns. While these types of
campaigns are often successful in identifying agents for a given molecular target,
many of the components of screening libraries have poor drug-like properties. This
often hinders further development of the hit or lead through medicinal chemistry. A
seasoned medicinal chemist is able to identify the tractability of a high throughput
screening hit upon quick examination of the chemical structure. Key features that
will be ascertained are potential metabolic liabilities, reactive groups, or function-
ality that may be unstable under physiological or assay conditions. Furthermore, the
potential synthetic route to analogs will be envisioned. This may also play in the
decision making process for potential prosecution.

The characteristics of a high throughput screening library have evolved as the
technology has become more mature. Initially, libraries were constructed based on
diversity. The greater the diversity of the library, the more likely one was to find a
novel hit for a given biological target. The thought behind this type of library
construction was that this strategy would maximize diversity in chemical space and
any functional deficiencies in the members of the library could be addressed
through medicinal chemistry optimization. Typical components of this type of
library are flat aromatic compounds that can be prepared using well-established
palladium coupling methods or through other simple chemical steps. However,
enthusiasm for this type of library construction has cooled because it has been noted
that it is often very difficult to optimize the pharmaceutical properties of certain
types of molecules present in a diversity focused library.

A more recent type of library has emerged where drug-like properties are
favored. In this type of library construction, libraries are constructed where drug-
like properties are favored. The idea behind this type of library is that drug-like
properties are the most important factor and that other key parameters such as
potency and selectivity can be retrofit later through medicinal optimization.
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Generally, this type of library is thought to be productive due to its attention on drug
design principles.

One final type of library design is that where computational chemistry plays an
important role. In this type of library design, it is assumed that rational design
principles can be calculated and applied to library construction. This type of library
construction assumes that potency, selectivity, and drug-like properties can be
added later through a medicinal chemistry optimization campaign. Enthusiasm
for this type of high throughput screening library continues to grow.

5.3 Pharmaceutical Candidate vs. Biological Probe

In addition to its clear role in pharmaceutical development, medicinal chemistry,
may be used further to provide probe compounds to further interrogate biology
(Bunnage et al. 2013). The same techniques used to develop pharmaceutical
candidates can be used to enhance biological probes to assist in target validation.
However, there are many differences in the criteria for what one would consider
developing a drug compared to a useful biological probe.

As can be seen in Fig. 5.1, developing a drug is far more complex than a
biological probe. One can see that for a successful drug one needs a mixture of
potency, efficacy, selectivity, and toxicity. Additional pharmaceutical development
concerns relate to stability and formulation. In developing a drug for market, one
must also consider the financial aspects of the drug. Thus, it is clear that one must
juggle a number of factors and make a successful drug. Unfortunately, each one of
these factors has a tendency to be codependent on one another. This makes solving
any potential issues difficult as when one solves one problem or shortcoming,
another deficiency forms based on the previous solution. In this regard, it is very
similar to trying to solve a Rubik’s Cube®.

The criteria for a biological probe are considerably less stringent than that for a
drug. There are some key overlaps including potency and selectivity. Other key
considerations directly relevant to the pharmaceutical scientist are aqueous

a[potency] + bfefficacy] + c[selectivity[+d[toxicity] + e[absorption] +
fldistribution] + g[metabolism] + h[excretion] + i[protein binding] +
Drug = j{acute toxicity] + k[chronic toxicity] + I[mutagenicity] + m[stability]
+ n[accessibility] + o[cost] + p[patentability] + q[clinical efficacy] +
r[solubility] + s[taste] + t[formulability] + u[idiosyncratic problem]

cellular potency < 1 uM
biochemical potency < 100 nM
_ selectivity > 100-fold
Probe = aqueous solubility
active or passive transport
reversible or covalent mechanism

Fig. 5.1 The difference between a drug and chemical probe



180 T.E. Prisinzano

solubility and membrane permeability. A key difference between a drug and probe
is the acceptability of a covalent mechanism of action. Generally, one prefers a
reversible mechanism of action to a covalent mechanism of action due to the
reduced potential toxic side effects through protein modification. This is not as
great a concern for cancer therapeutics where causing cellular death is generally
viewed as a positive biological outcome. However, this widely held belief is being
reexamined as covalent drugs are being explored for the treatment of a number of
other conditions (Liu et al. 2013).

As suggested earlier the development of a chemical probe or high quality
pharmaceutical candidate relies heavily on the intuition and knowledge of a skilled
medicinal chemist. Key to the development will be the utilization of the molecular
design principles needed to favorably alter the characteristics of a given molecule.

5.4 Molecular Design Principles

The essence of medicinal chemistry is to know the relationship between structure
and molecular properties so that a molecule may be designed to fit a particular need.
This section deals with the common design principles used to solve molecular
deficiencies. While there is a growing number of computational metrics that can
used to help guide optimization (Lipinski et al. 2001; Meanwell 2011), it is often
not clear what changes one could or should make to alter the properties of a given
molecule. Often even if one knows the computed values necessary to remove a
given deficiency, it is difficult to find a known arrangement of atoms to satisfy the
calculated metrics. However, there is no doubt that these types of metrics are useful
in the optimization process and will have an increasing level of influence in the
design process (Hann and Keseru 2012).

There are many examples of structural modifications that have been used
successfully to alter the molecular properties of pharmaceutical candidates and
chemical probes. Unfortunately, there are too many to efficiently tabulate here.
However, experience is an excellent teacher and what has worked previously for
one series of molecules is likely to work for a new series with the same type of
deficiency. While this may not always work, it can certainly help serve as a starting
point for an optimization campaign through medicinal chemistry. For these struc-
tural modifications to be implemented optimally, one should first have identified the
pharmacophore and auxophore for a given molecule.

The pharmacophore is the minimum structural unit of a molecule that interacts
with its associated molecular target and retains its pharmacological response.
A complete molecular dissection will identify a given pharmacophore. Generally,
the pharmacophore is usually much less active and selective than a complete
pharmaceutical candidate. Alterations to the chemical structure of a pharmacophore
lead to profound decreases in biological activity. The auxophore is the nonessential
portion of a molecule that supports the pharmacophore and modulates the pharma-
cokinetic properties of a molecule. Generally, there is a significant range of
modifications tolerated in this part of the molecule.
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If the pharmacophore for a given hit or lead has not been identified, this should
be done first. Preparing simple derivatives that alter the functional groups present in
the molecule and observing how this affects the biological activity should achieve
this quickly. For example, carboxyl groups can be esterified and alcohol or amino
groups may be acetylated. These modifications have the added value of potentially
identifying opportunities for future prodrug campaigns. With the biological results
in hand, one can proceed to delete functional groups through synthesis. Generally,
this sequence decreases potency and/or selectivity. However, this loss in biological
activity may be overcome through the introduction of new functional groups.

As mentioned earlier, a previously described structural modification may or may
not be effective in optimizing a new chemotype. However, there are several design
principles that have been used extensively and have a high probability of success.
These include (1) molecular dissection, (2) conformational constraint, (3) use of
bioisosteres, (4) introduction of fluorine, and (5) modification of hydrogen bonding.
In molecular dissection, surplus atoms are removed. At its extreme, this technique
is useful in identifying the pharmacophore and auxophore. It is also useful in
simplifying the synthetic route to a given series of molecules and avoiding potential
problems with stereochemical construction (Schaeffer et al. 1971). Conformational
constraint is the process where conformational flexibility is removed in a given
ligand (Smissman et al. 1966). It can be viewed as the opposite of molecular
dissection. The guiding principle is that if the molecule can be preorganized into
a suitable conformation then the entropy of association with a given biological
target will be reduced. However, this technique assumes that the atoms used to
rigidify a molecule are not forbidden by space limitations at the biological target. In
some cases, rigidification has been shown to greatly enhance potency and/or
selectivity. Bioisosteres are atoms or groups of atoms that may be interchanged in
a given molecule without a significant loss in potency. Proper bioisosterism allows
simplification of synthesis and an opportunity to manipulate the ADMET properties
of a given molecule. This technique is considered to be the most commonly used
drug design technique (Hamada and Kiso 2012). Installation of a strategic fluorine
atom very often has a beneficial effect on molecules (Purser et al. 2008). The
reasons for this positive effect are not always clear. A fluorine atom is larger than
a hydrogen atom and can lead to conformational preferences. However, a fluorine
atom has significant polarity and this may be responsible for its beneficial effects.
Finally, hydrogen bonding plays a significant role in many drug properties. The
addition or deletion of a hydrogen donor or hydrogen bond acceptor can often have
a profound effect on the pharmaceutical properties of a molecule. Intramolecular
hydrogen bonds generally decrease water solubility, decrease cLogP, and increase
uptake. However, there are complicating factors that include the ratio of intra and
intermolecular hydrogen bonds and the strength of a given hydrogen bond. In the
discussion below, a series of studies using the natural product salvinorin A will be
used to highlight several important molecular design principles. These examples
were selected based on their potential for wide applicability rather than their
individual success.
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5.5 Case Study: Salvinorin A as a Kappa Opioid Agonist

Salvinorin A is a neoclerodane diterpene and the major active component of the
hallucinogenic mint plant Salvia divinorum Epling & Jativa (Lamiaceae). Since the
finding that salvinorin A exerts its potent psychotropic actions through the activa-
tion of opioid receptors, the site of action of morphine and related analogs, there has
been much interest in elucidating the underlying mechanisms behind its effects.
These effects are particularly remarkable, because (1) salvinorin A is the first
reported nonnitrogenous opioid receptor agonist, and (2) its effects are not mediated
by 5-HT,, receptors, the classical target of hallucinogens such as LSD and mes-
caline (Roth et al. 2002). Rigorous investigation into the structural features of
salvinorin A responsible for opioid receptor affinity and selectivity has produced
numerous receptor probes, affinity labels, and tools for evaluating the biological
processes responsible for its observed psychological effects (Cunningham
et al. 2011).

