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Preface

Drug delivery systems (DDS) are an important component of drug development
and therapeutics. The field is quite extensive and requires an encyclopedia to
describe all the technologies. The aim of this book is to put together descriptions of
important selective technologies used in DDS. Important drugs, new technologies
such as nanoparticles, as well as important therapeutic applications, are taken into
consideration in this selection. This book will be an important source of information
for pharmaceutical scientists and pharmacologists working in the academia as well
as in the industry. It has useful information for pharmaceutical physicians and
scientists in many disciplines involved in developing DDS such as chemical
engineering, protein engineering, gene therapy, and so on. This will be an important
reference for executives in charge of research and development at several hundred
companies that are developing drug delivery technologies.

Kewal K. Jain, MD
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Chapter 1
Drug Delivery Systems — An Overview

Kewal K. Jain

Abstract This is an overview of drug delivery systems (DDS), starting with various
routes of drug administration. Various drug formulations, as well as devices used
for drug delivery and targeted drug delivery, are then described. Delivery of
proteins and peptides presents special challenges. Nanoparticles are considered
to be important in refining drug delivery; they can be pharmaceuticals as well as
diagnostics. Refinements in drug delivery will facilitate the development of per-
sonalized medicine, which includes pharmacogenomics, pharmacogenetics, and
pharmacoproteomics. The ideal DDS, commercial aspects, current achievements,
challenges, and future prospects are also discussed.

Keywords Drug delivery systems; Targeted drug delivery; Nanoparticles;
Nanobiotechnology; Personalized medicine; Routes of drug administration; Drug
delivery devices; Controlled release; Protein/peptide delivery; Drug formulations

1 Introduction

A drug delivery system (DDS) is defined as a formulation or a device that enables
the introduction of a therapeutic substance in the body and improves its efficacy
and safety by controlling the rate, time, and place of release of drugs in the body.
This process includes the administration of the therapeutic product, the release of
the active ingredients by the product, and the subsequent transport of the active
ingredients across the biological membranes to the site of action. The term thera-
peutic substance also applies to an agent such as gene therapy that will induce in
vivo production of the active therapeutic agent. Gene therapy can fit in the basic
and broad definition of a drug delivery system. Gene vectors may need to be intro-
duced into the human body by novel delivery methods. However, gene therapy has
its own special regulatory control.

Drug delivery system is an interface between the patient and the drug. It may be
a formulation of the drug to administer it for a therapeutic purpose or a device used
to deliver the drug. This distinction between the drug and the device is important,
as it is the criterion for regulatory control of the delivery system by the drug or

1
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2 K.K. Jain

medicine control agency. If a device is introduced into the human body for purposes
other than drug administration, such as therapeutic effect by a physical modality or
a drug may be incorporated into the device for preventing complications resulting
from the device, it is regulated strictly as a device. There is a wide spectrum
between drugs and devices, and the allocation to one or the other category is
decided on a case by case basis.

2 Drug Delivery Routes

Drugs may be introduced into the human body by various anatomical routes. They may
be intended for systemic effects or targeted to various organs and diseases. The choice
of the route of administration depends on the disease, the effect desired, and the product
available. Drugs may be administered directly to the organ affected by disease or given
systemically and targeted to the diseased organ. A classification of various methods
of systemic drug delivery by anatomical routes is shown in Table 1.1.

2.1 Oral Drug Delivery

Historically, the oral route of drug administration has been the one used most for
both conventional as well as novel drug delivery. The reasons for this preference are
obvious because of the ease of administration and widespread acceptance by
patients. Major limitations of oral route of drug administration are as follows:

1. Drugs taken orally for systemic effects have variable absorption rates and variable
serum concentrations which may be unpredictable. This has led to the develop-
ment of sustained release and controlled-release systems.

Table 1.1 A classification of various anatomical routes for systemic drug delivery

Gastrointestinal system
Oral
Rectal
Parenteral
Subcutaneous injection
Intramuscular injection
Intravenous injection
Intra-arterial injection
Transmucosal: buccal and through mucosa lining the rest of gastrointestinal tract
Transnasal
Pulmonary: drug delivery by inhalation
Transdermal drug delivery
Intra-osseous infusion
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2. The high acid content and ubiquitous digestive enzymes of the digestive tract
can degrade some drugs well before they reach the site of absorption into the
bloodstream. This is a particular problem for ingested proteins. Therefore,
this route has limitations for administration of biotechnology products.

3. Many macromolecules and polar compounds cannot effectively traverse the cells
of the epithelial membrane in the small intestines to reach the bloodstream.
Their use is limited to local effect in the gastrointestinal tract.

4. Many drugs become insoluble at the low pH levels encountered in the digestive tract.
Since only the soluble form of the drug can be absorbed into the bloodstream, the
transition of the drug to the insoluble form can significantly reduce bioavailability.

5. The drug may be inactivated in the liver on its way to the systemic circulation.
An example of this is the inactivation of glyceryl trinitrate by hepatic mon-
oxygenase enzymes during the first pass metabolism.

6. Some drugs irritate the gastrointestinal tract and this is partially counteracted by
coating.

7. Oral route may not be suitable for drugs targeted to specific organs.

8. Despite disadvantages, the oral route remains the preferred route of drug delivery.
Several improvements have taken place in the formulation of drugs for oral
delivery for improving their action.

2.2 Parenteral Drug Delivery

Parenteral literally means introduction of substances into the body by routes other
than the gastrointestinal tract but practically the term is applied to injection of sub-
stances by subcutaneous, intramuscular, intravenous, and intra-arterial routes.
Injections made into specific organs of the body for targeted drug delivery will be
described under various therapeutic areas.

Parenteral administration of the drugs is now an established part of medical
practice and is the most commonly used invasive method of drug delivery. Many
important drugs are available only in parenteral form. Conventional syringes with
needles are either glass or plastic (disposable). Non-reusable syringe and needle
come either with autodestruct syringes, which lock after injection, or with retract-
able needles. Advantages of parenteral administration are as follows:

. Rapid onset of action.

. Predictable and almost complete bioavailability.

. Avoidance of the gastrointestinal tract with problems of oral drug administration.

. Provides a reliable route for drug administration in very ill and comatose
patients, who are not able to ingest anything orally.

BN O R S R

Major drawbacks of parenteral administration are as follows:

1. Injection is not an ideal method of delivery because of pain involved and patient
compliance becomes a major problem.
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2. Injections have limitations for the delivery of protein products, particularly those
that require sustained levels.

Comments on various types of injections are given in the following text.

Subcutaneous. This involves the introduction of the drug to a layer of subcutaneous
fatty tissue by the use of a hypodermic needle. Large portions of the body are
available for subcutaneous injection, which can be given by the patients themselves
as in the case of insulin for diabetes. Various factors that influence drug delivery by
subcutaneous route are as follows:

1. Size of the molecules, as larger molecules have slower penetration rates than do
smaller ones.

2. Viscosity may impede the diffusion of drugs into body fluids.

3. The anatomical characteristics of the site of injection, such as vascularity and
amount of fatty tissue, influence the rate of absorption of the drug.

Subcutaneous injections usually have a lower rate of absorption and slower onset
of action than intramuscular or intravenous injections. The rate of absorption may
be enhanced by infiltration with the enzyme hyaluronidase. Disadvantages of sub-
cutaneous injection are as follows:

4. The rate of absorption is difficult to control from the subcutaneous deposit.

5. Local complications, which include irritation and pain at site of injection.

6. Injection sites have to be changed frequently to avoid accumulation of the unab-
sorbed drug, which may cause tissue damage.

Several self-administration subcutaneous injection systems are available and
include conventional syringes, prefilled glass syringes, autoinjectors, pen pumps,
and needleless injectors. Subcutaneous still remains a predictable and controllable
route of delivery for peptides and macromolecules.

Intramuscular injections. These are given deep into skeletal muscles, usually the
deltoids or the gluteal muscles. The onset of action after intramuscular injection is
faster than with subcutaneous injection but slower than with intravenous injection.
The absorption of the drug is diffusion controlled but it is faster because of high
vascularity of the muscle tissue. Rate of absorption varies according to physico-
chemical properties of the solution injected and physiological variables such as
blood circulation of the muscle and the state of muscular activity. Disadvantages of
intramuscular route for drug delivery are as follows:

. Pain at the injection site.

. Limitation of the amount injected according to the mass of the muscle available.

. Degradation of peptides at the site of injection.

. Complications include peripheral nerve injury and formation of hematoma and
abscess at the site of injection.

5. Inadvertent puncture of a blood vessel during injection may introduce the drug

directly into the blood circulation.

AW N =
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Most injectable products can be given intramuscularly. Numerous dosage forms are
available for this route: oil in water emulsions, colloidal suspensions, and reconsti-
tuted powders. The product form in which the drug is not fully dissolved generally
results in slower, more gradual absorption and slower onset of action with longer
lasting effects. Intramuscularly administered drugs typically form a depot in the
muscle mass from which the drug is slowly absorbed. Peak drug concentrations are
usually seen from 1 to 2 h. Factors that affect the rate of release of a drug from such
a depot include the following:

1. Compactness of the depot, as the release is faster from a less compact and more
diffuse depot

. Concentration and particle size of drug in the vehicle

. Nature of solvent in the injection

. Physical form of the product

. The flow characteristics of the product

. Volume of the injection

AN AW N

Intravenous administration. This involves injection in the aqueous form into a
superficial vein or continuous infusion via a needle or a catheter placed in a super-
ficial or deep vein. This is the only method of administration available for some
drugs and is chosen in emergency situations because the onset of action is rapid
following the injection. Theoretically, none of the drug is lost, and smaller doses
are required than with other routes of administration. The rate of infusion can be
controlled for prolonged and continuous administration. Devices are available for
timed administration of intermittent doses via an intravenous catheter. The particles
in the intravenous solution are distributed to various organs depending on the parti-
cle size. Particles larger than 7 um are trapped in the lungs and those smaller than
0.1 wm accumulate in the bone marrow. Those with diameter between 0.1 and 7 um
are taken up by the liver and the spleen. This information is useful in targeting of a
drug to various organs. Disadvantages of the intravenous route are as follows:

1. Immune reactions may occur following injections of proteins and peptides.

2. Trauma to veins can lead to thrombophlebitis.

3. Extravasation of the drug solution into the extravascular space may lead to irrita-
tion and tissue necrosis.

4. Infections may occur at the site of catheter introduction.

5. Air embolism may occur because of air sucked in via the intravenous line.

It is now possible to modify the kinetics of disposition and sometimes the metabolic
profile of a drug given by intravenous route. This can be achieved by incorporating
the drug into nanovesicles such as liposomes.

Intra-arterial. Direct injection into the arteries is not a usual route for therapeutic
drug administration. Arterial puncture and injection of contrast material has been
carried out for angiography. Most of the intra-arterial injections or arterial perfusions
via catheters placed in arteries are for regional chemotherapy of some organs and
limbs. Intra-arterial chemotherapy has been used for malignant tumors of the brain.
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2.3 Transdermal Drug Delivery

Transdermal drug delivery is an approach used to deliver drugs through the skin for
therapeutic use as an alternative to oral, intravascular, subcutaneous, and transmu-
cosal routes. It includes the following categories of drug administration:

. Local application formulations, e.g., transdermal gels

. Penetration enhancers

. Drug carriers, e.g., liposomes and nanoparticles

. Transdermal patches

. Transdermal electrotransport

. Use of physical modalities to facilitate transdermal drug transport

. Minimally invasive methods of transdermal drug delivery, e.g., needle-free
injections

~N N BN =

Chapter 5 of this book deals with transdermal drug delivery. A detailed description
of technologies and commercial aspects of development are described in a special
report on this topic [1].

2.4 Transmucosal Drug Delivery

Mucous membrane covers all the internal passages and orifices of the body, and
drugs can be introduced at various anatomical sites. Only some general statements
applicable to all mucous membranes will be made here and the details will be
described according to the locations such as buccal, nasal, rectal.

Movement of penetrants across the mucous membranes is by diffusion. At steady
state, the amount of a substance crossing the tissue per unit of time is constant and
the permeability coefficients are not influenced by the concentration of the
solutions or the direction of nonelectrolyte transfer. As in the epidermis of the skin,
the pathways of permeation through the epithelial barriers are intercellular rather
than intracellular. The permeability can be enhanced by the use surfactants such as
sodium lauryl sulfate (a cationic surfactant). An unsaturated fatty acid, oleic acid,
in a propylene glycol vehicle can act as a penetration enhancer for diffusion of
propranolol through the porcine buccal mucosa in vitro. Delivery of biopharmaceu-
ticals across mucosal surfaces may offer several advantages over injection
techniques, which include the following:

. Avoidance of an injection

. Increase of therapeutic efficiency

. Possibility of administering peptides

. Rapid absorption when compared with oral administration
. Bypassing first pass metabolism by the liver

. Higher patient acceptance when compared with injectables
. Lower cost when compared with injectables

~N N BN =
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Mucoadhesive controlled-release devices can improve the effectiveness of transmu-
cosal delivery of a drug by maintaining the drug concentration between the effec-
tive and toxic levels, inhibiting the dilution of the drug in the body fluids, and
allowing targeting and localization of a drug at a specific site. Acrylic-based hydro-
gels have been used extensively as mucoadhesive systems. They are well suited for
bioadhesion because of their flexibility and nonabrasive characteristics in the par-
tially swollen state, which reduce damage-causing attrition to the tissues in contact.
Cross-linked polymeric devices may be rendered adhesive to the mucosa. For
example, adhesive capabilities of these hydrogels can be improved by tethering of
long flexible poly(ethylene glycol) chains. The ensuing hydrogels exhibit mucoad-
hesive properties due to enhanced anchoring of the chains with the mucosa.

Buccal and sublingual routes. Buccal absorption is dependent on lipid solubility of the
nonionized drug, the salivary pH, and the partition coefficient, which is an index of the
relative affinity of the drug for the vehicle than for the epithelial barrier. A large partition
coefficient value indicates a poor affinity of vehicle for the drug. A small partition coef-
ficient value means a strong interaction between the drug and the vehicle, which reduces
the release of the drug from the vehicle. The ideal vehicle is the one in which the drug
is minimally soluble. Buccal drug administration has the following attractive features:

1. Quick absorption into the systemic circulation with rapid onset of effect due to
absorption from the rich mucosal network of systemic veins and lymphatics.

2. The tablet can be removed in case of an undesirable effect.

3. Oral mucosal absorption avoids the first pass hepatic metabolism.

4. A tablet can remain for a prolonged period in the buccal cavity, which enables
development of formulations with sustained-release effect.

5. This route can be used in patients with swallowing difficulties.

Limitations to the use of buccal route are as follows:

1. The tablet must be kept in place and not chewed or swallowed.
2. Excessive salivary flow may cause a very rapid dissolution and absorption of the
tablet or wash it away.
. A bad-tasting tablet will have a low patient acceptability.
4. Some of these disadvantages have been overcome by the use of a patch containing
the drug that is applied to the buccal mucosa or by using the drug as a spray.

O8]

2.5 Nasal Drug Delivery

Drugs have been administered nasally for several years both for topical and systemic
effect. Topical administration includes agents for the treatment of nasal congestion,
rhinitis, sinusitis, and related allergic and other chronic conditions. Various medications
include corticosteroids, antihistaminics, anticholinergics, and vasoconstrictors. The
focus in recent years has been on the use of nasal route for systemic drug delivery.
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Surface epithelium of the nasal cavity. The anterior one third of the nasal cavity is
covered by a squamous and transitional epithelium, the upper part of the cavity by
an olfactory epithelium, and the remaining portion by a typical airway epithelium,
which is ciliated, pseudostratified, and columnar. The columnar cells are related to
neighboring cells by tight junctions at the apices as well as by interdigitations of
the cell membrane. The cilia have an important function of propelling the mucous
into the throat. Toxic effect of the drug on the cilia impairs the mucous clearance.
Safety of drugs for nasal delivery has been studied by in vitro effect on ciliary beat-
ing and its reversibility as well as on physical properties of the mucous layer.

Another cell type characteristic of the airway epithelium is the goblet cell. The
contribution of the goblet cells to the nasal secretion is less than that of the submu-
cosal glands, which are the main source of mucous. The tight junctions of the
columnar cells have gaps around filled goblet cells and this may be relevant to the
absorption of aerosolized drugs which are deposited on the airway epithelium.
Airway mucous is composed mostly of water but contains some proteins, inorganic
salts, and lipids. The mucous layer is about 5um in thickness and has an aqueous
phase in which the cilia beat and a superficial blanket of gel which is moved for-
ward by the tips of cilia. Mucociliary clearance depends on the beating of cilia,
which in turn is influenced by the thickness and composition of the mucous layer.
This is not the only mechanism for clearing nasal mucous, and sniffing, sneezing
and blowing the nose helps in moving airway secretions.

Intranasal drug delivery. Intranasal route is considered for drugs that are ineffec-
tive orally, are used chronically, require small doses, and where rapid entry into the
circulation is desired. The rate of diffusion of the compounds through the nasal
mucous membranes, like other biological membranes, is influenced by the physico-
chemical properties of the compound. However, in vivo nasal absorption of com-
pounds of molecular weight less than 300 is not significantly influenced by the
physicochemical properties of the drug. Factors such as the size of the molecule and
the ability of the compound to hydrogen bond with the component of the membrane
are more important than lipophilicity and ionization state. The absorption of drugs
from the nasal mucosa most probably takes place via the aqueous channels of the
membrane. Therefore, as long as the drug is in solution and the molecular size is
small, the drug will be absorbed rapidly via the aqueous path of the membrane. The
absorption from the nasal cavity decreases as the molecular size increases. Factors
that affect the rate and extent of absorption of drugs via the nasal route are as
follows:

1. The rate of nasal secretion. The greater the rate of secretion the lesser the bioa-
vailability of the drug.

2. Ciliary movement. The faster the ciliary movement, the lesser the bioavailability
of the drug.

3. Vascularity of the nose. Increase of blood flow leads to faster drug absorption
and vice versa.

4. Metabolism of drugs in the nasal cavity. Although enzymes are found in the
nasal tissues, they do not significantly affect the absorption of most compounds
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except peptides which can be degraded by aminopeptidases. This may be due to
low levels of enzymes and short exposure time of the drug to the enzyme.

5. Diseases affecting nasal mucous membrane. Effect of the common cold on nasal
drug absorption is also an important consideration.

Enhancement of nasal drug delivery. Complete mechanism of drug absorption
enhancement through the nasal mucosa is not known. Nasal drug delivery can
be enhanced by reducing drug metabolism, prolonging the drug residence time in
the nasal cavity, and by increasing absorption. The last is the most important
strategy and will be discussed here.

Nasal drug absorption can be accomplished by use of prodrugs, chemical modi-
fication of the parent molecule, and use of physical methods of increasing permea-
bility. Special excipient used in the nasal preparations comes into contact with the
nasal mucosa and may exert some effect to facilitate the drug transport. The
mucosal pores are easier to open than those in the epidermis. The following char-
acteristics should be considered in choosing an absorption enhancer:

. The enhancer should be pharmacologically inert.

. It should be nonirritating, nontoxic, and nonallergic

. Its effect on the nasal mucosa should be reversible.

. It should be compatible with the drug.

. It should be able to remain in contact with the nasal mucosa long enough to
achieve maximal effects.

6. It should not have any offensive odor or taste.

7. Tt should be relatively inexpensive and readily available.

O N O R S

The effect of nasal absorption enhancers on ciliary beating needs to be tested, as
any adverse effect on mucociliary clearance will limit the patient’s acceptance of
the nasal formulation. Chitosan, a naturally occurring polysaccharide that is
extracted from the shells of crustaceans, is an absorption enhancer. It is bioadhesive
and binds to the mucosal membrane, prolonging retention time of the formulation
on the nasal mucosa. Chitosan may also facilitate absorption through promoting
paracellular transport or through other mechanisms. The chitosan nasal technology
can be exploited as solution, dry powders, or microsphere formulations to further
optimize the delivery system for individual compounds. Impressive improvements
in bioavailability have been achieved with a range of compounds. For compounds
requiring rapid onset of action, the nasal chitosan technology can provide a fast
peak concentration, compared with oral or subcutaneous administration.

Advantages of nasal drug delivery:

1. High permeability of the nasal mucosa, compared with the epidermis or the
gastrointestinal mucosa

2. Highly vascularized subepithelial tissue

. Rapid absorption, usually within half an hour

4. Avoidance of first pass effect that occurs after absorption of drugs from the
gastrointestinal tract

O8]
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5. Avoidance of the effects of gastric stasis and vomiting, for example, in migraine
patients

6. Ease of administration by the patients, who are usually familiar with nasal drops
and sprays

7. Higher bioavailability of the drugs than in the case of gastrointestinal route or
pulmonary route

8. Most feasible route for the delivery of peptides

Disadvantages of nasal drug delivery:

. Diseases conditions of the nose may result in impaired absorption.

. Dose is limited because of relatively small area available for absorption.

. Time available for absorption is limited.

. Little is known of the effect of common cold on transnasal drug delivery, and it
is likely that instilling a drug into a blocked nose or a nose with surplus of
watery rhinorrhea may expel the medication from the nose.

5. The nasal route of delivery is not applicable to all drugs. Polar drugs and some

macromolecules are not absorbed in sufficient concentration because of poor

membrane permeability, rapid clearance, and enzymatic degradation into the
nasal cavity.