As a kappa opioid receptor agonist, salvinorin A has the potential to treat a
number of CNS disorders including drug abuse and pain (Kivell and Prisinzano
2010). Given its unique structure relative to other opioid agonists, this provided a
distinct opportunity for the identification of an opioid with reduced side effects
relative to morphine. In addition, this unique structure also suggested that
salvinorin A is interacting in a novel way at the kappa receptor compared to other
known opioids.

Upon closer examination of salvinorin A, there are also a number of structural
liabilities that potentially hinder its further development (Fig. 5.2). First, the
natural product contains a number of ester moieties that are likely to undergo
metabolism by plasma esterases. This signaled that the half-life was likely to be
short. Second, salvinorin A has no ionizable groups. This suggested water solu-
bility was likely to be poor similar to many high throughput screening hits.
Finally, the natural product contained a furan ring. This heterocycle was easily
identified as a metabolic liability due to its potential for forming reactive metab-
olites. Collectively, these liabilities were addressed through analog preparation
using several different molecular design principles: (1) molecular dissection,
(2) conformation constraint, (3) use of bioisosteres, (4) introduction of fluorine,
and (5) modification of hydrogen bonding.

Groups potentially
subject to
metabolism by
esterases.

Fig. 5.2 Analysis of
salvinorin A using

No basic amine or free

medicinal chemistry design carboxylic acid present
principles
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5.5.1 Molecular Dissection

It is widely known in medicinal chemistry that furan rings should be avoided in
drug development campaigns due to their potential for forming reactive metabolites
(Dalvie et al. 2002). As a furan containing natural product, salvinorin A also
possesses the potential for reactive metabolites. Previous studies showed that
teucrin A, a structurally natural product found in germander (Teucrium chamaedrys
L.; Lamiaceae), produced hepatotoxicity in humans likely resulting from the
formation of a reactive metabolite by cytochrome P450 enzymes (Kouzi
et al. 1994; Peterson 2013).

One way to mitigate this potent metabolic liability is to remove the furan
completely. This was accomplished as described in Fig. 5.3. Treatment of
salvinorin A with a mixture of NalO, and RuCl;-3H,O gave the corresponding
carboxylic acid. The conversion of the carboxylic acid to the corresponding
selenoester was accomplished with selenophenol after activation of the carboxyl
group with PhOPOC],. Finally, reaction of the selenoester with tributyltin hydride
and AIBN afforded the corresponding desfuryl analog. On the basis of its structure,
the desfuryl analog would be expected to have greatly reduced potential for reactive
intermediates. However, this analog has greatly reduced activity at the kappa opioid
receptor (Simpson et al. 2007). Therefore, other strategies need to be utilized to
mitigate this deficiency and retain biological activity.

5.5.2 Conformational Constraint

One analog found to be considerably more potent than salvinorin A was EOM Sal B
(Munro et al. 2008). It should be noted that the C-2 ether moiety is flexible and able
to adopt a number of conformations when interacting at the kappa opioid receptor.

Molecular
Dissection

GO Me

éO_QMe

Fig. 5.3 Example of use of molecular dissection. Reagents and conditions: (a) NalOy,
RuCl;-3H,0, CH3CN/CCly/H,0O; (b) PhOPOCI,, CsHsSeH, NEt;, THF; (c) BuszSnH, AIBN,
Toluene
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Conformational
Constraint

AcO,

(:JO;Me (:)O;Me

Fig. 5.4 Example of use of conformational constraint. Reagents and conditions: (a) Na,COs3,
MeOH; (b) (i) Dihydropyran, PPTS, CH,Cl,; (ii) HPLC, CH;CN/H,O

One way to gain insight into this observation is to use conformation constraint
(Smissman et al. 1966). In this technique, the flexible C-2 ether is constrained into a
ring of varying sizes trying to identify the compound with optimal potency (Prevatt-
Smith et al. 2011). When the ethoxymethyl ether is constrained into a 6-membered
tetrahydropyran ring, a new stereocenter is formed. This then suggests that one of
the two possible epimers is likely more active than the other. Both epimers were
prepared as outlined in Fig. 5.4. The methanolysis of salvinorin A under basic
conditions afforded the desacetyl derivative, salvinorin B. Treatment of salvinorin
B with dihydropyran under acidic conditions gave the corresponding
tetrahydropyran analogs. The absolute stereochemistry for each epimer was deter-
mined using a combination of spectroscopic methods and X-ray crystallography
(Prevatt-Smith et al. 2011). Biological evaluation of both compounds revealed that
a hydrogen in the  position or R configuration was preferential. Additional in vivo
testing also showed that the more active isomer was able to attenuate cocaine-
induced drug seeking behavior similar to salvinorin A.

5.5.3 Use of Bioisosteres

As stated earlier, salvinorin A contains a number of ester groups that likely contribute
to its rapid metabolism (Schmidt et al. 2005; Butelman et al. 2007; Tsujikawa
et al. 2009). On common approach to increasing stability to plasma esterases is to
use an amide as a bioisosteric replacement for an ester group. This has been success-
fully applied to the salvinorin A nucleus (Beguin et al. 2008; Tidgewell et al. 2008).
Conversion of the C-2 acetate in salvinorin A to an N-methyl acetamide was found to
slow metabolism and increase half-life suggesting that this compound might serve as
useful probe for kappa opioid receptors in animals and humans (Beguin et al. 2008).
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Use of
Bioisostere
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Fig. 5.5 Example of use of bioisostere. Reagents and conditions: (a) Na,COz;, MeOH;
(b) CH3SO,Cl, NEt3;, CH,Cl,

Another option to potentially increase metabolic stability of an acetyl group is to
convert it into a mesylate ester (Fig. 5.5). Methanolysis of salvinorin A under basic
conditions afforded salvinorin B. Treatment of salvinorin B with methanesulfonyl
chloride gave the corresponding C-2 mesylate group. This molecule possesses
activity similar to salvinorin A and has been found to have an increased duration
of antinociceptive activity in rodents (Harding et al. 2005; Simonson et al. 2014).

5.5.4 Introduction of Fluorine

The introduction of fluorinated functional groups to a given molecule often perturbs
the biophysical properties and imparts unique characteristics that distinguish the
fluorinated analog from the parent compound. This design strategy is widely
employed in medicinal chemistry to improve the pharmacokinetic properties of a
given molecule. However, the introduction of fluorine to molecules is not trivial and
there are few synthetic methods available to do so. This is an area of increasing
attention in organic chemistry and newer methods are becoming available
(Ji et al. 2011; Nagib and MacMillan 2011; Fujiwara et al. 2012). In particular,
the incorporation of a trifluoromethyl group can enhance potency by promoting
electrostatic interactions with a biological target, improving cellular membrane
permeability, and decreasing metabolism by cytochromes P450 enzymes by
deactivating the aromatic ring (Wiley et al. 1979).

As mentioned earlier, the presence of a furan ring is a potential metabolic
liability and could potentially hinder development of salvinorin A based biological
probes or a pharmaceutical candidate. It was also clear that removal of the furan
ring greatly decreases potency (Simpson et al. 2007). Another potential design
strategy would be to incorporate a trifluoromethyl group into the furan ring of
salvinorin A. This would have the benefit of keeping the furan present but would be
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Introduction of
Fluorine

éO;Me éO;Me éO;Me

Fig. 5.6 Example of introduction of fluorine. Reagents and conditions: (a) K;HPO,, CF3SO,Cl,
RuCl,(phen)H,0, CH;CN, Light, 48 h

expected to render the furan ring less reactive toward oxidative metabolism by
cytochromes P450 enzymes. As shown in Fig. 5.6, a trifluoromethyl group can be
added to the furan ring of salvinorin A in a one step procedure using photocatalysis
(Nagib and MacMillan 2011). This particular reaction gives a mixture of
regioisomers but this is advantageous if one does not know the optimal location
for the trifluoromethyl group. Unfortunately, initial biological testing suggests that
the incorporation of a trifluoromethyl group to the furan ring of salvinorin A is not
well tolerated.

5.5.5 Modification of Hydrogen Bonding

Electrostatic interactions generally help orient ligands to interact with their given
biological target. These types of interactions are quite strong and have a range of
3448 kJ/mol. Hydrogen bonds are also important and are relatively strong once
dehydration and rehydration are taken into consideration. One should note that
hydrogen bonds are strongly directional and are often mediated through chains of
associated water molecules. The energy range for a hydrogen bond is from 5 to
14 kJ/mol. However, this may be considerably stronger if the hydrogen bond is
charge assisted. Generally, introducing more polar functionality to a given mole-
cule may increase aqueous solubility. One way to do this is to add functionality that
is capable of hydrogen bonding. However, one must note that the number of
hydrogen bonds in a molecule plays an important role in determining its oral
bioavailability (Lipinski et al. 2001; Veber et al. 2002).

One way to alter the physical properties of a molecule is to modify an existing
hydrogen bonding group present in the molecule. One example is the furanyl
oxygen in salvinorin A. This particular group has been suggested to play a key
role in the binding of salvinorin A to the kappa opioid receptor (Vardy et al. 2013).
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Modification of
Hydrogen Bonding

Fig. 5.7 Example of use of modification of hydrogen bonding. Reagents and conditions:
(a) NalOy4, RuCl;-3H,0, CH;CN/CCl4/H,0; (b) (i) CDMT, NMM, CH,Cly; (ii) NMM, PhSH,
CH,Cly; (c) RB(OH),, CuTC, Pd(PPhj),, THF; (d) Se,O, CsHsCl

One way to probe the importance of this interaction as well as alter the physical
properties of salvinorin A is to manipulate this hydrogen bonding group. Ways that
one could consider manipulating this hydrogen bonding group would be to add
either an electron donating group or an electron withdrawing group to the furan ring
of salvinorin A. This would be expected to potentially increase or decrease the
hydrogen bonding potential of the furanyl oxygen. Another approach would be to
change the location of the furanyl oxygen relative to the carbon backbone. This
would be expected to either increase or decrease potency based on either helping or
hurting the directionality of the critical hydrogen bond from the furan ring to the
kappa opioid receptor.

The synthesis of the 2-furanyl analog of salvinorin A is shown in Fig. 5.7 (Lovell
et al. 2012). Treatment of salvinorin A with a mixture of NalO, and RuCl5-3H,0
gave the corresponding carboxylic acid. The conversion of the carboxylic acid to
the corresponding thioester was accomplished with thiophenol after activation of
the carboxyl group with CDMT.

Using palladium catalysis and the appropriate boronic acid, the thioester was
converted to the corresponding alkenyl ketone in good yield. Conversion of the
alkenyl ketone to the 2-furan was accomplished by refluxing with SeO, in
bromobenzene.

Biological testing showed that the 2-furanyl analog had similar activity at kappa
opioid receptors compared to salvinorin A. Interestingly, the 2-furanyl analog had a
melting point of 198-200 °C. This is considerably lower than that described for
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salvinorin A (Ortega et al. 1982). It also illustrates that the modification of a
hydrogen bonding group can have a significant effect on the physical properties
of a molecule.

5.6 Summary and Perspective

As described earlier, hits and leads rarely have sufficient properties for direct
clinical use or for further pharmaceutical development. Unfortunately, there is no
single approach that improves all molecular deficiencies in a pharmaceutical
candidate in all cases. Ultimately, the delivery of high quality candidates is depen-
dent upon the talents of a multidisciplinary team. One key component of that team
is a skilled medicinal chemist whose creativity, intuition, and application of molec-
ular design principles is critical to identify compounds that can be successfully
developed.

The goal of preparing high quality pharmaceutical candidates quickly and
cheaply has remained largely elusive likely due to the complexity of the endeavor.
Even with the diversity of structures exhibiting affinity and activity at a growing
number of biological targets, there is still ample opportunity for improvement. The
components of many high throughput screening libraries are not ideal due to their
lack of attention paid to important development parameters such as aqueous
solubility. However, this is changing as chemical libraries are now being developed
with greater attention being paid to drug-like properties. In addition, there is a
growing influence of computational techniques to assist library development.

While molecular design principles have traditionally been used to develop high
quality pharmaceutical candidates, they can also be used to improve chemical
probes. This is a growing trend in medicinal chemistry as the role of a medicinal
chemist continues to evolve. There are clear differences in the criteria needed for a
drug versus that of a chemical probe. However, there is generally an overemphasis
on compound potency in many drug seeking campaigns (Gleeson et al. 2011). In
such campaigns, potency is driven to the exclusion of all other criteria needed for
development. The general thinking is that if the potency is high enough the window
for optimizing other properties is large and should be relatively trivial to
do. However, in vitro potency does not always correlate with therapeutic dose
(Gleeson et al. 2011). While this is no doubt that potency is an important charac-
teristic, one must keep in mind it is not the only criteria needed to successfully
advance a drug molecule or chemical probe. Attention must also be paid to
solubility, permeability, and toxicity. Often the candidate that advances the farthest
in a given series is not the most potent analog. To develop a high quality pharma-
ceutical candidate, one must take a balanced approach and keep in mind that
success in one parameter likely means a deficiency in a different parameter. This
holistic approach is also likely to benefit chemical probe development. While the
criteria for a chemical probe are relaxed relative to a drug, potency should not be
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driven to the exclusion of other parameters. More soluble and permeable chemical
probes are likely to be of greater utility and will increase the type of experiments
that can be conducted with the probe.

The key to effective use of molecular design principles is to know the relation-
ship between chemical structure and molecular properties. Once this relationship
has been established, one may effectively design a molecule with enhanced prop-
erties. To maximize the effectiveness of molecular design principles, one must
know both the pharmacophore and auxophore for a chemical series. Unfortunately
even with this knowledge in hand, a given structural modification may or may not
be effective in overcoming a molecular deficiency. While there are a growing
number of computational metrics that can used to help guide optimization (Lipinski
et al. 2001; Meanwell 2011), it is often not clear one should make to give the
desired result. However, there are several design principles that have been used
extensively and have a high probability of success. These include (1) molecular
dissection, (2) conformational constraint, (3) bioisosteres, (4) introduction of fluo-
rine, and (5) modification of hydrogen bonding. Successful implementation of these
design principles relies on an understanding of both the strengths and weaknesses of
a given design strategy. One must also keep in mind that there are no guarantees
that a given design strategy will work in all cases. Experience and chemical
intuition are key components of any optimization campaign. It is not uncommon
for different medicinal chemists using the same design principle to come up with
diverse but effective solutions.

In closing, the delivery of high quality pharmaceutical candidates is a daunting
process. Multiple parameters must be juggled and optimizing any single one may be
at the expense of another. Success requires judgment and the ability to find the best
overall compromises quickly. Experience suggests that in some chemical series
certain factors are trivial and can be neglected. It is therefore important to identify
the most productive parameter to manipulate keeping in mind that this is not always
potency. Successful implementation of the molecular design principles described
earlier is predicated on a solid understanding of the influence chemical structure has
on these parameters. With this knowledge in hand, one will be able to delivery high
quality pharmaceutical candidates as well as chemical probes.
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Chapter 6

Predictive Approaches to Establishing,
Understanding, and Communicating Risk
with Emphasis on Early Development

Stephen R. Byrn

To understand risk, the solid-state chemistry of the API and drug product must be
fully understood. ICHQ6A outlines the information required for full characteriza-
tion of the drug substance and drug product. It also discusses stability studies and
how those relate to understanding API properties and drug product properties. This
guidance suggests that the scientist should determine what solid form is present in
the drug substance (API) and drug product. It directs the manufacturer to “know
what they have.” Clearly, knowing what you have mitigates risk. Additionally, the
ICHQ8 guidance on development and the ICHQ9 guidance on risk require a firm
understanding of how the medicine was developed and any risks involved.

In the early stages of development, often the time and quantities of API are not
available to allow full analysis of the solid-state chemistry of the compound (API).
In these cases, determination of a partial or abbreviated solid-state chemistry
landscape is in order. For example, knowledge of the API solid-state chemistry,
as presented, with some simple screening of the solid-state chemistry space may be
appropriate. This strategy is outlined in the second chapter in this section (McNevin
and Higgins). In many cases, it is advantageous to use the most stable form for
experiments at this early stage in order to reduce the risk of transformation during a
toxicological or clinical trial. Then, a process of preparing this form at large enough
scale to perform toxicology and ultimately human experiments must be developed.
The solvents used in the crystallization experiments will usually provide methods to
prepare these larger amounts of materials. As more API and time become available
then additional screening can be performed.

Determination of the solid-state chemistry landscape is even more important
when a poorly soluble drug is under development. In these cases, the solid form of
the API and the solid form and formulation in the drug product determine apparent
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solubility which in turn determines blood levels. That is, the formulation deter-
mines bioavailability and therapeutic response. Thus, it is important to physically
characterize the API form and the formulations in order to reduce risk of product
failure. Furthermore, the vast majority of medicines (drug products) are solids and
those drug products that are not solids often start with solid APIs. In addition to
solubility and bioavailability, the solid form may affect stability, flow, compres-
sion, hygroscopicity, and a number of other properties.

6.1 Learning Before Doing and Quality by Design
to Reduce Risk

Learning before doing is a good way to reduce risk during development. Figure 6.1
shows the quality by design wheel used by the FDA. This wheel illustrates the
importance of product design and process design. In effect, we discuss product
design in this chapter. By using the optimum solid form, it is possible to design a
product with the desired solubility. Once this has been achieved, the goal is to
develop a formulation that optimizes other properties (e.g. flow) so that a viable
manufacturing process is available. Additionally, a process that can reproducibly
make the form and formulation must be achieved. As outlined above, often with
proper attention to the solid form a quality product can be designed rapidly. In many
respects, quality by design can reduce risk of product failures.

For early studies, a simple crystallization/amorphization process followed by
filling a solid form in a capsule is often sufficient. This type of product can be
manufactured from solid produced in a variety of ways including spray drying or
crystallization followed by capsule filling using one of the commercially available
automated capsule filling machines.

Instability, both chemical and physical, is another major risk in early develop-
ment. Often it is possible to identify stability problems using a few simple exper-
iments. Exposing the solid form to stress conditions and accelerated stability
conditions can provide invaluable information on stability and risk of instability.
Armed with this information, adjustments in the designed product can be made.

Further, it is important to examine the risk of failure due to the mechanical
properties of the drug substance. If the drug substance cannot be filled into capsules,
then it is necessary to prepare trial formulations. In this case, excipient compati-
bility must be determined to assess risk of failure due to drug—excipient interac-
tions. Also, the formulation should be designed with the manufacturing method in
mind. In some cases, a wet or dry granulation will be needed. Alternatively, soft-
gels containing dissolved API are a viable alternative to improve solubility and
bioavailability.

In all cases, the polymorph in the formulation must be known and controlled in
order to reduce risk. In many instances, it should be possible to prepare drug
product on small scale and assess its risk for instability and its risk for insolubility.
In our laboratory, we have had good success carrying out dissolution studies on
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Fig. 6.1 Quality by design
strategies

formulations filled in capsules in very early in development. In some cases, it is
helpful to determine the pharmacokinetics of the early formulation in animals.
Also, preliminary stability studies are always helpful in understanding the drug
substance and drug product. All of the initial studies must be done with an eye to the
final manufacturing process.