AW N =

Alternative means that help overcome these nasal barriers are currently in develop-
ment. Absorption enhancers such as phospholipids and surfactants are constantly
used, but care must be taken in relation to their concentration. Drug delivery sys-
tems, including liposomes, cyclodextrins, and micro- and nanoparticles are being
investigated to increase the bioavailability of drugs delivered intranasally [2].

After a consideration of advantages as well as disadvantages, nasal drug delivery
turns out to be a promising route of delivery and competes with pulmonary drug,
which is also showing great potential. One of the important points is the almost
complete bioavailability and precision of dosage.

2.6 Colorectal Drug Delivery

Although drug administration to the rectum in human beings dates back to 1,500
B.C., majority of pharmaceutical consumers are reluctant to administer drugs
directly by this route. However, the colon is a suitable site for the safe and slow
absorption of drugs which are targeted at the large intestine or designed to act sys-
tematically. Although the colon has a lower absorption capacity than the small
intestine, ingested materials remain in the colon for a much longer time. Food
passes through the small intestine within a few hours but it remains in the colon for
2-3 days. Basic requirements of drug delivery to the colorectal area are as
follows:

1. The drug should be delivered to the colon either in a slow release or targeted
form ingested orally or introduced directly by an enema or rectal suppository.
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2. The drug must overcome the physical barrier of the colonic mucous.

3. Drugs must survive metabolic transformation by numerous bacterial species
resident in the colon, which are mainly anaerobes and possess a wide range of
enzymatic activities.

Factors that influence drug delivery to colorectal area:

1. The rate of absorption of drugs from the colon is influenced by the rate of blood
flow to and from the absorptive epithelium.

2. Dietary components such as complex carbohydrates trap molecules within

polysaccharide chains.

. Lipid-soluble molecules are readily absorbed by passive diffusion.

. The rate of gastric emptying and small bowel transit time.

5. Motility patterns of the colon determine the rate of transit through the colon and
hence the residence time of a drug and its absorption.

6. Drug absorption varies according to whether the drug is targeted to the upper
colon, lower colon. or the rectum.

RN

Drugs administered by rectal route. Advantages of the rectal route for drug admin-
istration are as follows:

1. A relatively large amount of the drug can be administered.
2. Oral delivery of drugs that are destroyed by the stomach acid and/or metabolized
by pancreatic enzymes.

. This route is safe and convenient particularly for the infants and the elderly.

4. This route is useful in the treatment of emergencies such as seizures in infants
when the intravenous route is not available.

5. The rate of drug absorption from the rectum is not influenced by ingestion of
food or rate of gastric emptying.

6. The effect of various adjuvants is generally more effective in the rectum than in
the upper part of the gastrointestinal tract.

7. Drugs absorbed from the lower part of the rectum bypass the liver.

8. Degradation of the drugs is much less in the rectal lumen than in the upper gas-
trointestinal tract.

O8]

Disadvantages of the rectal route for drug administration are as follows:

1. Some hydrophilic drugs such as antibiotics and peptide drugs are not easily
absorbed from the rectum and absorption enhancers are required.

2. Drugs may cause rectal irritation and sometimes proctitis with ulceration and
bleeding.

Drugs targeted for action in the colon can also be administered orally. Oral drug
delivery to the colon has attracted significant attention during the past 20 years.
Colon targeting is recognized to have several therapeutic advantages, such as the
oral delivery of drugs that are destroyed by the stomach acid and/or metabolized
by pancreatic enzymes. Sustained colonic release of drugs can be useful in the
treatment of nocturnal asthma, angina, and arthritis. Local treatment of colonic
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pathologies, such as ulcerative colitis, colorectal cancer, and Crohn’s disease, is
more effective with the delivery of drugs to the affected area [3]. Likewise,
colonic delivery of vermicides and colonic diagnostic agents requires smaller
doses.

2.7 Pulmonary Drug Delivery

Although aerosols of various forms for treatment of respiratory disorders have been
in use since the middle of the twentieth century, the interest in the use of pulmonary
route for systemic drug delivery is recent. Interest in this approach has been further
stimulated by the demonstration of potential utility of lung as a portal for entry of
peptides and the feasibility of gene therapy for cystic fibrosis. It is important to
understand the mechanism of macromolecule absorption by the lungs for an effective
use of this route.

2.7.1 Mechanisms of Macromolecule Absorption by the Lungs

The lung takes inhaled breaths of air and distributes them deep into the tissue to
a very large surface, known as the alveolar epithelium, which is ~100m? in
adults. This very large surface has approximately a half billion tiny air sacs
known as alveoli, which are enveloped by an equally large capillary network.
The delivery of inhaled air to the alveoli is facilitated by the airways, which start
with the single trachea and branch several times to reach the grape-like clusters
of tiny alveoli. The alveolar volume is 4,000-6,000 ml when compared to the
airway volume of 400ml, thus providing a greater area for absorption for the
inhaled substances. Large molecule drugs, such as peptides and proteins, do
not easily pass through the airway surface because it is lined with a thick,
ciliated mucus-covered cell layer making it nearly impermeable. The alveoli, on
the other hand, have a thin single cellular layer enabling absorption into the
bloodstream. Some barriers to the absorption of substances in the alveoli are as
follows:

1. Surfactant, a thin layer at the air/water interface, may trap the large
molecules.

2. A molecule must traverse the surface lining fluid which is a reservoir for the

surfactant and contains many components of the plasma as well as mucous.

. The single layer of epithelial cells is the most significant barrier.

4. The extracellular space inside the tissues and the basement membrane to which
the epithelial cells are attached.

5. The vascular endothelium, which is the final barrier to systemic absorption, is
more permeable to macromolecules than is the pulmonary epithelium.

(O8]
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Although the mechanism of absorption of macromolecules by the lungs is still
poorly understood, the following mechanisms are considered to play a part:

1. Transcytosis (passage through the cells). This may occur and may be receptor-
mediated but it is not very significant for macromolecules >40kDa.

2. Paracellular absorption. This is usually thought to occur through the junctional
complex between two cells. The evidence for this route of absorption is not very
convincing in case of the lungs. Molecules smaller than 40kDa may enter via
the junctional pores.

Once past the epithelial barrier, the entry of macromolecules into the blood is easier
to predict. Venules and lymph vessels provide the major pathway for absorption.
Direct absorption may also occur across the tight junctions of capillary
endothelium.

2.7.2 Pharmacokinetics of Inhaled Therapeutics for Systemic Delivery

An accurate estimation of pharmacokinetics of inhaled therapeutics for systemic
delivery is a challenging experimental task. Various models for in vivo, in vitro, and
ex vivo study of lung absorption and disposition for inhaled therapeutic molecules
have been described [4]. In vivo methods in small rodents continue to be the main-
stay of assessment, as it allows direct acquisition of pharmacokinetic data by repro-
ducible dosing and control of regional distribution in the lungs through use of
different methods of administration. In vitro lung epithelial cell lines provide an
opportunity to study the kinetics and mechanisms of transepithelial drug transport
in more detail. The ex vivo model of the isolated perfused lung resolves some of
the limitations of in vivo and in vitro models. While controlling lung-regional
distributions, the preparation alongside a novel kinetic modeling analysis enables
separate determinations of kinetic descriptors for lung absorption and nonabsorptive
clearances, i.e., mucociliary clearance, phagocytosis, and/or metabolism.
There are advantages and disadvantages of each model, and scientists must make
appropriate selection of the best model at each stage of the research and development
program, before proceeding to clinical trials for future inhaled therapeutic entities
for systemic delivery.

2.7.3 Advantages of Pulmonary Drug Delivery

Advantages of lungs for drug delivery are as follows:

. Large surface area available for absorption.

. Close proximity to blood flow.

. Avoidance of first pass hepatic metabolism.

. Smaller doses are required than by the oral route to achieve equivalent therapeu-
tic effects.

AW N =
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2.7.4 Disadvantages of Pulmonary Drug Delivery

Disadvantages of pulmonary drug delivery are as follows:

1. The lungs have an efficient aerodynamic filter, which must be overcome for
effective drug deposition to occur.

2. The mucous lining the pulmonary airways clears the deposited particles toward
the throat.

3. Only 10-40% of the drug leaving an inhalation device is usually deposited in the
lungs by using conventional devices.

2.7.5 Techniques of Systemic Drug Delivery via the Lungs

Drugs may be delivered to the lungs for local treatment of pulmonary conditions,
but here the emphasis is on the use of lungs for systemic drug delivery. Simple
inhalation devices have been used for inhalation anesthesia, and aerosols containing
various drugs have been used in the past. The current interest in delivery of peptides
and proteins by this route has led to the use of dry powder formulations for deposi-
tion in the deep lung, which requires placement within the tracheal bronchial tree
rather than simple aerosol inhalation. Various technologies that are in development
for systemic delivery of drugs by pulmonary route are as follows:

Dry powders. For many drugs, more active ingredients can be contained in dry powders
than in liquid forms. In contrast to aqueous aerosols, where only 1-2% of the aerosol
particle is drug (the rest is water), dry powder aerosol particles can contain up to
50-95% of pure drug. This means that therapeutic doses of most drugs can be
delivered as a dry powder aerosol in one to three puffs. Dry powder aerosols can carry
~5 times more drug in a single breath than can metered dose inhaler (MDI) systems
and many more times than can currently marketed liquid or nebulizer systems. It is
possible that a dry powder system for drugs requiring higher doses, such as insulin or
al-antitrypsin, could decrease dosing time when compared with nebulizers. For
example, delivery of insulin by nebulizer requires many more puffs per dose, e.g., up
to 50-80 per dose in one study of diabetics. A final reason for focusing on dry powders
concerns the microbial growth in the formulation. The risk of microbial growth,
which can cause serious lung infections, is greater in liquids than in solids.

Inhalers. Various aerosols can deliver liquid drug formulations. The liquid units are
inserted into the device which generates the aerosol and delivers it directly to the
patient. This avoids any problems associated with converting proteins into powders.
This method has applications in delivery of morphine and insulin.

Controlled-release pulmonary drug delivery. This is suitable for drug agents that
are intended to be inhaled, for either local action in lungs or for systemic absorp-
tion. Potential applications for controlled release of drugs delivered through the
lungs are as follows:
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1. It enables reduction of dosing frequency for drugs given several times per day.

2. It increases the half-life of drugs which are absorbed very rapidly into the blood
circulation and are rapidly cleared from blood.

3. An inhaled formulation may lead to the development of products that might
otherwise be abandoned because of unfavorable pharmacokinetics.

4. Pulmonary controlled release could decrease development cycles for drug mole-
cules by obviating the need for chemical modification.

2.7.6 Conclusions and Future Prospects of Pulmonary Drug Delivery

The pulmonary route for drug administration is now established for systemic deliv-
ery of drugs. A wide range of drugs can be administered by this route, but the spe-
cial attraction is for the delivery of peptides and proteins. Considering the growing
number of peptide and protein therapeutic products, several biotechnology compa-
nies will get involved in this area. Advances in the production of dry powder for-
mulation will be as important as design of devices for delivery of drugs to the lungs.
Effervescent carrier particles can be synthesized with an adequate particle size for
deep lung deposition. This opens the door for future research to explore this tech-
nology for delivery of a large range of substances to the lungs with possible
improved release compared to conventional carrier particles [5].

Issues of microparticle formation for lung delivery will become more critical in
the move from chemically and physically robust small particles to more sensitive
and potent large molecules. In spite of these limitations, pulmonary delivery of
biopharmaceuticals is an achievable and worthwhile goal. Nanoparticles have been
investigated for pulmonary drug delivery, but there is some concern about the
adverse effects of nanoparticle inhalation and these issues are under investigation.
Available evidence suggests that biodegradable polymeric nanoparticles designed
for pulmonary drug delivery may not induce the same inflammatory response as
does nonbiodegradable polystyrene particles of comparable size [6].

Drugs other than biotherapeutics are being developed for inhalation and include
treatments either on the market or under development to reduce the symptoms of influenza,
to minimize nausea and vomiting following cancer chemotherapy, and to provide
vaccinations. Future applications could find inhalable forms of antibiotics to treat
directly lung diseases such as tuberculosis with large, local doses. Or medications
known to cause stomach upsets could be packaged for inhalation, including migraine
pain medications, erythromycin, or antidepressants. Inhalable drugs hold the possibility
of eliminating common side effects of oral dosages, including low solubility,
interactions with food, and low bioavailability. Because inhalables reach the blood
stream faster than pills and some injections, many medical conditions, including pain,
spasms, anaphylaxis, and seizures, could benefit from fast-acting therapies.

The medicine cabinet of the future may hold various types of inhalable drugs
that will replace not only dreaded injections, but also drugs with numerous side
effects when taken orally. New approaches will lend support to the broad challenge
of delivering biotherapeutics and other medications to the lungs.
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2.8 Cardiovascular Drug Delivery

Drug delivery to the cardiovascular system is different from delivery to other
systems because of the anatomy and physiology of the vascular system; it supplies
blood and nutrients to all organs of the body. Drugs can be introduced into the
vascular system for systemic effects or targeted to an organ via the regional blood
supply. In addition to the usual formulations of drugs such as controlled release,
devices are used as well. A considerable amount of cardiovascular therapeutics,
particularly for major and serious disorders, involves the use of devices. Some of
these may be implanted by surgery whereas others are inserted via minimally inva-
sive procedures involving catheterization. Use of sophisticated cardiovascular
imaging systems is important for the placement of devices. Drug delivery to the
cardiovascular system is not simply formulation of drugs into controlled release
preparation but it includes delivery of innovative therapeutics to the heart. Details
of cardiovascular drug delivery are described elsewhere [7].

Methods for local administration of drugs to the cardiovascular system include
the following:

1. Drug delivery into the myocardium: direct intramyocardial injection, drug-
eluting implanted devices

. Drug delivery via coronary venous system

. Injection into coronary arteries via cardiac catheter

. Intrapericardial drug delivery

. Release of drugs into arterial lumen from drug-eluting stents

N B~ W

2.9 Drug Delivery to the Central Nervous System

The delivery of drugs to the brain is a challenge in the treatment of central nervous
system (CNS) disorders. The major obstruction to CNS drug delivery is the blood-
brain barrier, which limits the access of drugs to the brain substance. In the past,
treatment of CNS disease was mostly by systemically administered drugs. This
trend continues. Most CNS-disorder research is directed toward the discovery of
drugs and formulations for controlled release; little attention has been paid to the
method of delivery of these drugs to the brain. Various methods of delivering drugs
to the CNS are shown in Table 1.2 and are described in detail elsewhere [8].

2.10 Intra-osseous Infusion

The use of this route was initially limited to young children because of the replace-
ment of the red marrow by the less vascular yellow marrow at the age of five years.
Intra-osseous (IO) infusion provides an alternative route for the administration of
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Table 1.2 Various methods of drug delivery to the central nervous system (CNS)

Systemic administration of therapeutic substances for CNS action
Intravenous injection for targeted action in the CNS
Direct administration of therapeutic substances to the CNS
Introduction into cerebrospinal fluid pathways: intraventricular, subarachnoid pathways
Introduction into the cerebral arterial circulation
Introduction into the brain substance
Direct positive pressure infusion
Drug delivery by manipulation of the blood-brain barrier
Drug delivery using novel formulations
Conjugates
Gels
Liposomes
Microspheres
Nanoparticles
Chemical delivery systems
Drug delivery devices
Pumps
Catheters
Implants releasing drugs
Use of microorganisms for drug delivery to the brain
Bacteriophages for brain penetration
Bacterial vectors
Cell therapy
CNS implants of live cells secreting therapeutic substances
CNS implants of encapsulated genetically engineered cells producing therapeutic substances
Cells for facilitating crossing of the blood-brain barrier
Gene transfer
Direct injection into the brain substance
Intranasal instillation for introduction into the brain along the olfactory tract
Targeting of CNS by retrograde axonal transport

fluids and medications when difficulty with peripheral or central lines is encoun-
tered during resuscitation of critically ill and injured patients. The anatomical basis
of this approach is that the sinusoids of the marrow of long bones drain into the
systemic venous system via medullary venous channels. Substances injected into
the bone marrow are absorbed almost immediately into the systemic circulation.
The technique involves the use of a bone marrow aspiration needle in the tibia bone
of leg or the sternum. The advantage of this route is that the marrow cavity func-
tions as a rigid vein that does not collapse like the peripheral veins in case of shock
and vascular collapse.

Now IO infusion can be given into the sternum in adults. Indications for use
included adult patient, urgent need for fluids or medications, and unacceptable
delay or inability to achieve standard vascular access. The overall success rate for
achieving vascular access with the system is high and no complications or com-
plaints have been reported. Sternal 10 infusion may provide rapid, safe vascular
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access and may be a useful technique for reducing unacceptable delays in the
provision of emergency treatment. This route has not been developed for drug
delivery.

2.11 Concluding Remarks on Routes of Drug Delivery

A comparison of common routes of drug delivery is shown in Table 1.3. Owing to
various modifications of techniques, the characteristics can be changed from those
depicted in this table. For example, injections can be needle-less and do not have
the discomfort, leading to better compliance.

3 Drug Formulations

There is constant evolution of the methods of delivery, which involves modifications
of conventional methods and discovery of new devices. Some of the modifications of
drugs and the methods of administration will be discussed in this section. A classi-
fication of technologies that affect the release and availability of drugs is shown in
Table 1.4.

3.1 Sustained Release

Sustained release (SR) preparations are not new but several new modifications are
being introduced. They are also referred to as “long acting” or “delayed release”
when compared to “rapid” or “conventional” release preparations. The term some-
times overlaps with “controlled release,” which implies more sophisticated control
of release and not just confined to the time dimension. Controlled release implies
consistency, but release of drug in SR preparations may not be consistent. The fol-
lowing are the rationale of developing SR:

1. To extend the duration of action of the drug
2. To reduce the frequency of dosing

3. To minimize the fluctuations in plasma level
4. Improved drug utilization

5. Less adverse effects

Limitations of SR products are as follows:

1. Increase of drug cost.
2. Variation in the drug level profile with food intake and from one subject to
another.
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Table 1.4 Classification of DDS that affect the release and avail-
ability of drugs

Systemic versus localized drug delivery
General nontargeted delivery to all tissues
Targeted delivery to a system or organ
Controlled release delivery systems (systemic delivery)
Release on timescale
Immediate release
Programmed release at a defined time/pulsatile release
Delayed, sustained, or prolonged release, long acting
Targeted release (see also drug delivery devices)
Site-specific controlled release following delivery to a target organ
Release in response to requirements or feedback
Receptor-mediated targeted drug delivery
Type of drug delivery device

3. The optimal release form is not always defined, and multiplicity of SR forms
may confuse the physician as well as the patient.

4. SR is achieved by either chemical modification of the drug or modifying the
delivery system, e.g., use of a special coating to delay diffusion of the drug from
the system. Chemical modification of drugs may alter such properties as distri-
bution, pharmacokinetics, solubility, or antigenicity. One example of this is
attachment of polymers to the drugs to lengthen their lifetime by preventing cells
and enzymes from attacking the drug.

3.2 Controlled Release

Controlled release implies regulation of the delivery of a drug usually by a device.
The control is aimed at delivering the drug at a specific rate for a definite period of
time independent of the local environments. The periods of delivery are usually
much longer than in case of SR and vary from days to years. Controlled release may
also incorporate methods to promote localization of drug at an active site. Site-
specific and targeted delivery systems are the descriptive terms used to denote this
type of control.

3.3 Programming the Release at a Defined Time

Approaches used for achieving programmed or pulsatile release may be physical
mechanisms such as swelling with bursting or chemical actions such as enzymatic
degradation. Capsules have been designed that burst after a predetermined exposure
to an aqueous environment. Physical factors that can be controlled are the radius of
the sphere, osmotic pressure of the contents, and wall thickness as well as elasticity.
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Various pulsatile release methods for oral drug delivery include the Port system
(a semipermeable capsule containing an osmotic charge and an insoluble plug) and
Chronset system (an osmotically active compartment in a semipermeable cap).

3.4 Prodrugs

A prodrug is a pharmacologically inert form of an active drug that must undergo
transformation to the parent compound in vivo either by a chemical or an enzymatic
reaction to exert its therapeutic effect. The following are required for a prodrug to
be useful for site-specific delivery:

1. Prodrug must have adequate access to its pharmacological receptors.

2. The enzyme or chemical responsible for activating the drug should be active
only at the target site.

3. The enzyme should be in adequate supply to produce the required level of the
drug to manifest its pharmacological effects.

4. The active drug produced at the target site should be retained there and not dif-
fuse into the systemic circulation.

An example of prodrugs is L-dopa, the precursor of dopamine, which when admin-
istered orally, is distributed systemically. Its conversion to dopamine in the corpus
striatum of the brain produces the desired therapeutic effects.

3.5 Novel Carriers and Formulations for Drug Delivery

Various novel methods of delivery have evolved since the simple administration of
pills and capsules as well as injections. These involve formulations shown in Table 1.5
and carriers shown in Table 1.6. Biodegradable implants are shown in Table 1.7.