Other challenges faced during initial development are also apparent. Of para-
mount importance is the short timeline. Another potential problem is that a broad
dose range is required. This is because the MTD (maximum tolerated dose) and
MAD (maximum absorbable dose) are not known. These dose levels will be
determined in animal studies and in the first in human clinical trials. Up until that
time, solid-state chemistry and polymorphism studies as well as formulation design
must be able to accommodate broad dose ranges. Additionally, usually minimal
amounts of API are available and sometimes API lots with different attributes are
obtained. The early formulation design and solid-state chemistry work must be able
to accommodate these variations.

All of the work outlined in Fig. 6.1 must be carried out from a risk management
perspective. The largest risk is that a successful formulation could not be
reproduced. Thus, no matter how short the timeline the formulation developed
must be reproducible. Other risks include unstable formulations with unacceptable
impurity levels. In addition, it is important to carry out a formal risk assessment at
each stage of development (Phase I/IND), Phase II, and Phase III. This risk
assessment should be documented and communicated to all affected parties.

One strategy that can be quite helpful during the development process outlined
in Fig. 6.1 is to utilize a sameness/equivalence protocol. A sameness/equivalence
protocol is useful in comparing APIs and formulations made during the
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development process. A sameness/equivalence protocol includes the parameters
outlined in Fig. 6.1. If an API or a formulation can be shown to be the same
according to polymorphism, dissolution testing, biopharmaceutics, stability and
mechanical properties then switching between these materials is clearly supported.

It is important to realize that the work outlined in Fig. 6.1 is a learning process.
Scientists are learning about the compound and its properties. Like any learning
process understanding occurs in stages. During early development, the level of
understanding is just enough to answer early questions of clinical efficacy and
toxicity. Later learning must also be able to address manufacturability, stability,
and polymorphism. In all stages, it is important to maximize learning before doing
and minimize risk. Learning before doing emphasizes learning on a laboratory scale
and using computer models if possible. Learning before doing enhances perfor-
mance and can greatly accelerate drug development programs.

6.2 Performance and Stability in Pharmaceutical
Development

Physical characterization and solid-state chemical analysis is a critical aspect of
evaluating the risk of failure as well as the performance and stability of composi-
tions under development. The performance of a pharmaceutical composition is
intimately related to its dissolution in a GI tract full of variability (e.g. variable
pH). For this reason, it is important to determine solubility and whether a super-
saturated solution is formed. If a supersaturated solution is formed, then it is
important to determine if crystallization/precipitation occurs. Other studies impor-
tant to evaluating performance include dissolution tests and tests in animals.

If crystallization occurs, then it is important to determine which form or forms
has crystallized. The form that is produced will affect a number of pharmaceutical
properties including solubility and particle size.

Further, solid forms can interconvert in the solid state upon storage, in dosage
forms and during processing. Thus it is important to understand physical stability
and these physical interconversions in order to assess risk of product changes. Of
particular interest is conversion from a less stable form to a more stable form which
would have lower solubility and perhaps lower bioavailability. Of particular con-
cern is crystallization of amorphous forms, Oswald ripening of nanocrystalline
products and conversion of polymorphs to more stable forms or hydrates.

Transitions from one solid phase to another can occur in the absence of solvent.
The mechanisms and kinetics of such solid-state transitions can be very complex.
For example, Kitaigorodskii et al. (1965) showed that a pin-prick can initiate the
solid-state transformation of a-p-dichlorobenzene to -p-dichlorobenzene within a
single crystal. The transformation of a- to f-p-dichlorobenzene is delineated by the
spread of the reaction front from the nucleation site through the crystal. Studies of
the nucleation process showed that, in “perfect crystals™ (i.e., relatively “defect-
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free” crystals) of either phase, it was often impossible to induce a phase transfor-
mation, and these crystals simply melted at the melting point of the respective
initial phase. However, with less perfect crystals, it was often possible to induce the
phase transformation by artificial creation of a defect using a pin.

Studies of repeated transformations, a — f# @ — f, showed that when the trans-
formation of a crystal began at one site, subsequent transformations always began at
that same site, whether it was a @ — f or an § — a transformation. Thus, the crystal
seemed to “remember” its nucleation site. This memory effect is explained by the
conservation of the nucleation site at crystal defects. In other words, repeated
transformations do not destroy the nucleation site for this transformation.

The rates of the @ — f and f — a polymorphic transformations were best studied
by measuring the rate of advancement of the phase boundary or front under a
microscope during heating. Each rate was determined by measuring the volume of
the crystal transformed per unit time and was shown to be dependent on the location
of the nucleus in the crystal, as well as the crystal shape. For example, if the nucleus
is in the center of the crystal and the reaction expands symmetrically, after a fixed
time, twice as much crystal will be reacted than if the reaction started on the end.
Thus, the rate of volume transformation depends on noncrystallographic factors and
is, therefore, not a true measure of the absolute rate. This observation probably
explains (at least in part) why there is great variation in the measured rates of solid-
state reactions when measurements depend on the volume transformed (amount
transformed) and not the rate of front advancement. Because of these observations,
the rates were measured by determining the rate of advancement of the front in
crystals that nucleated at a single site. Even with these measurements, the rates of
transformation of apparently similar crystals differed by a factor of 6. The rates
were determined at different temperatures allowing calculation of the activation
energy of the process. The activation energy for the a— f reaction was
72.8 £ 10 kJ/mol, while that for the @ — f process was 71.6 & 10 kJ/mol. Thus,
these measurements indicate the a- and f-phases are within experimental error of
each other in energy.

A related process is the thermally induced rearrangement of the a to b form of
p-nitrophenol (Coppens and Schmidt 1965). In this reaction, needle-shaped single
crystals rearrange with the phase boundary moving approximately perpendicular to
the needle axis. Grinding or other input of mechanical energy induces the poly-
morphic transformation of chlorpropamide (Otsuka and Kaneniwa 1990), fostedil
(Takahashi et al. 1985), chloramphenicol palmitate (Kaneniwa and Otsuka 1985),
and several other drugs (Chan and Doelker 1985).
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Studies of phenylbutazone illustrate several of the practical consequences of
]

N
| CH,CH,CH,CH;3 phenylbutazmne

polymorphic interconversions. Ibrahim and co-workers (1977) prepared four
batches of phenylbutazone by crystallization: Form I, from tert-butyl alcohol;
Form II, from cyclohexane; Form III, from heptane; and Form IV, from
2-propanol-water. The X-ray powder patterns and infrared spectra of these four
forms were different. However, because it is possible that some batches of crystals
contained mixtures of forms, single-crystal X-ray diffraction studies of these forms
are in order. At any rate, studies of the dissolution rates of these four forms show
that the crystals from cyclohexane have the slowest dissolution rate and that the
other three batches have nearly equal dissolution rates. The differences in dissolu-
tion rate were attributed to differences in surface area. However, the possibility that
a solution-mediated phase transformation converted all three forms to the same
form during the dissolution tests was not ruled out. All four batches of crystals were
pressed into disks. This treatment caused Form III to transform to Form IV, and
Forms I and II to transform to a fifth phase. Grinding produced the same changes.
These studies indicate that high pressure can cause polymorphic transformations.
This suggestion is consistent with other studies reported by Ibrahim and co-workers
(1977). Matsuda et al. (1984) have extended these studies on the polymorphic
interconversions of phenylbutazone by determining the effect of relative humidity
and temperature on the rate of polymorphic transformation. The kinetic data for the
transformations were fitted to the Avrami—Erof’ev model and first-order kinetic
model. One of the transformations was affected by humidity, and the temperature
dependence of this transformation rate was remarkable. Matsuda et al.

6.3 Moisture Uptake

Some crystalline solids take up water from the atmosphere and are termed hygro-
scopic solids in the literature. Water sorption by hygroscopic solids represents a
substantial risk in development.

Unfortunately, there can be no clear definition of hygroscopic solids because
hygroscopicity is a relative term. Hygroscopicity is determined by both a kinetic
and a thermodynamic term and is a function of the atmospheric relative humidity.
In high relative humidities, many solids are hygroscopic. In atmospheres of low
humidity, only a few solids will be hygroscopic. Another factor influencing hygro-
scopicity is surface area and porosity. The larger the surface area of the solid, the
more rapid the uptake of moisture. This is because solids with larger surface areas
have more sites for adsorption of water molecules.

When solids that are not solvates contain large amounts of water, it has been
hypothesized that water must be taken up into the solid by disordered or high-energy
regions such as defects and amorphous sites. Such effects might be exaggerated by
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manufacturing processes that reduce particle size, such as micronization, milling, or
related processes known to increase the number of high energy sites. Of course, some
solids can take up so much water during these processes that they become damp or
even liquefy at RH, (Zografi et al. 1991). This tendency is usually easily detected by
microscopic observation.

The formation of crystal hydrates, of course, is another way for water to be
incorporated into a solid. In these cases, the water molecules generally occupy a
specific crystallographic site in the solid. This site can be determined by X-ray
crystallography which unequivocally proves the existence and composition of the
hydrate. However, many hydrates exist in which the water is located in tunnels
within the crystal. The water can be located accurately only by determination of the
crystal structure at low temperatures (if even then). In these cases, the water content
may change rather easily with changes in relative humidity.

Plots of vapor pressure versus relative humidity are an excellent way to deter-
mine the nature of a solid with respect to water sorption. The different kinds of
behavior that these plots may be expected to show include:

1. Virtually no water uptake.

2. Gradual water uptake, characteristic of an amorphous material or a
nonstoichiometric hydrate (a hydrate without a simple ratio of water to host
molecule).

3. “Stair-step” water uptake, characteristic of a stoichiometric hydrate.

15 Pentahydrate Form
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Fig. 6.2 Vapor pressure
versus relative humidity
diagrams for three hydrates Monohydrate Form
of sodium cefazolin. The
sesquihydrate and
monohydrate behave
normally and the
“pentahydrate” is actually a
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(Osawa et al. 1988)
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Figure 6.2 shows the behavior of two stoichiometric hydrates (a monohydrate
and a sesquihydrate) as well as a nonstoichiometric hydrate of sodium cefazolin. In
addition, amorphous sodium cefazolin also exists and takes up and loses water in a
more or less gradual fashion as described below.