Table 1.5 Novel preparations for improving bioavailability of drugs

Oral drug delivery
Fast-dissolving tablets
Technologies to increase gastrointestinal retention time
Technologies to improve drug release mechanisms of oral preparations
Adjuvants to enhance absorption
Methods of increasing bioavailability of drugs
Penetration enhancement
Improved dissolution rate
Inhibition of degradation prior to reaching site of action
Production of therapeutic substances inside the body
Gene therapy
Cell therapy
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Table 1.6 Novel carriers for drug delivery

Polymeric carriers for drug delivery

Collagen

Particulate drug delivery systems: microspheres

Nanobiotechnology-based methods, including nanoparticles such as liposomes
Glass-like sugar matrices

Resealed red blood cells

Antibody-targeted systems

Table 1.7 Biodegradable implants for controlled sustained drug delivery

Injectable implants
Gels
Microspheres

Surgical implants
Sheets/films
Foams
Scaffolds

3.6 Ideal Properties of Material for Drug Delivery

Properties of an ideal macromolecular drug delivery or biomedical vector are as
follows:

1.

oo

10.
11.

Structural control over size and shape of drug or imaging-agent cargo-space.

. Biocompatible, nontoxic polymer/pendant functionality.
. Precise, nanoscale-container and/or scaffolding properties with high drug or

imaging-agent capacity features.

. Well-defined scaffolding and/or surface modifiable functionality for cell-

specific targeting moieties.

. Lack of immunogenicity.
. Appropriate cellular adhesion, endocytosis, and intracellular trafficking to

allow therapeutic delivery or imaging in the cytoplasm or nucleus.

. Acceptable bioelimination or biodegradation.
. Controlled or triggerable drug release.
. Molecular level isolation and protection of the drug against inactivation during

transit to target cells.
Minimal nonspecific cellular and blood-protein binding properties.
Ease of consistent, reproducible, clinical-grade synthesis.

3.7 Innovations for Improving Oral Drug Delivery

3.7.

1 Fast-Dissolving Tablets

Fast-disintegration technology is used for manufacturing these tablets. The advan-
tages of fast-dissolving tablets are as follows:
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. Convenient to take without use of water

. Easier to take by patients who cannot swallow

. Rapid onset of action due to faster absorption

. Less gastric upset because the drug is dissolved before it reaches the stomach
. Improved patient compliance

O N O R S

3.7.2 Softgel Formulations

Capsules and other protective coatings have been used to protect the drugs in their
passage through the upper gastrointestinal tract for delayed absorption. The coat-
ings also serve to reduce stomach irritation. The softgel delivers drugs in solution
and yet offers advantages of solid dosage form. Softgel capsules are particularly
suited for hydrophobic drugs which have poor bioavailability because these drugs
do not dissolve readily in water and gastrointestinal juices. If hydrophobic drugs are
compounded in solid dosage forms, the dissolution rate may be slow, absorption is
variable, and the bioavailability is incomplete. Bioavailability is improved in the
presence of fatty acids, e.g., mono- or diglycerides. Fatty acids can solubilize
hydrophobic drugs such as hydrochlorothiazide, isotretinoin, and griseofulvin in
the gut and facilitate rapid absorption. Hydrophobic drugs are dissolved in
hydrophilic solvent and encapsulated. When softgels are crushed or chewed, the
drug is released immediately in the gastric juice and is absorbed from the gastroin-
testinal tract into the blood stream. This results in rapid onset of desired therapeutic
effects. Advantages of softgels over tablets are as follows:

1. The development time for softgel is shorter because of lower bioavailability
concerns, and such solutions can be marketed at a fraction of cost.

2. Softgel formulations, e.g., that of ibuprofen, have a shorter time to peak plasma
concentration and greater peak plasma concentration when compared with a
marketed tablet formulation. Cyclosporin in softgel form can produce therapeu-
tic levels in blood that are not achievable from tablet form. Similarly, oral
hypoglycemic glipizide in softgel form is known to have better bioavailability
results when compared with tablet form.

3. Softgel delivery systems can also incorporate phospholipids or polymers or nat-
ural gums to entrap the drug active in the gelatin layer with an outer coating to
give desired delayed/controlled-release effects.

Advantages of softgel capsule over other hardshell capsules are as follows:

Sealed tightly in automatic manner

Easy to swallow

Allow product identification, using colors and several shapes
Better stability than other oral delivery systems

Good availability and rapid absorption

Offer protection against contamination, light, and oxidation
Unpleasant flavors are avoided because of content encapsulation

Nk wb =
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3.7.3 Improving Drug Release Mechanisms of Oral Preparations

Drug release rates of orally administered products tend to decrease from the matrix
system as a function of time based on the nature and method of preparation. Various
approaches to address the problems associated with drug release mechanisms and
release rates use geometric configurations, including the cylindrical rod method
and the cylindrical donut method. The three-dimensional printing (3DP) provides
the following advantages:

1. Zero-order drug delivery
2. Patterned diffusion gradient by microstructure diffusion barrier technique
3. Cyclic drug release

3DP method utilizes ink-jet printing technology to create a solid object by printing
a binder into selected areas of sequentially deposited layers of powder. The active
agent can be embedded into the device either as dispersion along the polymeric
matrix or as discrete units in the matrix structure. The drug release mechanism can
be tailored for a variety of requirements such as controlled release by a proper
selection of polymer material and binder material.

3.8 Drug Delivery Devices

One of the most obvious ways to provide sustained-release medication is to place
the drug in a delivery device and implant the system into body tissue. A classifica-
tion of drug delivery devices is shown in Table 1.8.

The concept of drug delivery devices is old, but new technologies are being
applied. Surgical techniques and special injection devices are sometimes required
for implantation. The materials used for these implants must be biocompatible,

Table 1.8 Classification of drug delivery devices

Surgically implanted devices for prolonged sustained drug release
Drug reservoirs

Surgically implanted devices for controlled/intermittent drug delivery
Pumps and conduits

Implants for controlled release of drugs (nonbiodegradable)
Implantable biosensor-drug delivery system
Microfluidics device for drug delivery
Controlled-release microchip

Implants that could benefit from local drug release
Vascular stents: coronary, carotid, and peripheral vascular
Ocular implants
Dental implants
Orthopedic implants
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i.e., the polymers used should not cause any irritation at the site of implantation
or promote an abscess formation. Subcutaneous implantation is currently one of the
routes utilized to investigate the potential of sustained delivery systems. Favorable
absorption sites are available and the device can be removed at any time. Most
notable implantable product is Norplant (Wyeth), a contraceptive device releas-
ing levonorgestrel for up to 5 years. However, acceptance of Norplant has been
less than optimal after its initial success, and some of the reasons for this are as
follows:

1. Because of cultural differences in populations around the world, the use of a
preparation approved in a developed country may not be appropriate in a devel-
oping country.

2. Women with implants are less likely to have annual Papanicolaou smears
because they do not revisit their doctors as often as they do when using another
form of contraceptive.

3. Serious adverse events have been reported in some implant recipients.

A variety of other drugs have been implanted subcutaneously, including thyroid
hormones, cardiovascular agents, insulin, and nerve growth factor. Some implanta-
ble devices extend beyond simple sources of drug diffusion. Some devices can be
triggered by changes in osmotic pressure to release insulin, and pellets can be acti-
vated by magnetism to release their encapsulated drug load. Such external control
of an embedded device would eliminate many of the disadvantages of most
implantable drug delivery systems.

3.8.1 Implantable Biosensor-Drug Delivery System

Implantable biosensor-drug delivery system (ChipRx Inc.) integrates genetically
engineered reagents with drug storage into an implantable biosensor-drug reser-
voir system constructed from electroactive polymers (EAPs) that could be
implanted into the body for controlled release of medication. The device is the
size of a small matchstick and comes equipped with a sensor and a battery and is
covered with a series of EAP valves. When the sensor detects a certain chemical
change, it signals the battery, which emits an electrical charge. This charge acti-
vates the polymer valves, causing them to flap open and expose tiny perforations
on the capsule surface. Medication stored in the capsule then seeps through the
perforations until the sensor determines that a sufficient amount has been
released. The sensor signals the battery again, which triggers the polymer flaps
to close; the perforations are covered and the flow of medication stops. Telemetry
enables physician/patient regulation of drug release. The flagship product of
ChipRx is a fully integrated, self-regulated therapeutic system that eliminates the
need for telemetry and human intervention. This system is a true “responsive
therapeutic device”; biosensors, electronic feedback, and drug/countermeasure
release are fully integrated.
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3.8.2 Drug Delivery Device Based on Microfluidics

Computer-logic-like circuits, which control the flow of fluid through a chamber
rather than the flow of electricity through a solid, have been constructed and have
potential application in drug delivery [9]. The microfluidic circuits could eventu-
ally be used to deliver constant flows of medicine to specific points in the human
body and to control other microfluidic devices. The key to the circuit-like behav-
ior is an elastic polymer fluid that has nonlinear properties similar to those of
electronics components. In a linear system the output is proportional to the input;
nonlinear output, however, increases or decreases at a different rate than the
input. The fluid circuits have different-shaped channels that cause the molecules
of the elastic fluid to align or scramble, changing the fluid’s viscosity and there-
fore its flow rate. Such miniaturized fluidic circuits are insensitive to electromag-
netic interference and may also find medical applications for implanted drug
delivery devices. No commercial development has been reported so far. As mini-
aturization continues to nanoscale, a microelectromechanical systems micropump
with circular bossed membrane designed for nanoliter drug delivery has been
characterized [10].

3.8.3 Controlled-Release Microchip

The conventional controlled drug release from polymeric materials is in response
to specific stimuli such as electric and magnetic fields, ultrasound, light, enzymes.
Microchip technology has been applied to achieve pulsatile release of liquid solu-
tions. A solid-state silicon microchip was invented at the Massachusetts Institute
of Technology (Cambridge, MA), which incorporates micrometer-scale pumps
and flow channels to provide controlled release of single or multiple chemical
substances on demand. The release mechanism is based on the electrochemical dis-
solution of thin anode membranes covering microreservoirs filled with chemicals
in various forms. Various amounts of chemical substances in solid, liquid, or gel
form can be released either in a pulsatile or in a continuous manner or a combination
of both. The entire device can be mounted on the tip of a small probe or implanted
in the body. In future, proper selection of a biocompatible material may enable
the development of an autonomous controlled-release implant that has been
dubbed as “pharmacy-on-a-chip” or a highly controlled tablet (smart tablet) for
drug delivery. The researchers hope to engineer the chips so that they can change
the drug release schedule or medication type in response to commands beamed
through the skin. Commercial development is being done by MicroChips Inc.
Products currently in development include external and implantable microchips
for the delivery of proteins, hormones, pain medications, and other pharmaceutical
compounds. Controlled pulsatile release of the polypeptide leuprolide has been
demonstrated from microchip implants over 6 months in dogs [11]. Each microchip
contains an array of discrete reservoirs from which dose delivery can be controlled
by telemetry.
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3.8.4 Pumps and Conduits for Drug Delivery

Mechanical pumps are usually miniature devices such as implantable infusion
pumps and percutaneous infusion catheters which deliver drugs into appropriate
vessels or other sites in the body. Several pumps, implantable catheters, and infu-
sion devices are available commercially. Examples of applications of these devices
are as follows:

. Intrathecal morphine infusion for pain control

. Intraventricular drug administration for disorders of the brain
. Hepatic arterial chemotherapy

. Intravenous infusion of heparin in thrombotic disorders

. Intravenous infusion of insulin in diabetes

O N O R S

The advantages of these devices are as follows:

1. The rate of drug diffusion can be controlled.
2. Relatively large amounts of drugs can be delivered.
3. The drug administration can be changed or stopped when required.

3.9 Targeted Delivery Systems

For targeted and controlled delivery, a number of carrier systems and homing
devices are under development: glass-like matrices, monoclonal antibodies,
resealed erythrocytes, microspheres, and liposomes. There are more sophisticated
systems based on molecular mechanisms, nanotechnology, and gene delivery.
These will be discussed in the following pages.

3.9.1 Polymeric Carriers for Drug Delivery

The limitation of currently available drug therapies, particularly for the treatment
of diseases localized to specific organs, has led to efforts to develop alternative
methods of drug administration to increase their specificity. One approach for this
purpose is the use of degradable polymeric carriers for drugs which are delivered
to and deposited at the site of the disease for extended periods with minimal sys-
temic distribution of the drug. The polymeric carrier is degraded and eliminated
from the body shortly after the drug has been released. The polymers are divided
into three groups:

1. Nondegradable polymers. These are stable in biological systems. They are
mostly used as components of implantable devices for drug delivery.

2. Drug-conjugated polymers. In these the drug is attached to a water-soluble poly-
mer carrier by a cleavable bond. These polymers are less accessible to healthy
tissues when compared with the diseased tissues. These conjugates can be used
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for drug targeting via systemic administration or by implanting them directly at
the desired site of action where the drug is released by cleavage of the drug-
polymer bond. Examples of such polymers are dextrans, polyacrylamides, and
albumin.

3. Biodegradable polymers. These degrade under biological conditions to nontoxic
products that are eliminated from the body.

Macromolecular complexes of various polymers can be divided into the following
categories according to the nature of molecular interactions:

1. Complexes formed by interaction of oppositely charged polyelectrolytes
2. Charge transfer complexes

3. Hydrogen-bonding complexes

4. Stereocomplexes

Polyelectrolyte complexes can be used as implants for medical use, as microcap-
sules, or for binding of pharmaceutical products, including proteins. In recent years,
a new class of organometallic polymers, polyphosphazenes, has become available.
Synthetic flexibility of polyphosphazenes makes them a suitable material for
controlled-release technologies. Desirable characteristics of a polymeric system
used for drug delivery are as follows:

1. Minimal tissue reaction after implantation
2. High polymeric purity and reproducibility
3. A reliable drug-release profile

In Vivo Degradation at a Well-Defined Rate in Case of Biodegradable Implants

Polymeric delivery systems for implanting at specific sites are either a reservoir
type where the drug is encapsulated into a polymeric envelope that serves as a
diffusional rate-controlled membrane or a matrix type where the drug is evenly
dispersed in a polymer matrix. Most of the biodegradable systems are of the
matrix type, where drug is released by a combination of diffusion, erosion, and
dissolution. Disadvantages of the implants are that once they are in place, the dose
cannot be adjusted and the discontinuation of therapy requires a surgical procedure
to remove the implant. For chronic long-term release repeated implantations are
required.

The development of injectable biodegradable drug-delivery systems has pro-
vided new opportunities for controlled drug delivery as they have advantages over
traditional ones such as ease of application, and prolonged localized drug delivery
[12]. Both natural as well as synthetic polymers have been used for this purpose.
Following injection in fluid state, they solidify at the desired site. These systems
have been explored widely for the delivery of various therapeutic agents ranging
from antineoplastic agents to proteins and peptides such as insulin. Polymers are
also being used as nanoparticles for drug delivery, as described later in the section
on nanobiotechnology-based drug delivery.
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3.9.2 Evaluation of Polymers In Vivo

Biodegradable polymers have attracted much attention as implantable drug delivery
systems. Uncertainty in extrapolating in vitro results to in vivo systems due to the
difficulties of appropriate characterization in vivo, however, is a significant issue in
the development of these systems. To circumvent this limitation, nonelectron para-
magnetic resonance (EPR) and magnetic resonance imaging (MRI) were applied to
characterize drug release and polymer degradation in vitro and in vivo. MRI makes
it possible to monitor water content, tablet shape, and response of the biological
system such as edema and encapsulation. The results of the MRI experiments give
the first direct proof in vivo of postulated mechanisms of polymer erosion. Using
nitroxide radicals as model drug-releasing compounds, information on the mecha-
nism of drug release and microviscosity inside the implant can be obtained by
means of EPR spectroscopy. The use of both these noninvasive methods to monitor
processes in vivo leads to new insights into the understanding of the mechanisms
of drug release and polymer degradation.

3.9.3 Collagen

Collagen, being a major protein of connective tissues in animals, is widely distrib-
uted in skin, bones, teeth, tendons, eyes, and most other tissues in the body and
accounts for about one-third of the total protein content in mammals. It also plays
an important role in the formation of tissues and organs and is involved in various
cells in terms of their functional expression. Collagen as a biomaterial has been
used for repair and reconstruction of tissues and as an agent for wound dressing.

Several studies have already been conducted on the role of collagen as a carrier
in drug delivery. In vivo absorption of collagen is controlled by the use of a cross-
linking agent such as glutaraldehyde or by induction of cross-linking through ultra-
violet or gamma ray irradiation in order to enhance the sustained-release effects.
Release rate of drugs can be controlled by (1) collagen gel concentration during
preparation of the drug delivery system, (2) the form of drug delivery system, and
(3) the degree of cross-linking of the collagen.

3.10 Particulate Drug Delivery Systems

The concept of using particles to deliver drugs to selected sites of the body origi-
nated from their use as radiodiagnostic agents in medicine in the investigation of
the reticuloendothelial system (liver, spleen, bone marrow, and lymph nodes).
Particles ranging from 20 to 300um have been proposed for drug targeting.
Because of the small size of the particles, they can be injected directly into the sys-
temic circulation or a certain compartment of the body. Particulate drug delivery
systems may contain an intimate mixture of the drug and the core material or the
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drug may be dispersed as an emulsion in the carrier material, or the drug may be
encapsulated by the carrier material. Factors that influence the release of drugs
from particulate carriers are as follows:

1. The drug: its physicochemical properties, position in the particle, and drug-
carrier interaction

2. Particles: type, size, and density of the particle

3. Environment: temperature, light, presence of enzymes, ionic strength, and
hydrogen ion concentration

Various particulate drug carrier systems can be grouped into the following classes:

1. Microspheres are particles larger than 1um but small enough not to sediment
when suspended in water (usually 1-100 pm).

. Nanoparticles are colloidal particles ranging in size between 10 and 1000 nm.

. Glass-like sugar matrices.

. Liposomes.

. Cellular particles such as resealed erythrocytes, leukocytes, and platelets.

W B~ W N

3.10.1 Microspheres

Microspheres prepared from cross-linked proteins have been used as biodegradable
drug carriers. The rate of release of small drug molecules from protein microspheres
is relatively rapid, although various strategies, such as complexing the drug with
macromolecules, can be adopted to overcome this problem. Polysaccharides
(e.g., starch) and a wide range of synthetic polymers have been used to manufacture
microspheres. Microcapsules differ from microspheres in having a barrier membrane
surrounding a solid or liquid core, which is an advantage in case of peptides and pro-
teins. Special applications of microspheres and microcapsules are as follows:

1. Poly-pL-lactide-co-glycolide-agarose microspheres can encapsulate protein and
stabilize them for drug delivery.

2. Multicomponent, environmentally responsive, hydrogel microspheres, coated
with a lipid bilayer, can be used to mimic the natural secretory granules for drug
delivery.

3. Microencapsulation of therapeutic agents provides local controlled drug release
in the central nervous system across the blood-brain barrier.

4. Microspheres can be used for chemoembolization of tumors in which the vascu-
lature is blocked while anticancer agent is released from the trapped
microparticles.

5. Microcapsules, produced at ideal size for inhalation (1-5um), can be used in
formulating drugs for pulmonary delivery, both for local delivery and for
systemic absorption.

6. Microspheres can be used as nasal drug delivery systems for systemic absorption
of peptides and proteins.
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7. Poly-DL-lactide-co-glycolide microspheres can be used as a controlled-release
antigen delivery system — parenteral or oral.

8. Delivery of antisense oligonucleotides.

9. Nanoencapsulation of DNA in bioadhesive particles can be used for gene ther-
apy by oral administration.

3.10.2 Glass-like Sugar Matrices

These are microparticles made of glass-like sugar matrix. The solution of sugar and
insulin is sprayed as a mist into a stream of hot, dry air, which quickly dries the mist
to a powder, a process known as spray drying. The transformation from liquid to a
glassy powder is rapid and prevents denaturation of the insulin. Sugar microspheres
can also be used for preserving drugs and vaccines which normally require refrig-
eration for travel to remote parts of the world. Sugar molecules protect the drug
molecules by “propping up” the active structure, preventing it from denaturing
when the water molecules are removed.

3.10.3 Resealed Red Blood Cells

Red blood cells (RBCs) have been studied the most of all the cellular drug carriers.
When RBCs are placed in a hypotonic medium, they swell, leading to rupture of
the membrane and formation of pores. This allows encapsulation of 25% of the
drug or enzyme in solution. The membrane is resealed by restoring the tonicity of
the solution. The following are the potential uses of loaded RBCs as drug delivery
systems:

1. They are biodegradable and nonimmunogenic.

2. They can be modified to change their resident circulation time; depending on
their surface, cells with little surface damage can circulate for a longer time.

3. Entrapped drug is shielded from immunological detection and external enzy-
matic degradation.

4. The system is relatively independent of the physicochemical properties of the
drug.

The drawbacks of using RBCs are that the damaged RBCs are sequestered in the
spleen and the storage life is limited to about 2 weeks.

3.11 Nanotechnology-Based Drug Delivery

Nanotechnology is the creation and utilization of materials, devices, and sys-
tems through the control of matter on the nanometer-length scale, i.e., at the
level of atoms, molecules, and supramolecular structures. It is the popular term
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for the construction and utilization of functional structures with at least one
characteristic dimension measured in nanometer — a nanometer is one billionth
of a meter (10~ m). Nanotechnologies are described in detail in a special report
on this topic [13].

Trend toward miniaturization of carrier particles had already started prior to the
introduction of nanotechnology in drug delivery. The suitability of nanoparticles for
use in drug delivery depends on a variety of characteristics, including size and
porosity. Nanoparticles can be used to deliver drugs to patients through various
routes of delivery. Nanoparticles are important for delivering drugs intravenously
so that they can pass safely through the body’s smallest blood vessels, for increas-
ing the surface area of a drug so that it will dissolve more rapidly, and for deliv-
ering drugs via inhalation. Porosity is important for entrapping gases in
nanoparticles, for controlling the release rate of the drug, and for targeting drugs
to specific regions.

It is difficult to create sustained-release formulations for many hydrophobic
drugs because they release too slowly from the nanoparticles used to deliver the
drug, diminishing the efficacy of the delivery system. Modifying water uptake into
the nanoparticles can speed the release, while retaining the desired sustained-release
profile of these drugs. Water uptake into nanoparticles can be modified by adjusting
the porosity of the nanoparticles during manufacturing and by choosing from a
wide variety of materials to include in the shell.

Nanobiotechnology provides the following solutions to the problems of drug
delivery:

1. Improving solubilization of the drug.

2. Using noninvasive routes of administration eliminates the need for administra-
tion of drugs by injection.

3. Development of novel nanoparticle formulations with improved stabilities and
shelf-lives.

4. Development of nanoparticle formulations for improved absorption of insoluble
compounds and macromolecules enables improved bioavailability and release
rates, potentially reducing the amount of dose required and increasing safety
through reduced side effects.

5. Manufacture of nanoparticle formulations with controlled particle sizes,
morphology, and surface properties would be more effective and less expensive
than other technologies.

6. Nanoparticle formulations that can provide sustained-release profiles up to 24 h
can improve patient compliance with drug regimens.

7. Direct coupling of drugs to targeting ligand restricts the coupling capacity to a
few drug molecules, but coupling of drug carrier nanosystems to ligands allows
import of thousands of drug molecules by means of one receptor targeted ligand.
Nanosystems offer opportunities to achieve drug targeting with newly discov-
ered disease-specific targets.
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3.11.1 Nanomaterials and Nanobiotechnologies Used for Drug Delivery

Various nanomaterials and nanobiotechnologies used for drug delivery are shown
in Table 1.9.

3.11.2 Liposomes

Liposomes are stable microscopic vesicles formed by phospholipids and similar
amphipathic lipids. Liposome properties vary substantially with lipid composition,
size, surface charge, and the method of preparation. They are therefore divided into
three classes based on their size and number of bilayers.

1. Small unilamellar vesicles are surrounded by a single lipid layer and are 25-50nm
in diameter.

2. Large unilamellar vesicles are a heterogeneous group of vesicles similar to small
unilamellar vesicles and are surrounded by a single lipid layer.

3. Multilamellar vesicles consist of several lipid layers separated from each other
by a layer of aqueous solution.

Lipid bilayers of liposomes are similar in structure to those found in living cell
membranes and can carry lipophilic substances such as drugs within these layers in
the same way as cell membranes. The pharmaceutical properties of the liposomes
depend on the composition of the lipid bilayer and its permeability and fluidity.
Cholesterol, an important constituent of many cell membranes, is frequently
included in liposome formulations because it reduces the permeability and increases
the stability of the phospholipid bilayers.

Until recently, the use of liposomes as therapeutic vectors was hampered by their
toxicity and lack of knowledge about their biochemical behavior. The simplest use
of liposomes is as vehicles for drugs and antibodies targeted for the targeted deliv-
ery of anticancer agents. The use of liposomes may be limited because of problems
related to stability, the inability to deliver to the right site, and the inability to release
the drug when it gets to the right site. However, liposome surfaces can be readily
modified by attaching polyethylene glycol (PEG) units to the bilayer (producing
what is known as stealth liposomes) to enhance their circulation time in the blood-
stream. Furthermore, liposomes can be conjugated to antibodies or ligands to
enhance target-specific drug therapy.

Polymer Nanoparticles

Biodegradable polymer nanoparticles are PEG-coated poly(lactic acid) (PLA)
nanoparticles, chitosan (CS)-coated poly(lactic acid—glycolic acid) (PLGA) nano-
particles, and chitosan (CS) nanoparticles. These nanoparticles can carry and
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deliver proteins in an active form, and transport them across the nasal and intestinal
mucosa. Additionally, PEG-coating improves the stability of PLA nanoparticles in
the gastrointestinal fluids and helps the transport of the encapsulated protein, teta-
nus toxoid, across the intestinal and nasal mucous membranes [14]. Furthermore,
intranasal administration of these nanoparticles provided high and long-lasting
immune responses.

N-(2-Hydroxyl) propyl-3-trimethyl ammonium chitosan chloride (HTCC) is
a water-soluble derivative of chitosan (CS), synthesized by the reaction between
glycidyl-trimethyl-ammonium chloride and CS. HTCC nanoparticles have been
formed based on ionic gelation process of HTCC and sodium tripolyphos-
phate (TPP). Bovine serum albumin (BSA), as a model protein drug, was incorpo-
rated into the HTCC nanoparticles. HTCC nanoparticles were 110-180nm in
size, and their encapsulation efficiency was up to 90%. In vitro release stud-
ies showed a burst effect, followed by a slow and continuous release.
Encapsulation efficiency was obviously increased with increase in initial BSA
concentration [15].

Coating of PLGA nanoparticles with the mucoadhesive CS improves the stabil-
ity of the particles in the presence of lysozyme and enhanced the nasal transport of
the encapsulated tetanus toxoid. Nanoparticles made solely of CS are stable upon
incubation with lysozyme. Moreover, these particles are very efficient in improving
the nasal absorption of insulin as well as the local and systemic immune responses
to tetanus toxoid, following intranasal administration.

Polymeric Micelles

Micelles are biocompatible nanoparticles varying in size from 50 to 200nm in
which poorly soluble drugs can be encapsulated. They represent a possible solu-
tion to the delivery problems associated with such compounds and could be
exploited to target the drugs to particular sites in the body, potentially alleviating
toxicity problems. pH-sensitive drug delivery systems can be engineered to
release their contents or change their physicochemical properties in response to
variations in the acidity of the surroundings. One example of this is the prepara-
tion and characterization of novel polymeric micelles (PM) composed of
amphiphilic pH-responsive poly(N-isopropylacrylamide) (PNIPAM) or poly(alky
I(meth)acrylate) derivatives [16]. On one hand, acidification of the PNIPAM
copolymers induces a coil-to-globule transition that can be exploited to destabi-
lize the intracellular vesicle membranes. PNIPAM-based PMs, loaded with either
doxorubicin or aluminum chloride phthalocyanine, are cytotoxic in murine tumor
models. On the other hand, poly(alkyl(meth)acrylate) copolymers can be designed
to interact with either hydrophobic drugs or polyions and release their cargo upon
an increase in pH. Micelle-forming polymeric drugs such as NK911 (doxoru-
bicin-incorporating micelle) and NK105 (taxol-incorporating micelle) are in
clinical trials sponsored by Nippon Kayaku Co. and conducted at the National
Cancer Center Hospital, Tokyo, Japan [17].
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3.11.3 Future Prospects of Nanotechnology-Based Drug Delivery

A desirable situation in drug delivery is to have smart drug delivery systems that
can integrate with the human body. This is an area where nanotechnology will play
an extremely important role. Even time-release tablets, which have a relatively
simple coating that dissolves in specific locations, involve the use of nanoparticles.
Pharmaceutical companies are already involved in using nanotechnology to create
intelligent drug release devices. For example, control of the interface between the
drug/particle and the human body can be programmed so that when the drug
reaches its target, it can become active. The use of nanotechnology for drug release
devices requires autonomous device operation. For example, in contrast to convert-
ing a biochemical signal into a mechanical signal and being able to control and
communicate with the device, autonomous device operation would require
biochemical recognition to generate forces to stimulate various valves and channels
in the drug delivery systems, so that it does not require any external control.

3.12 Anftibody-Targeted Systems

Drug delivery systems can make use of macromolecular attachment for delivery
using immunoglobulins as the macromolecule. The obvious advantage of this sys-
tem is that it can be targeted to the site of antibody specificity. The advantages are
that less amount of drug is required and side effects are reduced considerably.

Drugs are linked, covalently or noncovalently to the antibody, or placed in vesicles
such as liposomes or microspheres and the antibody is used to target the liposome.
Covalent attachments are generally not very efficient and diminish the antigen-
binding capacity. If conjugation is done through an intermediate carrier molecule,
it is possible to increase the drug/antibody ratio. Such intermediates include dextran
or poly-L-glutamic acid.

Examples of drugs that have been conjugated to antibodies or their fragments are
anticancer drugs. Numerous antibody-liposome combinations have been investigated
for delivering drugs and genes. The term immunoliposomes is used for liposomes
loaded with drug cargo that have been surface-conjugated to antibodies. The main
advantage of antibody-targeted system is that the adverse effects of anticancer drugs
can be reduced by use of monoclonal antibodies that recognize only tumor antigens.

3.13 Receptor-Mediated Targeted Drug Delivery

Receptor-mediated endocytosis is a process whereby extracellular macromolecules
and particles gain entry to the intracellular environments. Cell surface receptors are
complex transmembrane proteins that mediate highly specific interactions between
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cells and their extracellular environment. The cells use receptor-mediated endocytosis
for nutrition, defense, transport, and processing. Cellular uptake of drugs bound to
a targeting carrier or to a targetable polymeric carrier is mostly restricted to recep-
tor-mediated endocytosis. Because receptors are differentially expressed in various
cell types and tissues, using receptors as markers may be an advantageous strategy
for drug delivery. Receptor-mediated uptake can achieve the specific transport of
the drug to the receptor-bearing target cells. Many receptors such as receptors for
transferrin, low-density lipoprotein, and asialoglycoprotein have been used to
deliver drugs to specific types of cells or tissues.

Many recent advances in targeted drug delivery have focused on regulation of
the endogenous membrane trafficking machinery in order to facilitate uptake of drugs
via receptor-mediated endocytosis into target tissues. Vesicle motor proteins
(kinesin, cytoplasmic dynein, and myosin) play an important role in membrane
trafficking events and are referred to as molecular motors. It is important to under-
stand the events involved in the movement of surface-bound and extracellular com-
ponents by endocytosis into the cell. Knowledge of sorting events within the
endocytic pathways that govern the intracellular destination and the ultimate fate of
the drug is also important. If internalization of the drug is followed by recycling or
degradation, no accumulation can occur within the cell. Strategies for regulation of
such events can enhance drug delivery. One example is delivery of genes via recep-
tor-mediated endocytosis in hepatocytes. Factors that influence the efficiency of
the receptor-mediated uptake of targeted drug conjugate are as follows:

. Affinity of the targeting moieties

. The affinity and nature of target antigen

. Density of the target antigen

. The type of cell targeted

. The rate of endocytosis

. The route of internalization of the receptor-ligand complex

. The ability of the drug to escape from the vesicular compartment into the cytosol
. The affinity of the carrier to the drug

el N B e Y R O I S

Receptor-mediated drug delivery is particularly applicable to cytotoxic therapy for
cancer and gene therapy.

3.14 Methods of Administration of Proteins and Peptides

Various possible routes for administration of proteins and peptides are as follows:

. Parenteral

. Transdermal
. Inhalation

. Transnasal
Oral

SN NSNS
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6. Rectal

7. Implants

8. Cell and gene therapies

9. Use of special formulations

Injection still remains the most common method for administration of proteins and
peptides. Efforts are being made to use needle-free or painless injections and also
to improve the controlled delivery by parenteral route.

3.14.1 Delivery of Peptides by Subcutaneous Injection

Subcutaneous still remains the predictable and controllable route of delivery for
peptides and macromolecules. However, there is need for greater convenience and
lower cost for prolonged and repeated delivery. An example of refinement of sub-
cutaneous delivery is MEDIPAD (Elan Pharmaceutical Technologies), which is a
combination of “patch” concept and a sophisticated miniaturized pump operated by
gas generation. It was described in the report on transdermal drug delivery.

3.14.2 Depot Formulations and Implants

These are usually administered by injection and must ensure protein/peptide
stability. One of the formulations used is poly(lactide-co-glycide) sustained release.
Example of an approved product in the market is leuprolide. Implants involve
invasive administration and also must ensure protein/peptide stability. Implantable
titanium systems provide drug release driven by osmotic pumps. This technology
has been extended to other proteins such as growth hormone. Nutropin Depot
(Genentech/Alkermes) is the first long-acting form of growth hormone that encap-
sulates the drug in biodegradable microspheres that release the hormone slowly
after injection. It reduces the frequency of injection in children with growth hormone
deficiency from once daily to once a month.

3.14.3 Poly(ethylene glycol) Technology

Poly(ethylene glycol) or PEG, a water-soluble polymer, is a well recognized treatment
for constipation. When covalently linked to proteins, PEG alters their properties in ways
that extend their potential uses. Chemical modification of proteins and other bioactive
molecules with PEG — a process referred to as PEGylation — can be used to tailor
molecular properties to particular applications, eliminating disadvantageous properties
or conferring new molecular functions. This approach can be used to improve delivery
of proteins and peptides. Advantages of PEG technology are as follows:

1. Increase of drug solubility
2. Increase of drug stability
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3. Reduction of immunogenicity
4. Increase in circulation life-time
5. Improvement of release profile

Enzyme deficiencies for which therapy with the native enzyme is inefficient (due
to rapid clearance and/or immunological reactions) can now be treated with equiva-
lent PEG-enzymes.

4 New Concepts in Pharmacology That Influence
Design of DDS

Pharmacology, particularly pharmacokinetics and pharmacodynamics, have tradition-
ally influenced drug delivery formulations. Some of the newer developments in phar-
macology and therapeutics that influence the development of DDSs are as follows:

Pharmacogenetics
Pharmacogenomics
Pharmacoproteomics
Pharmacometabolomics
Chronopharmacology

Dk e =

The first four items are linked together and form the basis of personalized medicine,
which will be discussed later in this chapter.

4.1 Pharmacogenetics

Pharmacogenetics, a term recognized in pharmacology in the pregenomic era, is the
study of influence of genetic factors on action of drugs as opposed to genetic causes
of disease. Now it is the study of the linkage between the individual’s genotype and
the individual’s ability to metabolize a foreign compound. The pharmacological
effect of a drug depends on pharmacodynamics (interaction with the target or the
site of action) and pharmacokinetics (absorption, distribution, and metabolism). It
also covers the influence of various factors on these processes. Drug metabolism is
one of the major determinants of drug clearance and the factor that is most often
responsible for interindividual differences in pharmacokinetics.

The differences in response to medications are often greater among members of
a population than they are within the same person or between monozygotic twins
at different times. The existence of large population differences with small intrapa-
tient variability is consistent with inheritance as a determinant of drug response. It
is estimated that genetics can account for 20-95% of variability in drug disposition
and effects. Genetic polymorphisms in drug-metabolizing enzymes, transporters,
receptors, and other drug targets have been linked. From this initial definition, the
scope has broadened so that it overlaps with pharmacogenomics. Genes influence
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pharmacodynamics and pharmacokinetics. Pharmacogenetics has a threefold role in
the pharmaceutical industry, which is relevant to the development of personalized
medicines. The three roles are as follows:

1. For study of the drug metabolism and pharmacological effects
2. For predicting genetically determined adverse reactions
3. Drug discovery and development and as an aid to planning clinical trials

4.2 Pharmacogenomics

Pharmacogenomics, a distinct discipline within genomics, carries on that tradition by
applying the large-scale systemic approaches of genomics to understand the basic
mechanisms and apply them to drug discovery and development. Pharmacogenomics
now seeks to examine the way drugs act on the cells as revealed by the gene expression
patterns and thus bridges the fields of medicinal chemistry and genomics. Some of the
drug response markers are examples of interplay between pharmacogenomics and phar-
macogenetics; both are playing an important role in the development of personalized
medicines [18]. The two terms — pharmacogenetics and pharmacogenomics — are some-
times used synonymously but one must recognize the differences between the two.

Various technologies enable the analysis of these complex multifactorial sit-
uations to obtain individual genotypic and gene expression information. These
same tools are applicable to study the diversity of drug effects in different popula-
tions. Pharmacogenomics promises to enable the development of safer and more
effective drugs by helping to design clinical trials such that nonresponders would
be eliminated from the patient population and take the guesswork out of prescribing
medications. It will also ensure that the right drug is given to the right person from
the start. In clinical practice, doctors could test patients for specific single nucle-
otide polymorphisms (SNPs) known to be associated with nontherapeutic drug
effects before prescribing in order to determine which drug regimen best fits their
genetic make-up. Pharmacogenomic studies are rapidly elucidating the inherited
nature of these differences in drug disposition and effects, thereby enhancing drug
discovery and providing a stronger scientific basis for optimizing drug therapy on
the basis of each patient’s genetic constitution.

Pharmacogenomics provides a new way of looking at the old problems, i.e., how
to identify and target the essential component of disease pathway(s). These changes
will increase the importance of drug delivery systems, which need to be adapted to
our changing concept of the disease. Drug delivery problems have to be considered
parallel to all stages of drug development from discovery to clinical use.

4.3 Pharmacoproteomics

The term proteomics indicates PROTEins expressed by a genOME and is the
systematic analysis of protein profiles of tissues. There is an increasing interest in
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proteomics technologies now because deoxyribonucleic acid (DNA) sequence
information provides only a static snapshot of the various ways in which the cell
might use its proteins, whereas the life of the cell is a dynamic process. Role of
proteomics in drug development can be termed pharmacoproteomics. Proteomics-
based characterization of multifactorial diseases may help to match a particular
target-based therapy to a particular marker in a subgroup of patients. The industrial
sector is taking a lead in developing this area. Individualized therapy may be based
on differential protein expression rather than a genetic polymorphism.

4.4 Chronopharmacology

The term chronopharmacology is applied to variations in the effect of drugs
according to the time of their administration during the day. Mammalian biological
functions are organized according to circadian rhythms (lasting about 24 h). They
are coordinated by a biological clock situated in the suprachiasmatic nuclei (SCN)
of the hypothalamus. These rhythms persist under constant environmental conditions,
demonstrating their endogenous nature. Some rhythms can be altered by disease.
The rhythms of disease and pharmacology can be taken into account to modulate
treatment over the 24-h period.

The knowledge of such rhythms appears particularly relevant for the understand-
ing and/or treatment of hypertension and ischemic coronary artery disease. In rats and
in man, the circadian rhythm of systolic or diastolic blood pressure can be dissociated
from the rest-activity cycle, suggesting that it is controlled by an oscillator which can
function independently of the SCN, which could justify modification of treatment
according to the anomalies of the blood pressure rhythm. The morning peak of myo-
cardial infarction in man is due to the convergence of several risk factors, each of
which has a 24-h cycle: blood coagulability, BP, oxygen requirements, and myocar-
dial susceptibility to ischemia. The existence of these rhythms, and the chronophar-
macology of cardiovascular drugs such as nitrate derivatives, constitute clinical
prerequisites for the chronopharmacotherapy of heart disease.

It is known that the sensitivity of tumor cells to chemotherapeutic agents can
depend on circadian phase. There are possible differences in rhythmicity of cells
within tissues. If cells within a tumor are not identically phased, this may allow some
cells to escape from the drug’s effect. Perhaps synchronizing the cells prior to drug
treatment would improve tumor eradication. Wild-type and circadian mutant mice
demonstrate striking differences in their response to the anticancer drug cyclophos-
phamide. The sensitivity of wild-type mice varies greatly, depending on the time of
drug administration, while Clock mutant and Bmall knockout mice are highly sensi-
tive to treatment at all times tested. Both time-of-day and allelic-dependent variations
in response to chemotherapy correlate with the functional status of the circadian
Clock/Bmall transactivation complex, which affects the lethality of chemotherapeu-
tic agents by modulating the survival of the target cells necessary for the viability of
the organism [19]. These findings will provide a rationale not only for adjusting the
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Table 1.10 Current trends in pharmaceutical product development

Use of recombinant DNA technology

Expansion of use of protein and peptide drugs in current therapeutics
Introduction of antisense, RNA interference, and gene therapy

Advances in cell therapy: introduction of stem cells

Miniaturization of drug delivery: microparticles and nanoparticles
Increasing use of bioinformatics and computer drug design

A trend toward development of target-organ-oriented dosage forms
Increasing emphasis on controlled-release drug delivery

Use of routes of administration other than injections

Increasing alliances between pharmaceutical companies and DDS companies

DDS drug delivery systems

timing of chemotherapeutic treatment to be less toxic but also for providing a basis
for a search for pharmacological modulators of drug toxicity acting through circadian
system regulators. This result may significantly increase the therapeutic index and
reduce morbidity associated with anticancer treatment.

Chronopharmacological drug formulations can provide the optimal serum levels
of the drug at the appropriate time of the day or night. For example, if the time of
action desired is early morning, drug release is optimized for that time, whereas
with conventional methods of drug administration, the peak will be reached in the
earlier part of the night and with controlled release the patient will have a constant
high level throughout the night. Effective chronopharmacotherapeutics will not
only improve the efficacy of treatment but will open up new markets. This approach
to treatment requires suitable drug delivery systems.