Sorption of water into amorphous solids or regions of a solid involves dispersion
or dissolution of the water molecules within a solid. The more polar a solid, the
greater the amount of water taken up. Obviously, in such systems the water content
depends upon relative humidity.

In summary, Zografi et al. (1991) made the following recommendations with
regard to water specifications:

1. A complete profile of relative humidity versus water content (weight) should be
reported for all reference standards.

2. For amorphous solids, both T, and W, should be reported.

3. For deliquescent solids, the RHj, and an appropriate warning on the label should
be provided.

4. For stoichiometric hydrates, the water specifications should reflect the
stoichiometry.

5. Attention should be paid to materials which do not form well-defined hydrates
and can take up or lose water as the humidity is varied. Any structural changes
that accompany changes in water content should be noted. (Some hydrates can
lose water without changing crystal structure. This is due to the formation of an
extremely stable crystal packing network by the host molecule.)

6.4 Solid-State Reactions

This chapter concludes with a review of solid-state reactions. It is important to
understand these reactions in order to understand the risk of occurrence of these
reactions.

It is necessary to establish criteria for solid-state reactions in order to focus on
true solid-state reactions. This will avoid a liquid-state reaction being identified as a
solid-state reaction. Morawetz (1966) suggested four criteria for determining
whether a reaction is a true solid-state reaction and a fifth and very important
criterion can be added from Paul and Curtin (1973):

1. A reaction occurs in the solid when the liquid reaction does not occur or is much
slower.

2. A reaction occurs in the solid when pronounced differences are found in the
reactivity of closely related compounds.

3. A reaction occurs in the solid when different reaction products are formed in the
liquid state.

4. A reaction occurs in the solid if the same reagent in different crystalline
modifications has different reactivity or leads to different reaction products.
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5. A reaction occurs in the solid phase if it occurs at a temperature below the
eutectic point of a mixture of the starting material and products.

Once it has been established that the reaction is occurring in the solid state, the
reaction can be understood in terms of a four-step process (Paul and Curtin 1973):

. Loosening of the molecules at the reaction site.
. Molecular change.

. Solid solution formation.

. Separation of the product phase.

B W N =

It is important to realize that many solid-state reactions of drugs involve drug
degradations which have been studied mostly on the macroscopic level. In fact, few
studies aimed at determining the molecular aspects of the solid-state chemistry of
drugs have been published. These reactions are of interest because of a desire to
prevent such degradation. Even for such common agents as vitamin D, and
vitamin A, the structures of only a few of the solid-state degradation products
have been published. Therefore, in many respects, the solid-state chemistry of drugs
is synonymous with drug degradation.

An assessment of risk of degradation in the solid state is assisted by an analysis
of the known types of solid-state reactions. Typically, these solid-state reactions fall
into the following categories

» Solid-state oxidations.

¢ Solid-state hydrolyses including solid—gas hydrolyses (additions of water to
solids).

» Solid-state decompositions reactions giving off a gas.

» Solid-state photochemical reactions.

* Solid-state thermal reactions.

» Solid—solid reactions.

Table 6.1 summarizes examples of these categories.
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Table 6.1 Solid-state chemical reactions of drugs

S.R. Byrn

Solid-state oxidations

Dialuric acid (Clay et al. 1982)

OH
H H
O OH
X 0, PH
2k 0T5H0  —— O o
NH N I N
H H
[¢]

Dihydrophenylalanine (Ressler 1972)

coy 0y coy
N - 0.75H0 R . + H0
NH; NH;

Phorbol esters (Schmidt and Hecker 1975)
0,C(CH,)1,CH; 0,C(CH,);,CH;3 0,C(CH,)12CH3
O2CCH;

CH,0H

Vitamin C (Rubin et al. 1976)

COH
— |
COH

ACHCHZOH \\CHCHZOH

Hydrocomsone tert-butylacetate (Brenner et al. 1969)
0; CH,0,CCH,#Bu

Me
Ho. wOH

Me

O

Me. Me
Me
Me

Additions of gases to solids—solid-state hydrolyses

Aspirin (Leeson and Mattocks 1958)
CO,H COH
0,CCH; H

H,0
— +  CH;COH

(continued)
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Table 6.1 (continued)

Nitrazepam (Genton and Kesselring 1977)

NH,

/( I 0

A B8 NG
HHO Ph
TTHO NHz %
0 \ N0
PH |

NG, Z i,

Ph

Solid-state decomposition reactions: A (solid) — B (solid) + C (gas)

Dehydration of tetracyclines (Simmons et al. 1966)
T:,\IMez

Dehydrochlorination of caffeine hydrochloride (Biedermann 1883)
o Me

Me
Me\ Me
> 1m0 —20, >
? HCI )\ Y

Me

Decarboxylatlon of p-aminosalicylic acid (Lin et al. 1978)

“0,C. /@\
j : ‘NHS

Solid-state decomposition reactions: A (solid) — B (solid) + C (gas)
Decarboxylation of moxalactam (Pikal and Dellerman 1989)

=N
MeQ H o MeQ H \
N\Mc E A N\Mc
o) ?—“j;r N T "o
% H N Z S
COpH O
COH COH

Dehydrochlorination of aminosalicylic acid hydrochlorides (Lin et al. 1978)

OH OH
+ +
H3N: — N + HCl
COH CO,~

Solid-state photochemical reactions

Gibberellins (Adam and Voigt 1971)

(continued)
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Table 6.1 (continued)

Dieldrin (Benson 1971)
ch__cCl ch_ _cCl

Cl Cl
Cl H Cl

o o
Nifedipine (Hayase et al. 1994)

hv NO
+  other products
Vis MeO,G = CO,Me
|
NO, M N Me
MeO,C CO,Me
Me II\I Me
H hv NO,
uv MeOyCn 7 COMe
|
M N Me

Solid-state thermal reactions

Rearrangement of aspirin anhydride (Garrett et al. 1959)
0,CCH;

CH;C0, 0,CCH; CH;CO, J\© CH;CO, 0
@)L J\© @)L )k@ e,

Rearrangement of a triazenoimidazole (James et al. 1969)

CONH, N _-CONH,
. — X
P N.
N N ON—CH,CH,CI N ONZISIN—CHyCHYC
CICH,CH, cr

Rearrangement of the methyl ester of tetraglycine (Sluyterman and Veenendaal 1952)

Q
C +
N N OMe ~ N o
H H, H
0 0 0 )

Solid—solid reactions

Reaction of p-aminosalicylic acid hydrochloride with sodium carbonate (Lin et al. 1978)
COH COH
oH OH
+ NayCO; ——» + HO0 + CO, + NaCl

NH; CI™ NH,
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6.5 Summary

This chapter provided an overview of factors that are responsible for risk in early
development. The FDA quality by design wheel is used as a guide and a focus is put
on the idea of learning before doing. Next the idea of understanding the risk of
instability, both chemical and physical, is addressed. In this section, several histor-
ical examples of physical transformations in the solid state are summarized. This
chapter concludes by addressing the importance of understanding moisture uptake
and the solid-state reactivity of the system.
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Chapter 7
Strategies and Methods for Drug Candidate
Phase Optimization in Discovery Space

Michael McNevin and John Higgins

7.1 Introduction

The advantages of identifying optimal and robust solid-state phases of both
marketed drugs and new chemical entities are well known to the pharmaceutical
industry and were partially discussed in Chap. 1 in this section. An optimized active
pharmaceutical ingredient (API) solid-state phase can provide a variety of positive
attributes such as improved purity, solubility, physical and chemical stability, and
formulation performance when compared to a suboptimal phase. Historically, phase
optimization was pursued during preclinical development rather than in discovery,
which mainly focused on structure—activity relationships. Considering the fact that
many drug candidates fall short of commercialization due to toxicity, poor phar-
macokinetics, or lack of efficacy (DiMasi et al. 2010) it made sense to delay
spending resources on solid-state phase optimization until a candidate reached a
certain milestone during clinical development (e.g., Ph II clinical trials). Over the
past decade, however, scientific, risk, and business drivers have moved the phar-
maceutical industry to more closely align drug discovery and drug development
efforts (Palucki et al. 2010). Indeed, discovery and development scientists now
often work in partnership to not only optimize the pharmacological properties of
promising chemical scaffolds, but also identify an associated solid-state phase that
has appropriate physicochemical characteristics which facilitate optimal perfor-
mance in in vivo studies ranging from animal toxicology studies to human clinical
trials and commercialization. Hence, medicinal chemistry efforts in the discovery
lead optimization (LO) space now routinely focus on structure—activity
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Table 7.1 Variability of Differing properties and attributes of polymorphs

properties and attributes - - —

impacted by polymorphic Melting points Hygroscopicity

phase Chemical stability Density
Hardness Dissolution rate
Morphology Solubility

relationships (SAR) and structure—property relationship (SPR) studies as well
(Lipinski et al. 1997; Kerns and Di 2008).

Through their diversity in chemical structure, intra- and intermolecular bonding,
and conformational flexibility, drug molecules have the ability to order into crys-
talline materials with varying packing arrangements. Compounds with identical
chemical composition but differences in their crystal lattice structure are known as
polymorphs, which have been extensively described (Bernstein 2002 and Hilfiker
2006). Table 7.1 shows properties and attributes that can differ between poly-
morphs and which ultimately impact the processability and bioavailability of the
drug. If a guest molecule is included in the packing arrangement through ionic or
hydrogen bonding effects, a crystalline salt, co-crystal, or solvate is formed. These
phases may also have benefits over polymorphs of a compound or its amorphous
material. Informed selection between the observed phases can yield vastly different
outcomes for storage requirements, processing operating space, formulation, and
biopharmaceutical performance (Gibson 2009). For commercialized drugs, perhaps
the most highly publicized example of the risks with polymorphism is seen with
Norvir (Chemburkar 2000; Bauer et al. 2001; Morissette et al. 2003). Here, the
emergence of a less soluble phase caused slowed dissolution of the marketed
dosage form and compromised the oral bioavailability of the drug. Events such as
these which may endanger the supply chain of a drug product provide an obvious
rationale for optimizing and selecting robust development phases.