4.5 Impact of Current Trends in Pharmaceutical Product
Development on DDS

Considerable advances have taken place in pharmaceutical industry during the past
two decades. Contemporary trends in pharmaceutical product development that are
relevant to DDS are listed in Table 1.10. Drug delivery technologies have become an
important part of the biopharmaceutical industry. Drug delivery systems, pharmaceu-
tical industry, and biotechnology interact with each other as shown in Fig. 1.1.

4.6 Impact of New Biotechnologies on Design of DDS

New biotechnologies have a great impact on the design of DDS during the past
decade. The most significant of these technologies is nanobiotechnology.
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Fig. 1.1 Interrelationship of DDS, pharmaceutical industry, and biotechnology

5

Aims of DDS Development

Drug delivery technologies are aimed at improving efficacy and safety of medicines
as well as commercial pharmaceutical development. The following are the impor-
tant points:

AN B WN =

. Improvement of drug safety and efficacy

. Improved compliance

. Chronopharmacological benefits

. Reduction of cost of drug development

. Life extension of the products

. Reduction of risk of failure in new product development

5.1 Improvement of Safety and Efficacy

Improvement of the safety and efficacy of existing medications is a common objec-
tive for all those involved in healthcare. There is no doubt that improved delivery
of medications with longer duration of action leads to increased efficacy. Lesser
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quantities of the active ingredients are required, and targeted application can spare
the rest of the body from side effects.

5.2 Improved Compliance

Compliance is a big problem in medical care. Most patients do not like to take medica-
tions or fail to take them as instructed. Drugs with sustained release can remedy some
of these problems. Once daily dosage with sustained action is likely to improve the
compliance rate to 80% when compared with 40% for three or four times a day. Some
of the novel delivery methods such as transdermal or buccal are preferred by most
patients to oral intake or injections. Lack of compliance is responsible for a significant
number of hospital admissions in the USA (as high as 10% in some estimates). Overall
cost of noncompliance in the USA was more than $100 billion in 2006. Improvement
of compliance can lead to significant reductions in healthcare costs.

5.3 Life Extension of the Products

Patents of several proprietary drugs are about to expire. The introduction of an
improved dosage delivery form prior to the expiry of the patent allows the manu-
facturer to maintain the product with some advantages over generic copies. Several
aspects of this are as follows:

1. Alternative dosage form may offer advantages over the old product such as
improved compliance, increased safety, and enhanced efficacy.

2. Development of a previously unknown delivery formulation of an old product
would enable a new patent to be obtained even though the active ingredient is
the same.

3. Sustained released versions of an older drug are easy to copy in the generic form
but high tech drug delivery forms are not easy to copy.

4. Drugs with expiring patents can be converted into proprietary over-the-counter
products to maintain brand franchise.

5.4 [Economic Factors

Economics is the most important driver for the development of drug delivery tech-
nology. Benefits of new formulations are perceptible at various levels of drug
development and patient care as follows:

Continued revenues after expiry of patent. A new drug delivery method can
continue to generate revenues for the manufacturer years after expiry of the patent
for the original active ingredient. This may sometimes exceed the earnings from the
original product.
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Market extension. New formulations based on novel drug delivery systems can
open up new indications and new markets for the old product. Calcium antagonists
were originally launched for angina but achieved more success in the management
of hypertension following development of immediate-release formulations.

Drug rescue. Several drugs are discontinued at various stages of development
process because of lack of suitable delivery technology. Some promising products
get into clinical trials only to be dismissed because of unacceptable toxicity or lack
of efficacy. This means considerable financial loss for the companies. An appropri-
ate drug delivery system may rescue some of these products by overcoming these
difficulties and also increase the number of potential drugs for clinical trials from
the preclinical pipeline of a company.

Reduction of cost of drug development. Compared to the high cost and long development
time of a pharmaceutical product, a drug delivery system takes a much shorter time
to develop — usually 2—4 years — and costs much less. Development for a new formu-
lation of a generic preparation has more potential of profit in relation to investment
when compared with developing a new chemical entity.

Reduction of financial risk. With large investments in R&D of biotechnology
products, there is a considerable element of risk involved, and a number of biotech-
nology companies have failed. In contrast, development of drug delivery products
requires only a fraction of capital investment and less time for approval. The use of
already approved drugs takes away the element of risk involved in approval of the
main ingredient of the DDS.

Reduction of healthcare costs. Lack of compliance is a considerable burden on the
healthcare systems because of increased hospitalizations. Improvement of compliance
by appropriate drug delivery systems reduces the cost of healthcare. An appropriate
delivery system also reduces the amount of drug used and thus reduces the costs.

Competitive advantage. In today’s pharmaceutical market place, with several
products for the same pharmaceutical category, a suitable drug delivery system may
help in providing an advantage in competition. A product with a better and more
appropriate drug delivery system may move ahead of its competitors if the eco-
nomic advantages based on improved efficacy, safety, and compliance can be
demonstrated.

6 Impact of Current Trends in Healthcare on DDS

Medicine is constantly evolving from the impact of new technologies. In the past,
medicine was more of an art than a science, but the effect of new discoveries in life
sciences is having its impact on the practice of medicine. Revolutionary discoveries
in molecular biology did not have an immediate impact on medicine and there is a
lag period before changes are noticeable in the practice of medicine. Many of these



1 Drug Delivery Systems — An Overview 47

changes come from better understanding of the disease, whereas others come from
improvements in pharmaceuticals and their delivery. One of the most important
trends in healthcare is the concept of personalized medicine.

6.1 Personalized Medicine

Personalized medicine simply means the prescription of specific treatments and
therapeutics best suited for an individual. It is also referred to as individualized or
individual-based therapy. Personalized medicine is based on the idea of using a
patient’s genotype as a factor in deciding on treatment options, but other factors are
also taken into consideration. Genomic/proteomic technologies have facilitated the
development of personalized medicines but other technologies are also contributing
to this effort. This process of personalization starts at the development stage of a
medicine and is based on pharmacogenomics and pharmacogenetics. Selection of a
DDS most appropriate for a patient would be a part of personalized medicine.

Because all major diseases have a genetic component, knowledge of genetic
basis helps in distinguishing between clinically similar diseases. Classifying dis-
eases based on genetic differences in affected individuals rather than by clinical
symptoms alone makes diagnosis and treatment more effective. Identifying human
genetic variations will eventually allow clinicians to subclassify diseases and adapt
therapies to the individual patients.

Several diseases can now be described in molecular terms. Some defects can
give rise to several disorders, and diseases will be reclassified on molecular basis
rather than according to symptoms and gross pathology. The implication of this is
that the same drug can be used to treat a number of diseases with the same molecu-
lar basis. Another way of reclassification of human diseases will be subdivision of
patient populations within the same disease group according to genetic markers and
response to medications.

Along with other technologies, refinements in drug delivery will play an important
role in the development of personalized medicine. One well-known example is glucose
sensors regulating the release of insulin in diabetic patients. Gene therapy, as a sophis-
ticated drug delivery method, can be regulated according to the needs of individual
patients. ChipRx Inc. is developing a true “responsive therapeutic device” in which
biosensors, electronic feedback, and drug/countermeasure release are fully integrated.

7 Characteristics of an Ideal DDS

Characteristics of an ideal drug delivery system are as follows:

1. It should increase the bioavailability of the drug.
2. It should provide for controlled drug delivery.
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3. It should transport the drug intact to the site of action while avoiding the nondis-
eased host tissues.

4. The product should be stable and delivery should be maintained under various
physiological variables.

. A high degree of drug dispersion.

The same method should be applicable to a wide range of drugs.

. It should be easy to administer to the patients.

. It should be safe and reliable.

. It should be cost-effective.

O 0 W

8 Integration of Diagnostics, Therapeutics, and DDS

Combination of diagnostics with therapeutics is an important component of personalized
medicine. A DDS can be integrated into this combination to control the delivery of
therapeutics in response to variations in the patient’s condition as monitored by diag-
nostics. Nanobiotechnology has helped in this integration. One example is use of quan-
tum dots in cancer, where diagnosis, therapeutics, and drug delivery can be combined
using quantum dots (QDs) as the common denominator [20].

The pharmaceutical industry is taking an active part in the integration of diag-
nostics and therapeutics. During drug development, there is an opportunity to guide
the selection, dosage, route of administration, and multidrug combinations to
increase the efficacy and reduce toxicity of pharmaceutical products.

9 Current Achievements, Challenges and Future
of Drug Delivery

Considerable advances have occurred in DDS within the past decade. Extended
release, controlled release, and once-a-day medications are available for several
commonly used drugs. Global vaccine programs are close to becoming a reality
with the use of oral, transmucosal, transcutaneous, and needle-less vaccination.
Considerable advances have been made in gene therapy and delivery of protein
therapeutics. Many improvements in cancer treatment can be attributed to novel
drug delivery technologies.

New drug delivery systems will develop during the next decade by interdisciplinary
collaboration of material scientists, engineers, biologists, and pharmaceutical scientists.
Progress in microelectronics and nanotechnology is revolutionalizing drug delivery.
However, DDS industry is still facing challenges and some of these are as follows:

1. Drug delivery technologies require constant redesigning to keep up with new
methods of drug design and manufacture, particularly of biotechnology
products.
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2.

As the costs of drugs are rising, drug delivery aims to reduce the costs by
improving the bioavailability of drugs so that lesser quantities need to be taken
in by the patient.

. More fundamental research needs to be done to characterize the physiological

barriers to therapy such as the blood-brain barrier.

. New materials that are being discovered, such as nanoparticles, need to have

safety studies and regulatory approval.

Future of DDS can be predicted to some extent for the next ten years. To go beyond that,
e.g., to 20 years from now, would be very speculative. Some of the drugs currently used
would disappear from the market and no one knows for sure what drugs would be dis-
covered 20 years from now. Some of the diseases may be partially eliminated and new
variants may appear, particularly in infections. With this scenario, it would be difficult to
say what methods will evolve to deliver the drugs that we do not know as yet. Some of
the drug treatments may be replaced by devices that do not involve the use of drugs.
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Chapter 2
The Role of the Adeno-Associated Virus
Capsid in Gene Transfer

Kim M. Van Vliet, Veronique Blouin, Nicole Brument,
Mavis Agbandje-McKenna, and Richard O. Snyder

Abstract Adeno-associated virus (AAV) is one of the most promising viral gene
transfer vectors that has been shown to effect long-term gene expression and
disease correction with low toxicity in animal models, and is well tolerated in
human clinical trials. The surface of the AAV capsid is an essential component
that is involved in cell binding, internalization, and trafficking within the targeted
cell. Prior to developing a gene therapy strategy that utilizes AAV, the serotype
should be carefully considered since each capsid exhibits a unique tissue tropism
and transduction efficiency. Several approaches have been undertaken in an effort
to target AAV vectors to specific cell types, including utilizing natural serotypes
that target a desired cellular receptor, producing pseudotyped vectors, and engineering
chimeric and mosaic AAV capsids. These capsid modifications are being incorporated
into vector production and purification methods that provide for the ability to
scale-up the manufacturing process to support human clinical trials. Protocols for
small-scale and large-scale production of AAV, as well as assays to characterize the
final vector product, are presented here.

The structures of AAV2, AAV4, and AAVS5 have been solved by X-ray crystal-
lography or cryo-electron microscopy (cryo-EM), and provide a basis for rational
vector design in developing customized capsids for specific targeting of AAV vec-
tors. The capsid of AAV has been shown to be remarkably stable, which is a desir-
able characteristic for a gene therapy vector; however, recently it has been shown
that the AAV serotypes exhibit differential susceptibility to proteases. The capsid
fragmentation pattern when exposed to various proteases, as well as the susceptibil-
ity of the serotypes to a series of proteases, provides a unique fingerprint for each
serotype that can be used for capsid identity validation. In addition to serotype
identification, protease susceptibility can also be utilized to study dynamic struc-
tural changes that must occur for the AAV capsid to perform its various functions
during the virus life cycle. The use of proteases for structural studies in solution
complements the crystal structural studies of the virus. A generic protocol based on
proteolysis for AAV serotype identification is provided here.

Keywords AAYV; capsid; Proteolysis; capsid structure; Serotype; Vector produc-
tion; Column chromatography; Gene therapy
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1 Introduction

Adeno-associated virus (AAV) is a single-stranded DNA virus that is currently being
utilized for gene therapy applications. AAV is a member of the family Parvoviridae,
genus Dependovirus. Several features of AAVs that make them promising candidates
as gene transfer vectors are as follows: (1) Good safety profile: the members of this
genus are not associated with disease in humans. The virus is replication-deficient,
and, except under special circumstances, it will not replicate or spread [1], and AAV
has been well tolerated in human clinical trials. (2) Stable long-term expression of the
transgene: AAV has successfully been used to express transgenes in several tissues,
including brain, muscle, liver, lung, vascular endothelium, and hematopoietic cells
[2-9]. (3) Ability to transduce dividing and nondividing cells [10]. (4) Episomal
maintenance: wild-type AAV exhibits site-specific integration of its genome into
chromosome 19; however, the majority of vector genomes appear to be maintained
episomally [11-13]. Therefore, the risk of integration is minimal, compared with ret-
roviral vectors that require integration into the host genome and have the potential to
activate proto-oncogenes. (5) Low immunogenicity: unlike adenoviral vectors, a
robust T cell response to the vector is not generated by AAV [14], although humoral
immune responses are generated, which may result in viral neutralization [15]. The
use of other AAV serotypes may circumvent this response and allow for repeated
treatments [16]. Alternatively, immunosuppressive therapy may be used during treat-
ment with AAV to avoid the immune response [17]. (6) Physiochemical stability:
AAV virions are highly stable over a wide range of pH and temperature, a feature that
is important for production and purification methods for clinical-grade AAV vectors,
as well as for stability of the final vector product [18].

The genome of AAV is ~4,700 bases of linear, single-stranded DNA. There are two
genes, rep and cap, which are flanked by the inverted terminal repeats (ITRs). The ITRs
consist of 145 nucleotides, which form a characteristic T-shaped hairpin. These are the
only sequences required in cis for viral DNA replication and packaging. The rep gene
encodes four nonstructural proteins, Rep78, Rep68, Rep52, and Rep40, which play a
role in viral genome replication and transcription, as well as packaging. Rep78 and
Rep68 are translated from mRNAs transcribed from the p5 promoter, while Rep52 and
Rep 40 are derived from mRNAs transcribed from the p19 promoter. Alternative splic-
ing replaces a 92 amino acid C-terminal element in Rep78 and Rep52 with a 9 amino
acid element in Rep68 and Rep40 [19]. The cap gene encodes the three structural pro-
teins of the AAV capsid, VP1 (87kDa), VP2 (72kDa), and VP3 (63kDa), translated
from mRNA transcribed from the p40 promoter. Differential splicing yields major and
minor spliced products. VP1 is translated from the minor spliced mRNA, yielding less
VP1 protein. VP2 and VP3 are both translated from the more abundant major spliced
mRNA; however, VP2 is translated less efficiently because it initiates at an ACG
codon, while VP3 is translated very efficiently because of a favorable Kozak context
[20]. As aresult, the AAV capsid proteins, which differ only in their N-terminal region,
are present in the mature virion in a ratio of 1:1:10 (VP1:VP2:VP3). The single-
stranded DNA genome of AAV and its products are depicted in Fig. 2.1.
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Fig. 2.1 The single-stranded DNA genome of AAV. The inverted terminal repeats (ITRs) flank
the two open reading frames rep and cap. The rep gene encodes four nonstructural proteins —
Rep78, Rep68, Rep52, and Rep40. The cap gene encodes three structural proteins — VP1, VP2,
and VP3. The location of the promoters, p5, p19, and p40 are depicted by arrows

2 The AAV Capsid

2.1 Capsid Assembly and Packaging

In 1980, the work of Myers and Carter provided evidence that the structural pro-
teins for AAV assemble into empty capsids, and then the genome is packaged into
these preformed capsids [21]. Pulse-chase experiments showed that empty particles
rapidly accumulate (10-20min), but that mature “full” virions accumulated more
slowly (4—-8h). They also showed that the number of empty viral particles decreases
at the same rate as the number of DNA-containing mature virions increases during
the course of infection. Additionally, de la Maza and Carter showed that DI parti-
cles, particles with deletions in the AAV genome, are packaged into apparently
normal capsids, indicating that full-length viral genomic DNA is not required for
the assembly or structural integrity of the AAV capsid [22]. In the absence of capsid
assembly, ssDNA does not accumulate, further suggesting that empty capsids form
first. Interactions between the preformed AAV capsid and Rep52 provides a mecha-
nism where the nonstructural protein’s helicase activity inserts the viral DNA [23].
Within the cell, capsid assembly occurs at centers within the nucleus where there is
colocalization of Rep proteins, capsid proteins, and DNA [24]. Empty AAV capsids
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can be produced by expressing the AAV cap gene in insect cells using a baculovirus
expression system [25] or in mammalian cells utilizing a recombinant adenovirus
expressing the AAV capsid proteins. These systems have advanced the structural
studies of the AAV capsid as a result of the large amount of empty capsids or virus-like
particles (VLPs) that can be produced. Studies of AAV assembly have demon-
strated that VP3 alone is sufficient to form VLPs [26], but VP1 is required for
infectivity [27]. Subsequently, it was shown that the unique N-terminus of VP1 has
phospholipase A2 activity and contains a nuclear localization signal (NLS) [28].
The N-terminus of VP2 also has a NLS and may play a role in transporting VP3
into the nucleus; however, it has been shown that the N-terminus of VP2 is nones-
sential and that infectious virus can be produced that lack VP2 entirely [29].
Additionally, the N-terminus of VP2 has been replaced with green fluorescent pro-
tein and these capsids still assemble and maintain infectivity. This demonstrates
that VP2 can tolerate peptide insertions and may be useful for incorporating pep-
tides into the capsid for cell-specific targeting of AAV.

2.2 Capsid Structure

The adeno-associated virus capsid is ~25nm in diameter and is composed of 60
subunits arranged in T = 1 icosahedral symmetry. Because AAV has a number of
features that make it attractive as a gene transfer vector, many studies have focused
on the basic biology of the virus, including studies that address the structural char-
acteristics. Cryo-EM or crystal structures for AAV2, AAV4, and AAVS have been
determined [30-34], and the crystal structure for AAVS is currently in progress
[35]. Dependoviruses share the same subunit fold as the other members of the fam-
ily Parvoviridae, including the insect densoviruses, and the autonomously replicat-
ing parvoviruses such as canine parvovirus (CPV) and minute virus of mice
(MVM), even though AAV shares low capsid primary sequence identity (7-22%)
[36-38]. The monomeric subunit of AAV has a conserved 3-barrel core that is com-
mon in viral capsid proteins. Figure 2.2 depicts the structure of a monomeric subu-
nit of AAV2 as determined by Xie et al. [31].

The motif is an eight-stranded antiparallel B-barrel motif (jelly-roll B-barrel),
with the B strands labeled B-I [36]. The B-strand labeled A is present in some par-
voviruses, including AAV. Not surprisingly, genetic capsid mutants of AAV?2 in the
conserved core B-barrel, such as mutl9 (BA mutation), mut20 (BB mutation),
mut25 (BD mutation), and mut46 (BI mutation), are unable to assemble into capsids
[40]. AAV has long loop insertions between the strands of the core B-barrel that are
labeled according to the B strands that they flank. These long interstrand loops
contain 3 ribbons and elements of secondary structure that form much of the outer
surface features of the AAV capsid. The GH loop is the longest interstrand loop,
and three VPs interact extensively at each three-fold axis of symmetry, forming a
prominent spike. Five DE loops each form an antiparallel B ribbon at the five-fold
axis of symmetry that results in a cylindrical structure surrounding a canyon-like
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Fig. 2.2 The structure of a monomeric subunit of AAV2 as determined by Xie et al. [31]. This
image was produced using the AAV2 coordinates from the Protein Databank, (PDB Accession no.
11p3), with the molecular modeling software PyMOL (www.pymol.org) provided by DeLano
Scientific, Palo Alto, CA [39]

depression. At the two-fold axis of symmetry there is a small depression, often
referred to as the two-fold dimple [41, 42]. Analysis of newly discovered AAV
genotypes identified a total of 12 hypervariable regions on the AAV capsid [43].
Overlaying these regions onto the X-ray crystallographic model of AAV2 showed
that these regions are exposed on the capsid surface. Most of the variability is
located between the G and H [ strands, which are implicated in the formation of
the valley and the peaks of the protruding three-fold axis of symmetry. These
surface features of the virus are responsible for the interactions of the capsid with
cellular receptors, as well as antibodies.