Crystalline forms are often preferred as they provide a reproducible means of
purifying a compound with consistent physicochemical properties and are often
more physically and chemically stable than the corresponding amorphous phase.
The identification of a robust crystalline phase also is appreciated by regulatory
agencies whose task it is to ensure that all is being done to ensure that a drug
product performs as intended. Finally, the identification of various solid-state
phases and their unpredictable properties results in additional intellectual property.

7.1.1 A Rationale for Drug Phase Screening/Optimization
Before Development Entry

A prime example of perhaps the most worrisome of solid-state risks in the preclin-
ical drug stage development is when an amorphous phase of a drug converts to a
crystalline phase, with concomitant decrease in solubility and oral absorption. This
can wreak havoc on a preclinical toxicology program (which usually requires high
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Toxicology Program: API phase vs. Exposure

AP| Phase Solubility (mg/mL) AUC
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Amorphous (Discovery) >25 ~200

Crystalline (Development) <0.01 <30

Fig. 7.1 Impact of crystallization on aqueous solubility and oral absorption in male Wistar rats
(Higgins 2009, Image reproduced with permission from American Pharmaceutical Review.
Copyright 2009 CompareNetworks)

exposure), and such a situation is well documented in the literature (Palucki
et al. 2010).

An example where a compound initially progressed as an amorphous solid and
was later converted to a crystalline phase upon scale-up is shown in Fig. 7.1
(Higgins 2009). It is not surprising that the crystalline phase was significantly less
soluble than the corresponding amorphous phase and led to considerably lower oral
absorption (Hancock and Parks 2000). Fixing this drop in exposure caused signif-
icant delays to the preclinical toxicology program. If the crystalline phase had been
identified earlier, the choice of candidate to advance to later development stages
would likely have been different.

Hence, with a robust crystalline phase in hand, one can better understand
solubility limits and associated oral absorption, which leads to acceptable and
reproducible safety margins in preclinical toxicity studies. Similarly, early identi-
fication of an optimal phase minimizes the potential for multiple phase changes
during clinical development, which in turn reduces resource expenditures on
in vitro physicochemical studies and in vivo bridging biocomparison studies.
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7.2 Early Phase Identification Strategies

7.2.1 Material, Time, and Resource Considerations

Consideration of the limitations of phase screening capabilities during discovery is
crucial to determining the level of rigor one should invest in identifying a viable
phase for development. Early phase identification strategies can be restricted by
various factors, including compound availability and resource and time constraints.

Empirical phase screening experiments that tune crystallization conditions and
processes are the widely accepted approach for discovering API crystalline phases
and will be discussed at length throughout this chapter. There are various in silico
methods for predicting crystallization and polymorphism described elsewhere
(Ouvard and Price 2004; Neumann and Perrin 2005; Florence et al. 2006; Lancaster
et al. 2006; Hulme and Price 2007). However, even with advances in predictive
methods, there are no guarantees that a crystalline phase will be identified due to
variables including, but not limited to, the presence of viable nucleation sites,
impurities, and suitable growth conditions.

During the drug discovery stage, material constraints are often the major limiting
factor for phase screening activities. Fortunately, it has been shown that even
relatively small quantities of a compound can be utilized to identify viable crystal-
line phases. Furthermore, crystalline seeds from small-scale batches can be used to
initiate larger scale crystallization.

Crystallization studies are often thought of as a time-intensive process that
require hours to days. This is generally a misconception, since the experiments do
not require dedicated hands-on time as the crystallization process proceeds. In fact,
the time invested is mainly consumed in the design of the experiments to achieve a
diverse set of conditions intended to yield the highest chance of success. Fre-
quently, fateful experimental discards such as the material in the bottom of an
NMR tube can result in successful crystallizations. Once the crystallization exper-
iments are complete, additional resources are expended on the characterization and
differentiation of any “hits” that are observed. Experiments as simple as visual
polarized light microscopy (Fig. 7.2), Raman spectroscopy, or X-ray powder
diffraction (XRPD) analysis may be employed and are discussed later in this
chapter.

7.2.2 Preferred Physicochemical Attributes of Drug
Candidates

Desirable properties of an optimal solid-state phase of a drug have been described
in many places over the past 50 years (Byrn et al. 1999). Some typical physico-
chemical criteria are summarized in Table 7.2, along with some desirable properties
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Fig. 7.2 Flake crystals as
imaged via polarized light
microscopy

Table 7.2 Desirable attributes of a robust crystalline phase

Compound
attribute Desired properties/specifications

Solid-state form | Crystalline solid; mp > 80 °C with difference > 25 °C above the Tg, single
phase identifiable by X-ray and vibrational spectroscopy or other selective
techniques and compound degradation (>1 % LCAP) not noted until > 20 °C
above the mp

Physical No physical change in phase above 40 °C and 75 % RH > 1 mo or below 20 %
stability RH

Chemical No impurity generated >0.5 % above 40 °C and 75 % RH > 1 mo

stability

Hydration state | Preferentially anhydrous phase if stable from 20 to 75 % RH

Hygroscopicity | Non-hygroscopic or stepwise hygroscopicity within typical terrestrial range
Photostability Photostable to 100,000 lux 24 h

and specifications. The attributes in Table 7.2 are discussed in various levels of
detail throughout this chapter.

7.2.3 Differentiating Characteristics of Phases

Experimentalists are likely to spend much of their time differentiating between
crystalline phases and attempting to define which is suitable for the proposed
development strategy. An API phase suitable for a formulated drug product is
dependent on the balance between a triangle of formulation stability upon storage,
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Fig. 7.3 Three key

parameters of an optimal
crystalline phase

Processability

ease of processing, and bioperformance in the dosage form to give reproducible
bioavailability (Fig. 7.3).

As noted earlier in Table 7.1, key desirable characteristics of a crystalline phase
include adequate chemical and physical stability. If multiple crystalline phases are
observed with the desirable characteristics described above, the following key
criteria can be used to select between leads:

* Crystalline salts formed with preferred counterions

e Degree of crystallinity; hydration/solvation state

» Solubility in processing solvents and biorelevant media

¢ Ease of processing (including use of preferred solvents) and yield

Typically, it is preferable that a single phase exists within both terrestrial
temperature and humidity ranges. If other phases exist which straddle these limits,
boundaries on processing and subsequent storage conditions may be warranted for
both the API and drug product to ensure phase purity.

7.3 Crystalline Hit Generation, Characterization,
and Evaluation of a Suitable Phase

7.3.1 Strategic Approaches to Phase Discovery
and Evaluation

In the discovery stage, only a few hundred milligrams of API are generally
available. Early batches tend to be less pure and it has been postulated that
impurities can retard crystal formation (Meenan et al. 2002). Furthermore, the
same impurities may not be generated by the final synthetic route used to make
the drug. With these issues in mind, crystallization efforts are more likely to be
successful if a high-purity batch can be isolated or purified. A “blueprint” as shown
in Fig. 7.4 is useful for generating and selecting suitable phases in an optimally
compound- and resource-sparing manner.
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Fig. 7.4 A blueprint for generating and selecting suitable phases

7.3.2 Crystalline Hit Generation Methods for Salts
and Co-crystals

If a compound has an ionizable functional group, screening potential counterions
for salt formation may provide access to salts with improved physicochemical or
biopharmaceutical properties (Berge et al. 1977; Bastin et al. 2000). Determination
of the pKa of the free acid or base will guide the salt selection process and
help determine the likelihood of disproportionation of the corresponding salts
(Stephenson et al. 2011). Solubility and chemical stability throughout the physio-
logical pH range, as well as physical stability, are essential for rapid definition of a
viable developable salt phase (Nakanishi et al. 1998). Counterions for pharmaceu-
tical salt formation have been preferentially classified via their GRAS status,
toxicity, and tolerability. Tables 7.3a, 7.3b, and 7.3c (adapted from Stahl and
Wermuth 2011) outline this classification for pharmaceutically acceptable acids
to be utilized with free base compounds to form salts or co-crystals of the active
pharmaceutical ingredient. Table 7.4 similarly outlines pharmaceutically accept-
able bases with which to complex an acidic API. Historically, hydrochloride salts of
basic compounds and sodium salts of acidic compounds are utilized in development
with the greatest frequency (Gould 1986; Newman et al. 2008). Other commonly
used acid salts include hydrobromide, sulfate, tartrate, maleate, methanesulfonate,
phosphate, and citrate. Other occasionally used basic salts include calcium,
potassium, magnesium, and meglumine.