2.3 Cellular Receptors

Motifs on the capsid surface are critical for attachment to the host cell, which is the
first step required for infection. Different serotypes of AAV utilize unique cellular
receptors. The primary receptor for AAV2 is heparin sulfate proteoglycan (HSPG).
After binding the cell surface, AAV2 can utilize secondary receptors, such as V35
integrin, human fibroblast growth factor receptor-1 (FGFR-1), or hepatocyte
growth factor (c-met), which mediate entry [44—47]. Recently, it was demonstrated
that AAV?2 utilizes o581 as an alternative co-receptor in HEK293 cells which lack
VPS5 integrin. The integrin recognition sequence, NGR, is at amino acid 511-513
within VP3, which, in assembled capsids, is located at the three-fold axis of symmetry,
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adjacent to R585 and R588 of AAV2, which have previously been implicated in
heparin binding [48]. The NGR motif is conserved among AAV serotypes 1-11,
with the exception of AAV4, AAVS, and AAV11. Similar to AAV2, AAV3H has
also been reported to bind heparin, heparan sulfate, as well as FGFR-1 [49]. The
receptor for AAVS has been shown to be PDGFR [50], and AAVS binds to a-2-3-
N-linked sialic acids [51], while AAV4 binds to o2-3-O-linked sialic acids [52].
AAV1 and AAV6 utilize o-2-3-N-linked sialic acids, as well as o-2-6-N-linked
sialic acids; however, unlike AAV4, they are unable to utilize O-linked sialic acids
[53]. Domains on the surface of the AAV capsid interact with the cellular receptors
found on specific cells, resulting in the range of tissue tropism seen for the various
AAV serotypes.

2.4 Serotypes

There are 11 known serotypes of AAV with different cellular targets and anti-
genic properties. Recently, about 100 genomic variants of these primary AAV
serotypes have been discovered [54-56]. These new variants may provide
expanded tropism and unique cellular targets for AAV-mediated gene delivery.
Utilizing the natural differences in tropism of the AAV serotypes provides one
strategy to efficiently deliver AAV vectors to specific target tissues, and selecting
the appropriate capsid serotype for the target tissue is an important consideration.
The rAAV genome can be packaged into capsids of its own serotype, “isotype,’
or alternatively the rAAV genome can be “cross-packaged” into capsids derived
from another serotype, a process called pseudotyping [57-59]. For pseudotyped
vectors, the capsid gene of each serotype can be cloned with AAV2 rep, and the
transgene is flanked by ITRs of AAV2. The resulting vector has a capsid of some
serotype other than AAV2 and the packaged transgene flanked by the ITRs of
AAV?2. This provides a method to compare the transduction efficiency of various
serotypes and the ability to choose the most efficient one for the specific applica-
tion [58]. Table 2.1 lists several target tissues and the comparative transduction
efficiency of selected AAV serotypes studied in animal models. Efficient trans-
duction could involve cell entry associated with receptor binding and internaliza-
tion, or post-entry events such as cellular processing pathways, intracellular
transport, nuclear entry, or processing of virions and vector genomes. Thomas
et al. showed that AAV6 and AAVS vectors uncoat faster and, as a result, transgene
expression is seen sooner than AAV?2 [90, 91].

Repeated vector delivery might be needed in order to increase transgene expres-
sion or to deliver two genes in a coordinated fashion. For these applications, the
same transgene can be packaged into capsids from different AAV serotypes for
readministration and to circumvent an antibody neutralization response [92].
Differences in the amino acid composition of the viral capsid present unique
epitopes to the host’s immune system. Studies with rAAV2 and rAAV8 vectors
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expressing human factor IX indicate that the AAV?2 capsid (amino acids 373-381)
and the AAVS capsid (amino acids 50-58) can elicit a cytotoxic T-lymphocyte
(CTL) response [93]. In mice, the AAVS8 capsid amino acids 126-140 elicited a
Th1 response, whereas a Th2 response was elicited by AAV2 amino acids 475-489.
The magnitude of the immune response depends on several factors, including vec-
tor dose, as well as the route and site of administration. Antibodies formed after
transduction with one AAV serotype are likely to show only weak interaction with
other serotypes, or may not cross-react. In animals that are transduced with AAV6
and then transduced with AAV2, delivery of the transgene was not hampered;
however, animals transduced with AAV?2 and then retransduced with AAV?2 devel-
oped a neutralizing antibody response [92]. The region of the AAV?2 capsid that has
been shown to be responsible for generating a CD8* T cell response is the RXXR
motif in VP1, VP2, and VP3, which is involved in heparin binding for AAV2. This
region was identified as being involved in uptake into dendritic cells, as well as the
activation of capsid-specific T cells [94].

Alternative serotypes may also provide for treating cells that have heretofore
been refractory to AAV infection, such as stem cells. It has been demonstrated
that AAV2 is not efficient at transducing hematopoietic stem cells because of
suboptimal levels of expression of the cell surface receptor for the viral vector
(HSPG), impaired cellular trafficking of the vector, inefficient vector uncoat-
ing, and the lack of viral second-strand DNA synthesis [7]. However, AAV1 is
able to transduce hemotopoietic stem/progenitor cells when evaluated in short-
term colony assays, as well as in long-term bone marrow transplantation assays
in vivo [73]. There is also a low transduction efficiency for AAV2 in the airway
epithelium of the lung due to a low abundance of HSPG on the apical surface;
however, sialic acid is an abundant sugar on the apical surface of airway epi-
thelium and pseudotyped AAVS5 and AAV6 vectors have been shown to be
efficient at gene transfer to murine airway epithelia in vivo [95, 96].
Encapsidated AAV6 vectors achieve transduction rates that should be sufficient
for treating lung diseases, such as cystic fibrosis (CF). Recently, it was deter-
mined that the transduction efficiency of rAAV2 for the in vivo treatment of
pancreatic and colon carcinoma is insufficient; however, other AAV serotypes,
which have not yet been tested, may result in better transduction of this target
tissue [97].

AAV2 and AAV1 bind to different cellular receptors, resulting in better
transduction of muscle tissue for AAV1, and since the vectors in these studies
contained the same cis elements, the AAV capsid is responsible for the differ-
ences in transduction efficiency between serotypes [98, 99]. Hauck and Xiao
produced a series of capsid mutants to investigate the major regions of the
AAV1 capsid responsible for the increased transduction efficiency of AAV1
in muscle tissue [100]; the major tissue tropism determinants were located in the
surface region of VP1 (amino acid 350-423). Similar functional studies of the
AAV capsid will provide a better understanding of the surface features and
the specific requirements for engineering AAV capsids to efficiently target spe-
cific cells.
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3 Methods

3.1 Retargeting

A receptor, like HSPG, which is present on a variety of cell types poses difficulties
for targeting AAV?2 vectors to a specific tissue. One approach to limiting gene
expression in the target tissue is to utilize a viral vector that harbors a tissue-specific
promoter [4, 72, 101]. Genetic modifications of the AAV capsid also provide an
alternative approach for retargeting AAV2. Regions of the capsid have been identi-
fied that will accept insertion of heterologous peptides for retargeting. Girod et al.,
first demonstrated that the insertion of a 14 amino acid integrin binding peptide at
amino acid 587 allowed for retargeting of AAV?2 [102]. To obtain a genetic map of
the AAV2 capsid, Wu et al. constructed alanine scanning mutants at 59 different
positions in the AAV capsid gene by site-directed mutagenesis [103]. Studies of
these mutants showed that the capsid can tolerate some modifications and still
maintain infectivity. A 34 amino acid IgG binding domain was inserted into rAAV2
capsids at amino acid 587, and this, coupled with antibodies against B1 integrin,
CXCRA4, or the c-kit receptor, mediated the targeting of these rAAV vectors to spe-
cific cell surface receptors [104]. Endothelial cell binding peptides were identified
using phage display and inserted into the AAV2 capsid at amino acid 587 to trans-
duce venous endothelial cells and significantly reduce hepatocyte transduction
[105]. Recently, it was demonstrated that AAV2 could be retargeted to the heart
utilizing a capsid with mutations at amino acids 484 and 585 to eliminate heparin
binding, which is required for AAV2 to infect the liver [106]. Perabo et al. also
demonstrated that insertion at amino acid 587 with peptides that confer a net nega-
tive charge will ablate binding to HSPG, and this correlated with liver and spleen
detargeting for AAV2. Insertion of peptides between 585 and 588 can either cause
spatial separation or sterically block heparin binding of AAV2 (using bulky amino
acids), and the insertion of positively charged peptides reconstitutes the ability to
bind HSPG [107]. This provides a strategy to improve AAV targeting in other tis-
sues. For retargeting AAV to tumor cells, an RGD-4C motif can be inserted at
amino acids 520 and 584, or 588 to confer a novel tropism and eliminate heparin
binding. The RGD motif binds the cellular integrin receptor, which is expressed on
tumor cells, including ovarian cancer cells, but these cells express only low levels
of HSPG and are nonpermissive for AAV2 transduction [108, 109].

3.2 Capsid Mosaics

Introduction of a peptide into the AAV?2 capsid is a viable strategy for retargeting
AAV?2 to additional cell types; however, modifications in the AAV?2 capsid often
result in a reduction in vector yields, especially if the insertion is large. The unique
N-terminal region of VP2 allows for peptide insertions without a loss of titer, when
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VP1 and VP3 are supplied in trans. AAV2 mosaics that have ligand insertions in a
subset of VP1, VP2, and VP3 molecules result in increased vector yields and trans-
ducing titers, compared with viruses that carry the insertion in all 60 capsid protein
subunits [110]. Insertion of an HA epitope (YPVDVPDYA) at amino acid 522 or
533 of VPI1 results in noninfectious particles [103]; however, the inclusion of wild-
type capsid proteins can restore viral infectivity. Ried et al. [104] inserted an immu-
noglobulin-binding fragment of protein A (Z34C) that resulted in at least a tenfold
reduction in particle titers, most likely due to its large size (34 amino acids).
Compared with wild-type virus, infectious titers were 4 orders of magnitude lower.
Gigout et al. generated mosaic viruses that contained between 25 and 75% of Z34C
capsid proteins, with the rest of the capsid being composed of wild-type subunits to
produce AAV2 mosaics that were infectious. Compared with wild-type virus, the
734C mosaics showed up to a tenfold increase in titer, and those containing
25% Z34C capsid protein (an average of 15 subunits per capsid) were 45 orders
of magnitude more infectious than all mutant viruses. By mutating R585 and R588
to alanine, they were able to eliminate HSPG binding and then the insertion of
Z34C resulted in retargeting of AAV2 [110]. This work demonstrated for the first
time that a combined approach of generating AAV2 mosaics to alter tropism and
mutating two residues to reduce HSPG binding could be used to retarget AAV?2 to
specific cell types. For AAV 1, incorporating an RGD4C motif in VP1 at amino acid
590 enables targeting to integrin receptors which are present on vascular endothe-
lial cells [111]. It is also possible to incorporate a small biotin acceptor peptide
(BAP) in this position for the purpose of metabolically biotinylating the AAV1
capsid for purification using a commercially available avidin affinity column.
Mosaics with both of these modifications have been generated, which enable retar-
geting of the AAV1 capsid, and simplify purification.

3.3 Capsid Chimeras

Another strategy to broaden tissue tropism is to generate AAV with mixed or chi-
meric capsids [112]. This is accomplished by supplying the capsid gene from two
distinct AAV serotypes during production. By varying the ratio of the two capsid
genes, the resulting mixed virus may exhibit altered tropism. Rabinowitz et al.
showed that mixed capsids of AAV2/5 at a ratio of 3:1 resulted in a loss of heparin
binding. The ability of these virions to transduce HeLa cells, which have high levels
of heparin sulfate, decreased, while the ability to transduce the heparin-sulfate-
deficient cell line CHO pgsD increased from 2% to > 30% as the composition of
the virion changed from AAV2-like to AAV5-like. Chimeras also may show combined
tropism of both serotypes, broadening the tropism for these virions. Kohlbrenner
et al. utilized chimeric capsids to improve infectivity when expressing AAVS and
AAVS in insect cells [113]. It was determined that AAV5 and AAVS vectors gener-
ated using the baculovirus system had low infectivity, which was due to insufficient
phospholipase A2 activity. Substituting the entire VP1 protein from AAV?2 in chimeric
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AAVS or AAVS capsids resulted in increased phospholipase activity levels and
enhanced transduction. Generating chimeras also provides a method to functionally
define structural relatedness for newly discovered serotypes. The ability to generate
stable chimeric capsids suggests that the subunits from these different serotypes are
structurally compatible. Conversely, AAV2 when mixed with AAV4 inefficiently
packages genomes. The inability to generate stable virions may reflect a failure of
essential structural subunit interactions at one or more axes of symmetry.
Alternatively, the nonstructural Rep protein interactions that occur on the surface of
the capsid for packaging may not be compatible in the AAV2/AAV4 chimeras, as
suggested by the structures for AAV2 and AAV4 [30, 31].

3.4 Vector Utility

The AAV capsid provides a potent gene delivery vehicle and has shown great prom-
ise in animal models, as well as in human clinical trials conducted to date. AAV
vectors have been developed for a multitude of diseases, including disorders of the
central nervous system for which other vectors and methods of treatment have been
inadequate. Examples include Parkinson’s disease and Alzheimer’s disease. Gene
therapy approaches utilizing AAV have also addressed classic genetic disorders,
such as lysosomal storage disorders, hemophilia, and cystic fibrosis. Many diseases
that are amenable to AAV gene therapy approaches are listed in Table 2.2. AAV
vectors to treat these diseases have shown significant and persistent gene transfer
without toxicity [3-5, 117-124, 138-141, 159-160] in human clinical trials.
Vectors are administered to effect intracellular expression of proteins such as
dystrophin or expression of secreted therapeutic proteins that result in cross correc-
tion of cells. AAV may also be utilized as a vaccine to deliver specific antigens; for
example, AAVS targets dendritic cells, allowing for antigen presentation, and
AAV vectors have been produced that express components of papillomavirus,
the causative agent of cervical cancer, as well as the receptor for the spike protein
of SARS coronavirus [181, 182]. AAV-based gene transfer has the therapeutic
potential to arrest or reverse the course of these inherited and acquired diseases.

3.5 Vector Production

An important consideration for the development of a suitable gene delivery vector
is the ability to produce the quantities of vector required to treat human patients.
Historically, production methods have been a limitation in the development of AAV
vectors. Improvements in production and purification methods have resulted in bet-
ter yields, increased purity, and higher titers through the development of scalable
systems [113, 183—-187]. Recombinant AAV vectors can be manufactured using a
two-plasmid system, as shown in Fig. 2.3. One plasmid harbors the therapeutic
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Fig. 2.3 Viral vector production. The rAAV Vector plasmid contains the therapeutic gene
flanked by the ITRs, usually of AAV2. The helper plasmid contains the rep and cap genes, as well
as the adenoviral genes needed for replication. Both plasmids are transiently transfected into
HEK293 cells that express the adenovirus E1A and E1B gene products

gene flanked by the ITRs and the other one contains the AAV rep and cap genes,
as well as the helper functions for AAV2 replication. The adenovirus helper func-
tions are provided by expression of E2A, E4AORF6, and VA RNAs in the helper
plasmid, while the adenovirus E1A and E1B gene products are expressed in the
HEK?293 cells utilized for production [188]. The two plasmids are co-transfected
into 293 cells, and this results in production of an AAV virion that contains the
therapeutic gene flanked by the ITRs [189]. The ITRs are the only viral sequences
remaining after purification of rAAV vectors.

Protocol 1 (see Appendix) describes the small-scale production and purification
of rAAV vectors as described by Zolotukhin et al. [190]. Generally, HEK293 cells
are expanded, transfected, and harvested at 72 h post-transfection. The cells are then
lysed, and loaded onto either a cesium chloride or an iodixanol gradient to separate
infectious virions from empty capsids and other cellular proteins. Virus is then puri-
fied using either heparin affinity chromatography or ion-exchange chromatography.
The chromatography method used is dependent on the natural receptors for AAV, as
well as the charge characteristics of the viral particle, as shown in Fig. 2.4. Following
column chromatography, the virus is concentrated and characterized. These proto-
cols yield vector stocks that are relatively pure; however, owing to the density gradi-
ent requirement, these methods are not easily scalable.

Protocols 2 and 3 describe the large-scale production and purification of rAAV
vectors as described by Snyder et al. [18]. Protocol 3 provides a method suitable for
large-scale production of rAAV?2 vectors that is scalable for the production of vec-
tors under cGMP conditions for clinical trials [191]. Cell factories of HEK293 cells
are transfected, incubated for 72h, and then harvested. The cell pellet is resuspended
in lysis buffer containing 0.5% deoxycholate to reduce viral particle aggregation
and 50 U Benzonase/ml to degrade cellular, plasmid, and nonpackaged nucleic acid.
A microfluidizer is utilized to lyse the cells in order to form a fine suspension that
can be loaded directly onto a Streamline Heparin column. The column is washed
and the virus is eluted from the column with phosphate-buffered saline (PBS) con-
taining 0.2M NaCl (for a total ionic strength of 350mM). The peak fraction from
the Streamline Heparin column is brought to 1 M NaCl and loaded on a Phenyl
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Expand HEK293 cells, transfect and harvest
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Fig. 2.4 Flowchart of the steps for rAAV production as described in Protocol 1. HEK293 cells
are expanded, transfected, and harvested at 60 h posttransfection. The cells are lysed, and loaded
onto either a cesium chloride gradient or an iodixanol gradient to separate infectious virions from
empty capsids. Virus is purified using either heparin affinity chromatography or ion-exchange
chromatography. Virus preparations are formulated and concentrated, and characterized

Sepharose column. This column is a hydrophobic interaction column (HIC) and the
virus will remain in the flow through. The flow through from the Phenyl Sepharose
column is diluted using sterile water to bring the salt concentration to 0.150M
NaCl. This is loaded onto a SP Sepharose column, washed in column buffer, and
eluted in PBS with 0.135M NaCl (for a total ionic strength of 0.285M).

3.6 Vector Characterization

Several assays to characterize the final product with respect to titer, purity, iden-
tity, potency, particle to infectious ratio, and stability are listed in Table 2.3. In
addition, vector product safety testing should be conducted prior to animal or
human studies. Assays used for product characterization and safety testing are
included in Table 2.3.
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Table 2.3 Assays used for vector characterization and safety testing of rAAV vectors produced
for clinical trials under cGMP conditions

Assay type Method and reference Purpose
Titer
Infectious Infectious Center Assay Determine titer of infectious

Vector genome

Capsid

Purity
Protein
Cellular DNA

Identity
Transgene cassette

Capsid

Potency
Transgene expression

Safety

Adventitious agents

Mycoplasma

Endotoxin

(ICA) [192, 193]
Serial Dilution Replication
Assay (dRA) [194]

Dot-blot hybridization

PCR [195]
ELISA [24]

Bradford
Western

Electron microscopy [196]
Optical density (OD) [197]

SDS-PAGE

DNA hybridization or PCR

DNA sequencing or restriction
enzyme digestion

SDS-PAGE with silver and
Coomassie stain

Limited proteolysis

Transduction assay in cells
or animals

qPCR-based assays to detect
infectious adventitious viral
agents

Growth assays on cells in
antibiotic-free conditions,
followed by dye or PCR to
detect mycoplasma

Growth assay in appropriate
agar media

Rabbit pyrogen assays

particles produced

Determine genome-containing
vector concentration

Determine total capsid protein
concentration — enables a
determination of empty
particles in the prep

Determine the presence or
absence of contaminating
proteins

Determine the presence or
absence of cellular DNA

Verification of the transgene

Expected AAV banding
pattern
Serotype identification

Ensure that the active transgene
product is expressed

Detect contaminating
infectious viral agents of
human or animal origin
(serum, trypsin)

Determine the presence or
absence of mycoplasma

Determine the presence or
absence of endotoxin

(continued)
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Table 2.3 (continued)

Assay type Method and reference Purpose

Sterility Bacteriostasis/fungistasis Determine the presence or
absence of microbial
contaminants

Stability

Physiochemical SDS-PAGE Demonstrate that
the product is not degrading
over time

Infectious ICA Demonstrate that infectivity is
maintained over time

Sterility Bacteriostasis/fungistasis Demonstrate the integrity of
final product container over
time

3.7 Proteolytic Structural Mapping

In the near future, customized AAV gene therapy vectors may consist of modified
capsids that allow for specific targeting to treat patients with various diseases.
The 3D structures of the AAV capsids will provide a basis for rational vector
design; however, the 3D structures available for autonomous parvoviruses and
dependoviruses provide only a “snapshot” of the capsid topology in a low energy
conformation. Our knowledge about the AAV viral capsid structure in solution is
limited; however, this structure must be dynamic to carry out the various functions
required for viral attachment and entry, as well as trafficking within the cell. Cryo-
EM studies have shown that the unique N-terminus of VP1 is internal to the capsid
based on additional density at the two-fold axis of symmetry [198]. In vitro, upon
heat treatment of AAV capsids, it has been shown that this region can be external-
ized. Mutagenesis experiments have shown that this externalization occurs through
the pore at the five-fold axis of symmetry [199]. Previously, antibodies have been
produced that detect various regions of the capsid proteins [200]. The B1 antibody
epitope is on the C-terminal end of the capsid protein, and is primarily internal at
the two-fold axis of symmetry in assembled capsids. This antibody is useful in
detecting denatured AAV proteins and the epitope is highly conserved among the
AAV serotypes. Al antibody recognizes the unique N-terminal region of VPI,
while the A69 epitope is in the N-terminal region of VP2 for AAV2. Polyclonal
antibodies have been produced to AAV2 capsids, as well as to other serotypes. In
addition, antibodies have been produced that recognize conformational epitopes
that are present only on assembled capsids for AAV2, as well as AAV1. Capsid
antibodies can be utilized for serotype identity testing of the final vector product;
however, many of these antibodies cross-react with multiple serotypes. Historically,
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AAV has been shown to be remarkably stable and is generally resistant to pro-
teases. However, we have demonstrated that when exposed to proteases, specific
regions of the capsid are susceptible to proteolysis [201]. Owing to differences in
the primary sequence of the capsid proteins of different serotypes, as well as the
resulting differences in capsid structure, proteolysis can be utilized for AAV sero-
type determination. Different serotypes provide unique fragmentation patterns
when cleaved with protease, with some serotypes such as AAVS5 being relatively
resistant, while others such as AAV?2 are more susceptible to trypsin and chymot-
rypsin. Figure 2.5 depicts protease mapping of the AAV capsid for capsid serotype
determination. A generic assay is described in Protocol 4 where proteolysis is used
together with specific antibodies to provide a powerful mapping technique and a
method to identify and confirm the serotype of the AAV capsid.

TO T12 TO T12 T0 T12 TO T12 TO T12 TO T12
A AAV2 AAV2 AAV1 AAV1 AAV5 AAV5 AAV2 AAV2 AAV1 AAV1 AAV5 AAV5
87kba —| — — — — — — |VP1| — - — —|VP1
72kwg —| — =— — — — — |VP2| — — — — — — |VP2
63 kDg — | "—— e e——— —— VP3| e m— —— —— VP3
45 kDa — — — =
30 kDa — P
25 kDa — J—
20 kDa — — —_—
Trypsin Digest Chymotrypsin Digest
B. : . -
Serotype Chymotrypsin Trypsin Proteinase K
AAVA + - -
AAV2 + + +
AAV5 - - -
AAVS - - +

Fig. 2.5 Protease mapping of the AAV capsid for capsid serotype determination. A Samples are
digested with a protease, in this case trypsin for one set of samples and chymotrypsin for the other
set. A Western blot is performed using polyclonal antisera to AAV capsids, and based on the
fragmentation pattern, a serotype determination can be made. Undigested sample (T) and samples
digested for 12h (T ,) for AAV2, AAVI, and AAVS are shown. AAVS is resistant to these pro-
teases, while AAV1 and AAV2 exhibit differences in their fragmentation patterns. T, samples
represent the undigested capsid proteins VP1, VP2, and VP3. B Different AAV serotypes demon-
strate different susceptibilities to proteases due to the differences in their primary amino acid
sequences. This differential susceptibility provides a unique signature for each serotype and
allows for capsid serotype identification
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3.8 Concluding Remarks on AAV Capsid

In summary, the AAV capsid is the major determinant in gene transfer efficiency
and targeting. Several approaches are available to target AAV viral vectors to spe-
cific cell types, including utilizing natural serotypes that target a desired cellular
receptor, producing pseudotyped vectors, as well as engineering chimeric and
mosaic capsids. Genetic mutations of the AAV capsid have identified regions that
will accommodate peptide insertions and modifications for specific targeting. The
use of modified capsids may enhance efficiency and target specificity to make a
more potent and safe vector. Several genetic diseases are amenable to treatment
with AAV vectors, making AAV a valuable gene delivery vehicle, especially for
disorders for which current therapies are inadequate or non-existent. Current pro-
duction methods allow for the generation of quantities of virus needed for clinical
trials, and purification methods have been developed for several serotypes. In addi-
tion, assays have been developed for final product characterization to ensure
patient safety.

Appendix
Protocol 1: AAV Small-Scale Production (~3 x 10? cells/prep)

Transfection Protocol

1. Seed [20] 15-cm plates with 293 cells so that they will be 75-80% confluent the
following day (12—16h prior to transfection). 293 cells are cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 5% fetal bovine serum
(FBS), 1% penicillin, and 1% streptomycin.

2. Check plates prior to transfection to ensure optimal confluency, and change
media to ensure cells are in a volume of 20ml. Be careful not to disrupt the
monolayer.

3. For transfection, prepare the DNA mixture at room temperature in a 50-ml coni-
cal tube as follows: Mix 900ug of helper plasmid with 300ug rAAV vector
plasmid. This is 60 ug DNA per plate in a 1:1 molar ratio. Bring the final volume
of the DNA mixture to 22.5 ml with sterile dH,0. Add 2.5ml of 2.5M CaCl, to
the DNA for a CaCl, concentration of 0.250 M.

4. Prepare ten 15-ml conical tubes each with 2.5ml 2x HBS to transfect the 20
plates (25ml 2x HBS total). Transfect two plates at a time by adding 2.5ml of
DNA mixture to a tube of 2.5ml 2x HBS, mix, and incubate for 1 min at room
temperature to allow precipitate to form. Add 5 ml of media to the tube and mix.
(Total volume in the tube is 10ml.) Pipette Sml onto each of the two plates.
Repeat for the remainder of the plates.

5. Incubate at 37°C for 72h.
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. At 72h, harvest cells. Use media to dislodge the cells. Collect media and cells

and centrifuge at 1,000 x g, for 10min at 4°C to pellet the cells. Discard the
media. Resuspend pellet in PBS to wash the pellet. Centrifuge at 1,000 x g, for
10min at 4°C. Discard PBS and freeze pellet. Frozen pellets can be stored at
—20°C for processing at a later time.

Transfection Reagents and Materials

15-cm tissue culture plates.

293 cells.

Culture media: DMEM + 5% FBS + 1% penn/strep.

Trypsin for splitting cells.

PBS without magnesium and calcium.

Vector plasmid, 300 ug.

Helper plasmid, 900 ug.

Sterile dH, 0.

2.5M CaCl, - (stock 147.02g/mol calcium chloride dihydrate) — for 11 add
367.55 g CaCl,:2H,0. Prepare 10-ml aliquots and store at —20°C.
2x HBS (HEPES-buffered saline; prepare 11):

0.274M NaCl (stock 58.44 g/mol) — 16.0 g.

0.010M KClI (stock 74.56 g/mol) — 0.75 g.

0.002M Na,HPO, anhydrous (stock 141.96 g/mol) - 0.28 g.
0.011 M dextrose (stock 180.16 g/mol) — 2.0 g.

0.042M HEPES (stock 238.3 g/mol) — 10.0 g.

Adjust the pH to 7.05 with 0.5N NaOH, bring to a final volume of 11 with
dH,O, and sterile filter. Store in 50-ml aliquots at —20°C. (Note: the optimal pH
range for 2x HBS is 7.05-7.12. The pH of the 2x HBS is a key factor that influ-
ences precipitate formation.)

Cell Lysate and Cesium Chloride Gradient Protocol

7.

10.

Resuspend pellet in 30 ml lysis buffer. Lyse cells by three freeze/thaw cycles.
Thaw pellet in 37°C water bath and freeze cells in EtOH/dry ice bath; repeat
twice.

Transfer the lysate to a 40-ml Dounce homogenizer. Homogenize the lysate
with 20 strokes to shear cellular DNA.

For each 10ml of lysate, add 5g CsCl and homogenize until the CsCl is dis-
solved completely.

Fill six 12.5 ml ultra clear ultracentrifuge tubes (Beckman) with 10 ml of lysate
and underlay with 0.5 ml each of CsCl (1.5 g/ml). Balance the tubes using CsCl
(1.37 g/ml) prior to ultracentrifugation.
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11. Centrifuge for 24 h at 265,000 x g (40,000 rpm in SW 41 rotor), 21°C.

12. Collect AAV from the gradient by dripping 1-ml fractions, and verify the den-
sity of the fractions by refractometry. The density of infectious AAV virions is
1.40-1.42 g/cm®. Empty AAV particles and DI particles have a density of
1.32-1.35 g/em?.

13. Dialyze AAV-containing fractions into the buffer that will be used for column
chromatography (1x TD buffer for heparin column or 15mM NaCl, 20 mM
Tris (pH 8.5) for Q Sepharose purification).

14. Purify using either heparin affinity chromatography (for AAV2, AAV3, or
AAV6) or ion-exchange Q Sepharose chromatography (for AAV1, AAV4,
AAVS, AAVS, or AAV9). Use a 1-ml column for 2040 plates, as described
in steps 1-7 under “AAV Purification by Heparin Chromatography” or “AAV
Purification by Q Sepharose Chromatography.” The purification method is as
described by Zolotukhin et al. [190].

Cell Lysate and Cesium Chloride Gradient Reagents

Lysis buffer (prepare 11):

— 150mM NaCl (stock 58.44 g/mol) — 8.766 g.

— 50mM Tris (stock 121.14 g/mol) — 6.055 g.

— Adjust pH to 8.5 with HCI, bring to a final volume of 11 with dH,O, and filter
sterilize. Store at room temperature.

1.37 g/ml CsCl in PBS — Dissolve 50g CsCl in PBS and adjust the final volume to
100ml. Weigh 1 ml to verify the density is 1.37 g/ml. Filter sterilize. Store at room
temperature.
1.5 g/ml CsCl in PBS — Dissolve 67.5g CsCl in PBS and adjust the final volume to
100ml. Weigh 1ml to verify the density is 1.5 g/ml. Filter sterilize. Store at room
temperature.

5% TD buffer (prepare 11):

— 5x PBS -500ml of 10x PBS (Invitrogen).
— 5mM MgCl,-6H,0 (stock 203.3 g/mol) — 1.0165 g.
— 12.5mM KCI (stock 74.56 g/mol) — 0.932 g.

Ix TD buffer — Prepare from 5x TD buffer stock: 200ml 5x TD stock, 800 ml
dH,0.

Q Sepharose low salt column buffer:

— 15mM NaCl (stock 58.44 g/mol) — 0.877 g.
— 20mM Tris (stock 121.14 g/mol) — 2.423 g.
— Adjust pH to 8.5 with HCI and bring to a final volume of 11 with dH,O.
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Alternative Cell Lysate and lodixanol Gradient Protocol

Ta.

8a.

9a.

10a.
11a.

12a.

13a.

14a.

Resuspend pellet in 30 ml lysis buffer. Lyse cells by three freeze/thaw cycles.
Thaw pellet in 37°C water bath and freeze cells in EtOH/dry ice bath; repeat
twice.

To the cell suspension, add 3ul of 4.82M MgCl, and vortex. Add 1ul of
Benzonase (250 U/ul) and vortex. Incubate at 37°C for 30 min. Centrifuge for
20min at 1,000 x g.

Pipette the supernatant into two quick seal tubes for a 70 Ti rotor. Underlay
lysate with iodixanol gradient:

7.5ml of 15% iodixanol
5.0ml of 25% iodixanol
— 7.5ml of 40% iodixanol
5.0ml of 60% iodixanol

Weigh tubes, cap, and seal with heat sealer.

Centrifuge at 350,333 x g, 18°C, for 1 h (69,000 rpm in a 70 Ti rotor for
1 h).

Collect the 40% iodixanol band and the interface between the 60% and the
40% bands. This is done by setting up a ring stand and placing the tube in a
clamp. Swab the top and bottom of the tube with an alcohol swab. Vent the
top of the tube with a needle and collect fractions from bottom of the tube.
Dialyze virus-containing fractions into the buffer that will be used for
column chromatography (1x TD buffer for heparin column or 15 mM NaCl,
20mM Tris (pH 8.5) for Q Sepharose purification).

Purify using either heparin affinity chromatography (for AAV2, AAV3, or
AAV6) or ion-exchange Q Sepharose chromatography (for AAV1, AAV4,
AAVS5, AAVS, or AAV9). Use a 1-ml column for 2040 plates, as described
in steps 1-7 under “AAV Purification by Heparin Chromatography” or “AAV
Purification by Q Sepharose Chromatography.” The purification method is as
described by Zolotukhin et al. [190].

Cell Lysate and Iodixanol Gradient Reagents

Lysis buffer (150mM NaCl, 50mM Tris, pH 8.5) (prepare 11):

— 150mM NaCl (stock 58.44 g/mol) — 8.766 g.
— 50mM Tris (stock 121.14 g/mol) — 6.055 g.
— Adjust pH to 8.5 with HCI, bring the final volume to dH,O with 11, and filter

sterilize. Store at room temperature.

5M NaCl (stock 58.44 g/mol) —292.2 g and dH,0O to 11
For iodixanol gradient, mix the following:
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Total
Optiprep 5M NaCl 5x TD volume
Step (ml) (ml) (ml) dH,O (ml) Phenol red (ul) (ml)
15% 45 36 36 63 - 180
25% 50 - 24 46 300 120
40% 68 - 20 12 - 100
60% 100 - - - 250 100

AAYV Purification by Heparin Chromatography

O8]

W

. Equilibrate a 1-ml HiTrap heparin HP column (GE Healthcare) by washing with

ten column volumes of 1x TD. The flow rate for all chromatography steps is
1 ml/min.

. Activate the column by washing with five column volumes of 1x TD/1 M NaCl.
. Re-equilibrate the column by washing with ten column volumes of 1x TD.
. Apply the dialyzed virus from either the cesium gradient or iodixanol gradient

to the column.

. Wash the column with ten volumes of 1x TD.
. Elute with five column volumes of elution buffer using either a continuous or

step gradient. AAV?2 can be eluted in 1x TD/0.5M NaCl [190] and collect [5]
1-ml fractions.

. Dialyze the virus preparation into storage buffer or suitable formulation and

freeze at —20°C.

Heparin Column Chromatography Reagents

Ix TD buffer — prepare from 5x TD buffer stock: 200ml 5x TD stock, 800ml
dH,0.
Ix TD/IM NaCl buffer: 200ml 5x TD buffer, 58.44g NaCl; bring to 11 with
dH,O.

2

Storage buffer:

— 100mM NaCl (stock 58.44 g/mol) — 5.844 g.
— 50mM Tris (stock 121.14 g/mol) — 6.055 g.
— Adjust pH to 8.0 and bring to 11 with dH,O.

AAYV Purification by Q Sepharose Chromatography

1.

Equilibrate a 1 ml HiTrap Q HP column (GE Healthcare) by washing with ten
column volumes of low salt Q column buffer (0.020M Tris, 0.015M NaCl, pH
8.5). The flow rate for all chromatography steps is 1 ml/min.
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2. Activate the column by washing with five column volumes of high salt Q col-
umn buffer (0.020M Tris, 1.0M NaCl, pH 8.5).

3. Re-equilibrate the column by washing in ten column volumes of low salt Q col-
umn buffer.

4. Apply the dialyzed virus from either the cesium or iodixanol gradient to the
column. (Note: After recovering the virus from the cesium or iodixanol gradient,
virus must be dialyzed into low salt buffer or a buffer exchange into low salt
buffer must have been performed in order to bind to the Q column.)

5. Wash the column with ten volumes of low salt Q column buffer.

6. Elute with five column volumes of elution buffer (20 mM Tris, 0.5M NaCl, pH
8.5) [190] and collect [5] 1-ml fractions.

7. Dialyze the virus preparation into storage buffer (50 mM Tris, 100mM NaCl,
pH 8.0) or suitable formulation aliquot, and freeze at —20°C.

QO Sepharose Chromatography Reagents

Q Sepharose low salt column buffer:

— 15mM NaCl (stock 58.44 g/mol) — 0.877 g.
— 20mM Tris (stock 121.14 g/mol) — 2.423 g.
— Adjust pH to 8.5 and bring the final volume to 11 with dH,0.

Q Sepharose high salt column buffer:

— 1M NaCl (stock 58.44 g/mol) — 58.44 g.
— 20mM Tris (stock 121.14 g/mol) — 2.423 g.
— Adjust pH to 8.5 and bring the final volume to 11 with dH, 0.

Q Sepharose elution buffer:

— 0.5M NaCl (stock 58.44 g/mol) — 29.22 g.
— 20mM Tris (stock 121.14 g/mol) — 2.423 g.
— Adjust pH to 8.5 and bring the final volume to 11 with dH,0.

Storage buffer:

— 100mM NacCl (stock 58.44 g/mol) — 5.844 g.
— 50mM Tris (stock 121.14 g/mol) — 6.055 g.
— Adjust pH to 8.0 with HCI and bring to 11 with dH,0.
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Protocol 2: AAV Large-Scale Production (10 Cell Factories
~1 x 10'° cells)

Transfection Protocol

9]

. Seed [10] ten-layer cell factories (Nunc) each with 5 x 108 293 cells so that each

will be 75-80% confluent the next day. (Incubate 12—16h prior to transfection.)
293 cells are cultured in DMEM supplemented with 5% fetal bovine serum, 1%
penicillin, and 1% streptomycin.

. Check each cell factory microscopically prior to transfection to ensure optimal

confluency.

. For transfection, prepare the DNA mixture in a 250-ml conical tube: Each cell

factory requires 2,400 g total DNA: 1,800 g helper plasmid and 600 1ug rAAV
vector plasmid. (This is a 1:1 molar ratio.) Calculate the volume of total input
DNA required. Bring the final volume of the DNA mixture to 46.8 ml with ster-
ile dH,0. Add 5.2ml 2.5M CaCl, to the DNA for a final CaCl, concentration of
0.25M. The total volume of the DNA/CaCl,/dH,O is 52 ml.

. Add the DNA to 52ml of 2x HBS, mix well, and incubate for 1 min at room

temperature to allow precipitate to form. Add the transfection mix to 1,000 ml of
prewarmed DMEM-Complete Media. Discard media from cell factory. Pour
media with transfection mix into the cell factory. Repeat for all cell factories.

. Incubate at 37°C for 72h.
. At 72h, harvest cells. Collect media and cells and centrifuge at 1,000 x g, for

10min at 4°C to pellet the cells. Discard the media. Resuspend pellet in 300 ml
PBS to wash the pellet. Centrifuge at 1,000 x g, for I0min at 4°C. Discard PBS
and freeze pellet. Frozen pellets can be stored at —20°C for processing at a later
time.

Protocol 3: Large-Scale Purification Protocol for AAV2

. Resuspend the cell pellet from one cell factory in 60ml large-scale lysis buffer

(20mM Tris-Cl, 150mM NacCl, 0.5% deoxycholate, and Benzonase (50 U/ml)).
Deoxycholate is used in the lysis buffer to reduce aggregation.

. For ten cell factories, lyse the cells in a single-pass by using a microfluidizer

(Microfluidics M-110S). This will form a fine suspension that can be loaded
onto the column.

. Load the lysate onto a 150-ml Streamline Heparin column (Pharmacia) at a flow

rate of 20 ml/min using an AKTA-FPLC (Pharmacia).

. Wash the column with four column volumes of lysis buffer, followed by five

column volumes of PBS.

. Elute the virus with PBS containing 0.2M NaCl (0.350M total ionic strength)

and monitor the absorbance at 280 A. The peak fraction will be ~90 ml.
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. Bring the NaCl concentration of the peak fraction to 1M NaCl and load this

onto a Phenyl Sepharose column (5ml column, Pharmacia). This is a hydro-
phobic interaction column and the flow-through that contains the virus is
collected.

The flow-through is diluted to 150 mM NaCl with sterile water.

The virus is loaded onto a 5 ml SP Sepharose column (Pharmacia) at a flow rate
of 5ml/min.

Wash the column with ten column volumes of PBS.

. Elute the virus with PBS containing 0.135M NaCl (285mM total ionic

strength) and monitor the absorbance at 280 A. Aliquot and store at —20°C.
Dialyze the virus prep into storage buffer (50 mM Tris-Cl, 100 mM NaCl, pH
8.0), aliquot, and freeze at —20°C.

Protocol 4: Proteolytic Digestion for AAV Capsid Serotype
Validation [201]

. Dialyze AAV vector into protease digestion reaction buffer, SO0mM Tris-Cl,

100mM NacCl, pH 8.0, if needed.

. Digest 0.8 ug (~1.2 x 10'") capsids with either 5pg (0.02% final concentration)

of trypsin, 1 g of proteinase K, or 80 g of oi-chymotrypsin in a 25 pl reaction
at 37°C for up to 24h. For each serotype, an undigested sample should be
included as a control. These proteases are commercially available from Sigma.

. Add an equal volume of Laemmli sample buffer containing 1% sodium dodecyl

sulfate (SDS) and 655 mM B-mercaptoethanol and boil the samples at 100°C for
Smin.

. Separate the proteolytic fragments on a 10% SDS-PAGE gel for 90 min at 125V

(constant voltage) until the dye front reaches the bottom of the gel.

. Transfer the proteins to nitrocellulose (Western blot) in transfer buffer (25 mM

Tris, 192mM glycine, 0.1% (w/v) SDS, and 20% methanol) for 2h at 0.5A
(constant amperes).

. Probe the membrane with rabbit polyclonal antisera to AAV capsids. Duplicate

samples can be run to probe with other AAV antibodies to determine the origin
of the fragments that are produced. For example, a signal with monoclonal B1
antibody demonstrates that the fragment is from the common C-terminal end of
VP1, VP2, and VP3. Alternatively, by probing with monoclonal A1l antibody, a
signal on the Western blot would demonstrate that the origin of the fragment is
the unique N-terminus of VP1. The B1 epitope is conserved among most AAV
serotypes and polyclonal antibodies have been developed for a few AAV sero-
types. Anti-AAV capsid antibodies are available from Progen or American
Research Products, Inc.
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Chapter 3
Delivering Small Interfering RNA
for Novel Therapeutics

Patrick Y. Lu and Martin C. Woodle

Abstract The gene silencing capability of RNA interference (RNAi) is being used
to study individual gene’s biological function and role in biochemical pathways.
However, the efficacy of RNAi depends upon efficient delivery of the intermediates of
RNAI, small interfering RNA (siRNA) oligonucleotides. The delivery challenge is
even greater when the aim is to inhibit the expression of target genes in disease tissues.
In vivo delivery of siRNA is complicated and challenging, and recent works on various
animal disease models and early successes in human clinical trials are enlightening the
tremendous potential of RNAI therapeutics. In this chapter, the latest developments of
in vivo delivery of siRNA and the critical issues related to this effort are addressed.