There also has been increasing interest in the use of co-crystals (Bak et al. 2008).
In contrast to salts, co-crystals can be defined as multicomponent assemblies
held together by freely reversible, noncovalent, nonionic interactions. As with
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Table 7.3a List of class 1 acid salt formers
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Name Mw pKal pKa2 pKa3
Hydrochloric 36.46 —6

Sulfuric 98.08 -3 1.92

Phosphoric 98.00 1.96 7.12 12.32
Glutamic (L)* 147.13 2.19 4.25 9.67
Tartaric (+L)* 150.09 3.02 4.36

Citric 192.12 3.13 4.76 6.40
Malic (—L)* 134.09 3.46 5.10

Gluconic (D) 196.16 3.76

Lactic (L)* 90.08 3.86

Ascorbic (L) 176.12 4.17 11.57

Succinic 118.09 4.21 5.64

Adipic 146.14 4.44 5.44

Acetic 60.05 4.76

Stearic 284.49 4.9

Carbonic 62.02 6.46 10.3

Thiocyanic 59.09 —1.33

Glycerophosphoric 172.07 1.47 6.19

Aspartic (L)* 133.10 1.88 3.65 9.60 B
Maleic 116.07 1.92 6.23

Pyruvic 88.06 2.39

Glucaric (D) 210.14 3.01 3.94

Fumaric 116.07 3.03 4.38

Galactaric 210.14 3.08 3.63

Glucuronic (D) 194.14 3.18

Lactiobionic 358.29 3.2

Glucoheptanoic (D) 226.18 3.3

Hippuric 179.17 3.55

Aceturic 117.10 3.82

Glycolic 76.05 3.82

Glutaric 132.11 4.34 5.27

Sebacic 202.25 4.59 5.59

Butyric 88.11 4.82

Capric 172.27 4.9

Palmitic 256.43 4.9

Lauric 200.32 5.3

Chiral salt formers are in italic
Chiral salt formers with an asterisk (*) available as enantiomer
Class 1: Physiologically ubiquitous ions

counterions for API salts, a suitable “coformer” must be identified in order to form a
co-crystal. The interaction is similar to that of solvation, with the caveat that the
individual coformer instead is a solid when under standard conditions. However,
the overall crystallization process for co-crystals may be similar to that of salts or
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Table 7.3b List of class 2 acid salt formers

Name Mw pKal pKa2
Alginic 24000 3.5

Benzoic 122.12 4.19

Nicotinic 123.11 4.85 2.07
Propionic 74.08 4.87

Caprylic 144.21 491
Naphthalene-1,5-disulfonic 288.30 —-3.37 —2.64
Di(z-butyl)naphthalenedisulfonic 400.51 —-3.05 —2.32
Di(z-butyl)naphthalenesulfonic 320.45 —2.48
Ethane-1,2-disulfonic 190.20 —2.1 —1.5
Ethanesulfonic 110.13 —-2.05

Cyclamic 179.24 —-2.01

Ethanesulfonic, 2-hydroxy- 126.13 —1.66

Toluenesulfonic 172.20 —1.34

Methanesulfonic 96.11 —-1.2

Dodecylsulfuric 266.40 —0.09
Naphthalene-2-sulfonic 208.24 0.17

Benzenesulfonic 158.18 0.7

Oxalic 90.03 1.27 4.27
Pamoic 388.37 2.51 3.1
Glutaric, 2-oxo- 146.10 2.7 4.5
Napthoic, 1-hydroxy (2-) 188.18 2.7 135
Orotic 156.10 2.8 9.45
Malonic 104.06 2.83 5.70
Gentisic 154.12 293

Pyroglutamic (-L)* 129.11 3.32

Benzoic 2-(4-hydroxybenzoyl)- 242.23 3.35 7.96
Oleic 282.47 4

Camphoric (+) 200.23 4.72 5.83
Isobutyric 88.11 4.84

Chiral salt formers are in italic
Chiral salt formers with an asterisk (*) available as enantiomer
Class 2: Low toxicity and good tolerability

solvates and is described elsewhere (Good and Rodriguez 2008; Variankaval
et al. 2006).

Historically, solvent-mediated crystallization frequently has been used to opti-
mize solid-state phase, since this method translates to a preferable scalable process.
If limited quantities of compound are available and experimental time constraints
are high, thermal crystallization methods may be used as a first pass (Chen
et al. 2005). These two techniques now will be described in detail.



218 M. McNevin and J. Higgins

Table 7.3¢ List of class 3 acid salt formers

Name Mw pKal pKa2 pKa3
Hydrobromic 80.91 —6

Nitric 63.01 —1.32

Trifluoroacetic 114.02 0.23

Saccharin 183.19 1.31

Acetic, 2,2-dichloro- 128.94 1.35

Acesulfame 163.15 2

Camphor-10-sulfonic (+) 232.29 2.17

Salicylic 138.12 2.97 13.82

Salicylc, 4-amino- 153.14 3.25 10 3.5
Mandelic (DL) 152.15 3.37

Formic 46.02 3.75

Benzoic, 4-acetamido- 179.17 4.3

Cinnamic 148.16 4.40

Caproic 116.16 4.8

Undec-10-enoic 184.28 4.9

Chiral salt formers are in italic
Chiral salt formers with an asterisk (*) available as enantiomer
Class 3: Less advisable for general use, but used in the past

7.3.3 Solvent-Mediated Crystallization Screening

Solvent mediation (crystallization from solvents) is a commonly used method for
generating crystalline forms. Solvent-mediated crystallization methods include
exploration of differing crystallization conditions such as solvent composition,
temperature, pressure, supersaturation, and humidity.

7.3.3.1 Slurry Ripening Crystallization Methods

Slurry/ripening techniques which mimic larger scale processes are an effective first
step in the phase discovery/optimization process. This method simply involves
suspending solids in a suitable recrystallization solvent above the solubility limit.
Achieving saturation in a given solvent system may provide an environment in
which a crystalline phase will have a lower solubility limit than the corresponding
amorphous form. Although a given crystalline phase results in a material with lower
free energy than an amorphous material, various packing arrangements may exist
which have even lower free energy and solubility. Hence, slurry conversions
between polymorphic phases utilizing non-solvating solvent systems are a useful
way to generate more stable crystalline phases of a molecule. As indicated in
Fig. 7.5, the higher solubility phase (equilibrium defined by Kspl) dissolves due
to the driving force created by the propagation of the lower solubility phase (defined
by Ksp2) creating a continuous drive to replace the molecules in solution. As the
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Table 7.4 List of basic salt formers

Name Mw pKal pKa2 pKa3 Class
Potassium hydroxide 56.10 14 1
Sodium hydroxide 40.00 14 1
Magnesium hydroxide 58.32 14 11.4 1
Calcium hydroxide 74.10 12.6 11.57 1
Choline hydroxide 121.18 11 1
Ammonia volatile 17.03 9.27 1
Arginine (L)* 174.20 13.2 9.09 218A |1
Lysine (L)* 146.19 10.79 9.18 216 A |1
t-Butylamine 73.14 10.68 1
Glucamine, N-methyl- 195.21 8.03 1
Hydrabamine low solubility, sec. amine 596.97 11.92 | 11.32 2
Diethylamine secondary amine 73.14 10.93 2
Benzathine low solubility, sec. amine 240.35 9.99 9.39 2
Ethanol, 2-(diethylamino)—nitrosamines 117.19 9.58 2
Pyrrolidine, 1-(2-hydroxyethyl)- 115.18 9.44 2
Benethamine low solubility, sec. amine 211.30 941 2
Deanol 89.14 8.83 2
Tromethamine 121.14 8.02 2
Morpholine, 4-(2-hydroxyethyl)—prodrugs 131.17 7.39 2
Zinc hydroxide 99.40 14 9.64 3
Ethylenediamine 60.10 10.09 7.00 3
Piperazine 86.14 9.82 5.68 3
Ethanolamine (2-aminoethanol) 61.08 9.50 3
Diethanolamine (2,2’-iminobis(ethanol)) 105.14 8.96 3
Triethanolamine (2,2’,2"-nitrilotris(ethanol)) | 149.19 7.82 3
Imidazole (1H-) 68.08 6.95 3

Chiral salt formers are in italic
Chiral salt formers with an asterisk (*) available as enantiomer

higher free energy phase is consumed, the lower energy and more stable phase will
continue to form until equilibrium is achieved. Essentially, the solubility difference
between the phases under the experimental conditions drives the dissolution of the
less stable and more soluble phase (Cardew and Davey 1985).

The risk of a new more stable phase appearing can increase with scale as API is
produced with fewer impurities available to poison initiating nucleation events.
Likewise, the appearance of a more stable phase makes it more difficult to repro-
duce a previously observed metastable phase.

Initiating nucleation by varying solvent systems is common in slurry-ripening
experiments. Examples of solvent systems with differing dielectric constants,
hydrogen bonding potential, and crystallization temperature ranges have been
utilized to aid in the prediction of API solubility (Chen and Song 2004; Tung
et al. 2008). The objective is to use a system where nucleation probability of a new
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crystalline phase has the highest chance of success. Prediction of the equilibrium
solubility concentration of an API in a variety of solvent systems allows for
selection of the optimum systems where the balance of solubility and supersatura-
tion can occur on very small quantities of material. Furthermore, systems with poor
solubility may be less likely to produce large enough quantities of initiating
nucleation events to generate measurable quantities of a new phase on the time
scale of an experiment.

Many other variables have the ability to impact primary nucleation of a crystal-
line material. Studies have established that varying temperature, agitation, levels of
impurities and their makeup, and solid surface characteristics can have a remark-
able impact on initiating nucleation events and subsequent propagation. Wilhelm
Ostwald first theorized that initiating nucleation events in solution would result in
the discovery of the most stable crystalline phase last (Nyvlt 1995). Conceptually,
this is due to the irreversible nature of metastable phases to transform into more
thermodynamically stable phases. More stable states also have the greatest differ-
ence in free energy from the initial state. The large difference may preferentially
favor initiating nucleation of a less stable phase not as far removed in free energy
from the initial material. One can imagine the transformation of a less stable phase
to a more stable phase, but unless an enantiotropic relationship exists (discussed in
Sect. 7.4) where there is a transition temperature above which the stable-phase
relationship exchanges, converting to the metastable phase from the more stable
phase would be thermodynamically opposed.

7.3.3.2 Evaporation and Temperature Control Crystallization Methods

Using evaporation to change the quantity of solvent relative to the compound is
another way in which supersaturation can be achieved, enabling nucleation and
propagation of new crystalline materials. Similarly, supersaturation can be
achieved for compounds which have variability in their saturation concentration
as a function of temperature (Fig. 7.6).
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Fig. 7.6 Graphs showing the effect of cooling (A temperature, /eff) and evaporation (A solvent
volume, right) to achieve supersaturation

Evaporation as a first-pass technique is typically pursued with a compound being
fully dissolved in the solvent system. Solubilization can be achieved by equilibra-
tion with time or is commonly done by gently heating and agitating the material in
solution. Hot filtration of remaining solids enables the removal of potential
nucleation-hindering materials or low-solubility impurities which may poison a
desired nucleation event (Myerson 2002). Nucleation sites remain an important
crystallization initiation point. Techniques such as etching the glass vessel, addition
of seeds of a crystalline material of similar molecular structure, or even the
introduction of inert external nucleation materials like activated carbon may be
used to cause primary crystallization.

Thermal instability of a compound is important with methods involving heat, as
heating and dissolving reactive organic compounds in organic solvents can generate
degradants. We will discuss transitions between crystalline phases which are a
result of temperature variation later in this chapter. When the objective is to
nucleate a new crystalline phase, it is commonplace to utilize a similar technique
to that described in the evaporation experiment where filtration at elevated temper-
atures can remove potential nucleation poisons. Temperature in these systems can
be manipulated in many ways, but achieving the goal of a slightly supersaturated
system in which nucleation can be initiated remains the same. When scaling
material quantities (discussed in Sect. 7.4), seeding a heated mixture with a desired
stable crystalline phase at the supersaturation point can avoid generation of meta-
stable phases upon cooling as illustrated in Fig. 7.7.

7.3.3.3 Antisolvent Precipitation and Antisolvent Vapor Diffusion
Crystallization Methods

Adding a miscible non-solubilizing solvent (antisolvent) to a solution of compound
dissolved in a solubilizing solvent reduces the saturation solubility in the new
mixed system and may create a supersaturated environment (Fig. 7.8). Since
small changes in the volume of the antisolvent can have a striking effect on
compound solubility, antisolvent addition is typically done dropwise with agitation
to ensure mixing. Using this method, it is typical that at a certain point, solids
precipitate in an uncontrolled manner. This favors formation of crystalline phases
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with a small free energy difference from the higher energy amorphous material.
Hence this process typically results in higher energy phases or solvates rather than
more stable anhydrous phases.

Imagine slowing down the antisolvent addition process to a deliberately and
controlled addition of the antisolvent. On scale, control over this process would be
quite difficult, but at small scale, this experiment can be mimicked by addition of
the antisolvent as a vapor to the solvent and dissolved compound. Hence, simply
exposing the molecule in solution to the vapor of antisolvent in an enclosed
environment can cause crystallization. Vapor-induced crystallization methods typ-
ically include water vapor, individual or mixed organic solvent vapors, or a
combination of the two. Antisolvent diffusion and similar methods also intrinsically
have a higher likelihood of generating solvated crystalline phases when compared
to other methods like thermal annealing. However, the ability to probe very small
quantities of material which may result in a marked purity upgrade and generation
of seed makes this an attractive nondestructive early-development-phase discovery
technique. Experimentally, the molecule is dissolved in a solvent system in which it
has high solubility. Then this combination is added to a container possessing vapor
of a solvent which the molecule has lower solubility in. If the antisolvent is miscible
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in the initial solvent system, over time the solvating properties of that system will
change as it approaches equilibrium, preferentially driving past the point of
supersaturation and creating a precipitant which, hopefully, is crystalline.

7.3.4 Humidity-Mediated Crystallization Methods

In some cases, solvated phases have the ability to rearrange once the solvent is
removed or replaced in the crystalline lattice. A common example of this effect is
seen in the presence or absence of water vapor. Discovery of a more stable
crystalline anhydrous or hydrate phase resulting from rearrangement in the crystal
packing of a transient solvate can be quite valuable. Methods as simple as placing a
solvated crystalline phase in a vacuum oven with air or nitrogen purge have
produced stable and viable anhydrous phases and desolvates suitable for
development.

There are a number of methods used to control the relative humidity in the
environment around a sample. Inorganic salt chambers which regulate the humidity
in the enclosure are a simple way to expose a material to a controlled humidity
environment. Readily available salts such as sodium chloride or bromide, magne-
sium chloride or nitrate, lithium chloride, and potassium chloride or acetate when
submerged in water in a chamber at a given temperature will result in a defined
relative humidity in the enclosed environment (Table 7.5).

For fine control over humidity, dynamic vapor sorption (DVS) instrumentation is
commonly used. This technique not only allows for subtle humidity manipulation
of gasses flowing over a sample, but it also measures quantity and speed of the
solvent’s uptake. When crystalline hydrates form, the water molecules may occupy
space in the crystalline lattice which is accessible to external humidity. This result
will be manifested as a step in the water vapor sorption isotherm which typically
can be used to calculate the stoichiometry of the resulting hydrate (Fig. 7.9). If a
phase absorbs water via channels, the level of hydration has a tendency to be linear
with regard to experimental humidity. Although the DVS technique does not define
that a new material is in fact crystalline, it can be used as a guide to generate the
materials which can be analyzed by visual microscopy, variable relative humidity
XRPD, and Raman techniques discussed later in this chapter. DVS as a character-
ization method is also useful for determining if deliquescence of a crystalline salt
form occurs should the counterion have a very high affinity for water. If the
deliquescence point is at a low enough humidity, it is advisable to identify an
alternative phase.
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Table 7.5 Percent relative humidity generated in headspace by water-saturated inorganic salts in
the terrestrial and biorelevant temperature range (adapted from Wexler and Hasegawa 1954;
Greenspan 1977)

Temperature 5°C 20 °C 25°C 40 °C 50 °C
Lithium chloride 11 11 11 11 11
Potassium acetate 23 23

Magnesium chloride 34 33 33 32 31
Magnesium nitrate 59 54 53 48 45
Sodium bromide 64 59 58

Sodium chloride 76 75 75 75 74
Potassium chloride 88 85 84 82 81
Potassium nitrate 96 95 94 89 85
Potassium sulfate 98 98 97 96 96

Fig. 7.9 Typical dynamic
vapor sorption/desorption
isotherm for an anhydrate to
stoichiometric hydrate
transition

Desorption

% Weight
Change

Sorption

% Relative Humidity

7.3.5 Temperature-Mediated Crystallization Methods

The glass transition temperature (Tg) determined via thermal analysis of an amor-
phous material defines the temperature at which the material changes properties
from a brittle solid. There are several methods which can be used to define this
temperature, but a simple and commonly utilized technique is via differential
scanning calorimetry (DSC). This instrument measures the difference in the quan-
tity of heat required to increase the temperature of a sample vs. a reference. It can
also be utilized to determine a host of temperature-induced transitions like phase
transitions, including endothermic or exothermic transitions and fusion/melting
point of a crystalline material along with the corresponding heat capacity. An
exothermic transition noted by this technique may be indicative of a crystallization
event.

Using a technique such as DSC to detect transitions due to crystallization is a
simple, material-sparing method to discover crystalline phases and generate valu-
able information on them. Typically only a few mgs of material are required. Via
instrument control, one can impart control over heating rate, cooling rate, sweeping
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gasses, and on some systems even modulate the temperature rapidly with precise
control. It is typically not recommended to perform open solvent-mediated exper-
iments inside the instrument, but the introduction of pans which can be hermetically
sealed along with the ubiquitous use of the complementary technique of thermogra-
vimetric analysis (TGA) makes the instruments a mainstay for defining material
properties of pharmaceuticals.

Once information has been gathered on the various thermal events, additional
control techniques aimed at phase discovery may be undertaken. Methods in which
to vary temperature aimed at generating new crystalline phases include temperature
cycling near the Tg, controlled or quench cooling from the melt, sublimation, and
annealing. In some cases, an exothermic event may occur above the Tg which
indicates crystallization. If an event is observed, one may manipulate the material
above that temperature and slowly cool it attempting to isolate crystalline seed for
further study. In a minority of cases, multiple events may occur in the study,
corresponding to several crystalline forms with which to follow up. As discussed
with solvent-mediated crystallization, thermal methods may only need to be used
for the initial generation of a new crystalline phase. Once a particular crystalline
phase has come into existence, it may no longer require the originating system to
generate more of that phase.

7.3.6 High-Throughput Solvent-Mediated Phase Screening

Discussed previously, different types of experiments will have a tendency to create
crystalline phases which are inherently more or less stable based on the dynamics of
the crystallization. Solid-state experiments like thermal cycling, cooling from the
melt, and sublimation are simplistic experimentally, but unfortunately the process is
quite difficult to miniaturize and reproduce in a high-throughput fashion. Solvent-
mediated experiments on the other hand are highly amenable to automation due to
the rise in automation and apparatus capable of manipulating caustic chemicals. As
noted in Fig. 7.10, these experiments are also more likely to form stable crystalline
phases as crystallization times can be on the scale of hours and days. The resulting
materials can also be further manipulated by solid-state experiments like exposure
to solvent vapor, humidity, and altered temperature for extended periods of time to
both discover new phases and understand stability.

The simplicity of both solvent- and temperature-mediated crystallizations
coupled with advances in robotics used for preparation, manipulation, and charac-
terization has led to the development of rapid “high -throughput” protocols for
crystallization screening (Morissette et al. 2004). Here, solvent-mediated phase
discovery methods are organized into a matrix of crystallization experiments
commonly referred to as crystallization screens via workflows like those seen in
Fig. 7.11. Advances in automation enabled faster preparation using minimal com-
pound and more sensitive analysis, providing the ability to generate and analyze
small quantities of many different crystalline “leads.” Thus, the experimental
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Fig. 7.10 Typical experimental timelines for discovery of new crystalline phases (some data from
Anderton 2007)

Compound :'7 Master Slurry
|
Solvents [ | |
Evaporation M Precipitation
| |

Init