Keywords RNA interference; Small interfering RNA; In vivo delivery; RNAi
therapeutics; Nanoparticle; Local delivery; Systemic delivery

1 Introduction

RNA interference (RNAi) has been rapidly adopted for the discovery and validation
of gene function through cell culture and animal model studies, using sequence-
specific small interfering RNA (siRNA) [1, 2]. These siRNA intermediates (21-23-nt
oligos) were found to bind to an RNA induced silencing complex (RISC) and then
selectively degrade the complementary single-stranded target RNA in a sequence-specific
manner. Not only is siRNA being used to characterize gene function in high throughput
screens for potential therapeutic targets, the growing success as a research tool has
also stirred up tremendous interest in using siRNA as a therapeutic agent. With many
reports on the in vivo application of siRNA inhibitors and the success of several early
phase clinical trials, a broad therapeutic application of RNAi therapeutics is coming.
One of the major hurdles to realize the RNAI therapeutic potential is to overcome the
obstacles to the siRNA delivery locally and systemically to the disease tissues. In this
review, we address the challenges and problems for in vivo siRNA delivery for
potential therapeutic applications.
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2 Challenges of In Vivo siRNA Delivery

As a potent and specific inhibitor of gene expression, siRNA is being rapidly
adopted as the preferred tool for functional genomics research [3, 4]. siRNA oligos
are typically used to inhibit an individual gene, though targeting multiple genes or
groups of genes are possible by using a combination of multiple siRNA sequences
[5, 6]. The success of using siRNA to knockdown gene expression in vitro has led
to a growing interest in applications of siRNA inhibitors in vivo for evaluation of
the therapeutic potentials of the gene targets of interest, potency of siRNA inhibitors,
the route of administration, and the unwanted adverse effects. These applications
should eventually provide validated targets for conventional therapeutic modalities
such as small molecule and monoclonal antibody inhibitors, as well as validation
of siRNA drug lead itself (Fig. 3.1) [3].

One example is using siRNA oligos specifically targeting angiogenesis factors,
such as VEGFs, EGF, FGFs, and their receptors, representing the most widely
recognized targets that took years to validate. One study using siRNA-mediated
downregulation of these proangiogenesis genes, VEGF and VEGF R2, in clinically
relevant xenograft tumor models resulted in a significant antitumor efficacy. Thus,
the functions of these two targets were further validated rapidly in a matter of
weeks [7]. This example demonstrates the power of in vivo target validation with
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Fig. 3.1 Delivery of siRNA for drug discovery and development. Effective siRNA deliveries in
vitro and in vivo are playing very important role for siRNA-based target validation and potential
RNAI therapeutics [5]. When targets are validated through in vivo siRNA delivery process, there
are already three types of outcomes: validated targets, validated siRNA duplexes, and validated in
vivo delivery
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siRNA inhibitors. In this case, not only the roles of the proangiogenic factors were
validated, the siRNA inhibitors themselves were also validated as potential
anticancer drugs.

Delivering siRNA oligos in vivo to animal tissues and keeping them active in
the targeted cells are complicated and involve using a physical, chemical, or
biological approach and in some cases their combination [7]. Since the main goal
of in vivo delivery is to have active siRNA oligos in the target cells, the stability of
siRNA oligos in both the extracellular and intracellular environment after a
systemic administration is the most challenging issue (Fig. 3.2). The first hurdle is
the size of the 21-23-nt double-stranded siRNA oligos: they are relatively small
and thus rapidly excreted through urine when administrated into the blood stream,
even if those siRNA molecules remain stable through chemical modifications.
Second, the double-stranded siRNA oligos are relatively unstable in the serum
environment and are potentially degraded by RNase activity within a short period
of time. Third, when siRNA is administered systemically, the nonspecific dis-
tribution of the oligos throughout the body will significantly decrease the local
concentration at the site of disease. In addition, the siRNA oligos need to overcome
the blood vessel endothelial wall and multiple tissue barriers in order to reach the
target cells. Finally, when siRNA reaches the target cells, cellular uptake of the oligos
and intracellular RNAi activity require efficient endocytosis and intact double-
stranded oligos.
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Fig. 3.2 Challenges of systemic in vivo siRNA delivery. The in vivo application, especially
systemic delivery of siRNA, is facing challenges from multiple hurdles in the extracellular
environment and various barriers for the intracellular uptake. Addressing those issues is critical
for efficient in vivo delivery of siRNA in preclinical animal models for drug target validation and
potential therapeutics
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To increase their stability in both extracellular and intracellular environments,
siRNA oligos can be chemically modified by a variety of methods, including
change of oligo backbone, replacement of individual nucleotide with nucleotide
analogue, and adding conjugates to the oligo. The chemically modified siRNA
demonstrated a significant serum resistance and higher stability [8], but it did not
solve the problems of excretion through urine and targeted delivery. Therefore, a
delivery system capable of protecting siRNA oligos from the urinary excretion and
RNase degradation, transporting siRNA oligos through the physical barriers to the
target tissue, and enhancing cellular uptake of the siRNA, is the key to the success
of in vivo siRNA application.

The accessibility of different tissue types, the presence of various delivery
routes, and a variety of pharmacological requirements makes it impossible to have
a universal in vivo delivery system suitable to every scenario of siRNA delivery. In
terms of in vivo delivery vehicles for siRNA, the “nonviral” carriers are the major
type being investigated so far, though some physical and viral delivery approaches
are also very effective. The routes of in vivo deliveries are commonly categorized
as local or systemic. Some of the delivery vehicles and delivery routes are very
effective in animals for target validation but may not be useful for delivery of
siRNA therapeutics in humans (Fig. 3.3). Therefore, in vivo siRNA delivery
carriers and methods can also be classified as clinically viable and nonclinically
viable, according to their suitability for the human use.
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Fig. 3.3 Applications of in vivo siRNA delivery in disease models. Mouse models are widely
used for in vivo siRNA delivery studies. siRNA can be delivered by many routes based on the
disease types and targeted tissues. The efficacy and toxicity readouts of the siRNA inhibitors from
the preclinical models will provide vital information for the in vivo target validation [9]. The
clinically viable siRNA delivery provides foundation for designing the administration route and
condition of an RNAI therapeutic protocol
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3 Delivering siRNA In Vivo Using Nonviral Carriers

Many nonviral carriers are currently used in delivery of either siRNA oligos or
DNA-based short hairpin RNA (shRNA) vectors. Because RNAI is a mechanism of
action in cytoplasm, achieving effective siRNA delivery is relatively easier than
achieving the delivery of DNA-based shRNA systems. Nonviral siRNA delivery to
disease tissue usually does not elicit an immune response and it is relatively less
toxic to the target cells, which is a great advantage for drug target validation. The
possibility of multiple administrations of siRNA makes the therapeutic applications
of siRNA very practical.

Cationic lipids and polymers are two major classes of nonviral siRNA delivery
carriers and both of them are positively charged and can form complexes with
negatively charged siRNA. The siRNA/carrier complex can be condensed into a
tiny nanoparticle of size around 100nm which allows a very efficient cellular
uptake of the siRNA agent through the endocytosis process. In a mouse model, the
reporter gene silencing and downregulation of TNF-o. expression were achieved
after intraperitoneal administration of siRNA/lipoplexes [10]. One recent study
reported that the use of a cationic derivative of cardiolipin to form lipoplexes with
siRNA targeting the c-RAF oncogene led to an inhibition of tumor growth in a
sequence-specific manner [11]. In another study, a family of highly branched
histidine-lysine (HK) polymer peptides was found to be effective carriers of siRNA
[12]. The Raf-1 expression in MDA-MB-435 xenografts was significantly inhibited
by intratumoral injection of Raf-1 siRNA complexed with HK polymer (Fig. 3.4)
[13]. Another recent study demonstrated a significant inhibition of HER-2 expression
and tumor growth through intraperitoneal injection of HER-2 siRNA formulated
with polyethylenimine (PEI) [14]. These studies demonstrated that cationic lipids
and polymers can enhance siRNA delivery in vivo through systemic routes either
intravenously (IV) or intraperitoneally (IP). These carrier-administered siRNA
agents were efficiently knocking down the target genes and achieved antitumor
efficacies. In contrast, direct intratumoral injection of VEGF siRNA without carrier
did not generate any significant antitumor efficacy [15]. In an antiviral study, IV
administration of siRNA specific targeting influenza virus RNA genome complexed
with PEI was able to inhibit influenza virus production in mice [16].

Some ligand-targeted nucleic acid delivery systems have been developed based
on the cationic liposome complex and polymer complex systems. Recent successes
of using ligand-targeted complexes to deliver therapeutic siRNA into tumor tissue
and liver tissue suggest that targeted systemic delivery for siRNA therapeutics is a
possibility [17-19]. We demonstrated an efficient delivery of siRNA to local
neovasculature in tumor xenograft or viral infected eye through the systemic
administration of a ligand-targeted nanoparticle containing siRNA, targeting VEGF
R2, an angiogenesis factor overexpressed in endothelium of new blood vessels. The
Arg-Gly-Asp (RGD)-motif peptide ligand is specific to integrin receptor, a marker
of the activated endothelial and tumor cells. The ligand-targeted nanoparticle maintains
the stability of the siRNA payload, targets to the tumor neovasculature, and
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Fig. 3.4 Raf-1 siRNA inhibits tumor growth in vivo. Ten days after the injection of MDA-MB-435
cells into the mammary fat pad, mice with visible tumors were separated into treatment groups.
a Mice received 4 g siRNA/tumor with each intratumoral injection every 5 days to determine the
optimal carrier of Raf-1 siRNA. b To confirm the antitumor efficacy of siRNA Raf-1 with the optimal
polymer, mice with tumors were divided into these groups: untreated, [3-galactosidase (B-gal)
siRNA, and Raf-1 siRNA. The -gal siRNA and Raf-1 siRNA groups were injected with H3K4b
complexed with siRNA every 5 days, three times. *P < 0.02, Raf-1 siRNA when compared with
untreated; *P < 0.05, Raf-1 siRNA when compared with 3-gal siRNA [13]

enhances the cellular uptake of the siRNA. As a result, VEGF R2 knockdown and
antiangiogenesis effects were observed both in xenografts tumor model and in ocular
neovascularization disease model [5, 20]. Clearly, this siRNA nanoparticle is a
clinically viable delivery system for various applications of siRNA therapeutics.

It has been reported that siRNA can trigger “off-target effects” [21, 22] and
activate cellular interferon pathway [23, 24]. These issues raise concerns for the
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integrity of target validation studies and the safety and selectivity of the potential
siRNA therapeutics. However, majority of these alarming results were found from
the in vitro studies and many more studies have shown that siRNA inhibitors are
highly specific both in vitro and in vivo [25, 26]. One recent study using systemic
delivery of unmodified and unformulated siRNA oligos into mice revealed a lack
of interferon response [27]. Two recent reports have revealed that siRNA oligos,
containing “5-UGUGU-3" motif, were able to induce a Toll-like receptor-mediated
interferon response only when they were delivered in vivo with cationic lipid or
polymer carrier, through either intravenous or intraperitoneal administration [28, 29].
In contrast, neither the unformulated siRNA oligos containing 5-UGUGU-3 motif
nor siRNA containing no 5-UGUGU-3 motif but with cationic carriers were able to
induce the interferon response. For this reason, any 5-UGUGU-3 motif and other
potential immunostimulatory motifs should be eliminated from the siRNA oligos if
cationic lipid or polymer carriers are going to be used.

4 Delivering siRNA In Vivo Using Local Administration

The choice between local and systemic delivery depends on what tissues and cell
types are targeted. For example, skin and muscle can be better accessed using local
siRNA delivery, while lung and tumor can be reached efficiently by both local and
systemic siRNA deliveries. There is increasing evidence supporting that siRNA can
be efficiently delivered to various tissue types, using different approaches (Fig. 3.2).

4.1 Intranasal siRNA Delivery

Airway delivery of siRNA is a very useful method for both target validation and
therapeutic development, because of the relevance of respiratory system in various
diseases. In a recent study, intranasal delivery of GAPDH-specific siRNA mixed
with pulmonary surface active material (InfaSurf) and elastase resulted in lowered
GAPDH protein levels in lung, heart, and kidney by ~50-70% at 1 and 7 days after
administration, when compared with scrambled siRNA control [30]. Direct delivery
of unformulated siRNA into mouse airway led to knockdown of heme oxygenase-1
expression in the lung [31]. Intranasal administration of cationic liposome formulated
siRNA specifically targeting the influenza virus RNA genome into mouse lung
infected with the influenza virus resulted in a significantly reduced lung virus titer
in infected mice and protected animals from lethal challenge [32]. However, in vivo
delivery of siRNA with cationic polymer carrier, such as PEI, is often associated
with severe toxicity in the host and may induce nonspecific interferon response
through the Toll-like receptor pathway, as discussed earlier. Therefore, pulmonary
siRNA delivery may require formulations without cationic carriers. Of late, we
have successfully delivered siRNA with D5W (5% D-glucose in water) solution into
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Fig. 3.5 Anti-SARS activity of intranasally delivered siRNA in macaques. The SARS coronavirus
(SCV)-specific antigen was detected in alveoli deep into the lungs, including various cell types
(original magnification, x200), confirmed by the specific staining with monoclonal antibodies.
a The upper arrow indicates an SCV-infected type II pneumocyte and the lower arrow indicates
an infected alveolar macrophage. b Arrows indicate SCV-infected epithelium-originated
type I pneumocytes. ¢ Arrows indicate SCV-antigen-positive alveolar macrophages. d—f Arrows
indicate SCV-infected cells scattered within the siRNA-treated lungs [33]

mouse and monkey lungs, achieving effective knockdown of SARS coronavirus RNA
(Fig. 3.5) [33].

4.2 Intraocular siRNA Delivery

An increasing number of clinical protocols have been approved for treating eye
diseases with nucleic acid drugs such as antisense oligonucleotides or RNA aptamers.
Delivery of nonformulated siRNA specific to VEGF to the subretinal space in a
mouse model of retinal neovascularization resulted in a significant reduction of
angiogenesis in the eye. Importantly, this study indicated that chemical protection
of the siRNA was not essential, at least in the intravitreous compartment of the eye,
in contrast to antisense oligonucleotides or RNA aptamers, which need protection
by chemical modification for applications in eye [34]. Using a murine model of
herpetic stromal ketatitis that develops from herpes simplex virus corneal infection,
we found that subconjunctival administration of siRNA targeting several genes in
the VEGF pathway significantly inhibited the corneal angiogenesis and disease
symptoms [5]. Subconjunctival delivery of siRNA specific to TGF- significantly
reduced the inflammatory response and matrix deposition in a wound-induced
mouse model of ocular inflammation [35]. The evidence also provided clinically
viable means for the local delivery of siRNA for gene function validation in various
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eye disease models. Local delivery of siRNA to the front of the eye subconjuncti-
vally or to the back of the eye intravitreously is highly efficient in silencing
target gene expression, and therefore are effective administration routes for target
validation for eye disease. However, the frequency and time intervals between
repeated deliveries may be the limiting factors of these delivery routes, especially
for clinical application of siRNA therapeutics.

4.3 Intracerebral siRNA Delivery

The brain tissue is the foundation of the central nervous system (CNS), obviously a
very important biological system and one representing considerable interest for both
functional genomics research and therapeutic development [36]. A recent study
showed that infusion of chemically protected siRNA oligonucleotides in an aqueous
solution directly into the brain was able to selectively inhibit gene expression [37].
Treatment of rats with aqueous siRNA against 0(2A)-ARs on days 2—4 after birth
resulted in an acute decrease in the levels of c(2A)-AR mRNA in the brainstem into
which siRNA was injected [38]. Nonviral infusion of siRNA in brain provided a
unique approach to accelerate target validation for neuropsychiatric disorders that
involve a complex interplay of gene(s) from various brain regions. For example, infusion
of siRNA specific to an endogenous dopamine transporter (DAT) gene in regions
(ventral midbrain) far distal to the infusion site resulted in a significant downregula-
tion of DAT mRNA and protein in the brain, and elicited a temporal hyperlocomotor
response similar to that obtained upon infusion of GBR-12909, a pharmacologically
selective DAT inhibitor [39]. However, the difficulty of performing surgical implan-
tation of an infusion pump delivering high dose of siRNA limits its usefulness as a
tool for functional genomics. Another recent study on the use of cationic formulations
for siRNA delivery to the brain revealed that delivery was more efficient using a lipid
carrier than using a polymer carrier [40]. Electroporation is a physical approach
which has been used to introduce DNA into the cells. During the process of electro-
poration, an electric field pulse induces pores (electropores) in cell membrane that
allow DNA molecules to enter the cell. Recently, electroporation procedures have
been adopted for local delivery of siRNA. In one study, siRNA introduced into hip-
pocampus region by local electroporation led to a marked reduction in the expres-
sion of both the mRNA and protein of the target genes, such as GluR2 and Cox-1,
without affecting the expression of other proteins [41].

4.4 Intramuscle siRNA Delivery

The skeletal-muscle tissue is accessible for local siRNA administration. Direct
injection of siRNA formulated with cationic lipids or polymers can be considered
for local delivery, although inflammation caused by the injection is a common
problem. A recent study with nonformulated siRNA delivered by direct injection
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into mouse muscle, followed by electroporation, demonstrated a significant gene
silencing that lasted for 11 days [42]. The electroporation method was also applied
in a different study targeting several reporter genes in murine skeletal muscle [43].
A local hydrodynamic approach, in which siRNA in a sufficient volume was rap-
idly injected into a distal vein of a limb that is transiently isolated by a tourniquet
or blood pressure cuff, was tested for siRNA delivery in muscles of animal models
and demonstrated a knockdown of both reporter and endogenous gene [44].

4.5 Intratumoral siRNA Delivery

Intratumoral delivery of siRNA is a very attractive approach for functional validation
of the tumorigenic genes. We observed inhibition of tumor growth in two human
breast cancer xenograft models using intratumoral delivery of VEGF-specific
siRNA [45]. It was reported that atelocollagen, a collagen solubilized by protease,
can protect siRNA from being digested by RNase when it forms a complex with
siRNA. In addition, the siRNA can be slowly released from atelocollagen to
efficiently transduce into cells, allowing a long-term target gene silencing [46, 47].
In a mouse xenograft tumor study, after administration of atelocollagen/luc-siRNA
complex intratumorally, a reduced luciferase expression was observed. Furthermore,
intratumoral injection of atelocollagen/VEGF-siRNA showed an efficient inhibition
of tumor growth in an orthotopic xenograft model of a human nonseminomatous germ
cell tumor [46]. A similar result was observed in a PC-3 human prostate xenograft
tumor model, using the same siRNA delivery approach [47]. Therefore, the atelocol-
lagen-based siRNA delivery method could be a reliable approach to achieve maximal
inhibition of gene function in vivo. On the basis of the experience in the successful
validation of a group of novel genes for their roles in tumorgenesis using intratumoral
delivery of formulated siRNA [2, 4], we believe that intratumoral delivery of siRNA
into xenograft tumor models is a very useful platform for in vivo target validation.

5 Delivery of siRNA In Vivo Using Systemic Administration

5.1 Liver-Targeted Systemic Delivery

Some of the first published results showed activity of siRNA in mammals by
delivering into mouse liver using the hydrodynamic delivery, a rapid injection of a
large volume of aqueous solution into the mouse tail vein creating a high pressure
in the vascular circulation that leads to an extensive delivery of siRNA into
hepatocytes [48—52]. This procedure allows high efficiency of siRNA uptake and
potent siRNA activity in hepatocytes, and thus is a useful tool for functional
genomic studies in liver. On the other hand, this procedure is not a clinically viable
procedure because of potential damage of liver and other organs, and is limited
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only to research on liver function and metabolism or liver infectious diseases such
as hepatitis [53, 54]. Hepatocyte-specific targeting carriers for siRNA delivery into
liver are very attractive approaches for development of siRNA therapeutics for
hepatic diseases and are currently under investigation. As one step toward the liver
targeting delivery, liver delivery of chemically modified oligonucleotide with
cholesterol conjugates was tested, as described in recent publications [8, 55].
However, the data suggested that at least three challenges must be addressed:
adequate protection of the siRNA oligonucleotide from serum degradation en route
to the liver, protection of the siRNA oligonucleotide from rapid glomerulofiltration
by the kidney into the urine, and selective uptake by the target hepatocytes. In addition,
the high dose used for intravenous cholesterol-conjugated siRNA delivery
indicated a widespread distribution rather than targeting the liver.

5.2  Tumor-Targeted Systemic Delivery

Malignant tumors grow fast and spread throughout the body via blood or the lymphatic
system. Metastatic tumors established at distant locations are usually not encapsu-
lated and thus more amenable for systemic delivery. Local siRNA administration
methods discussed earlier can meet the requirements for most functional genomics
studies by acting on primary tumors or xenograft models which form the basis of
most cancer biology research. On the other hand, systemic delivery of siRNA is
needed for development of siRNA-based cancer therapeutics.

Systemic siRNA delivery imposes several requirements and greater hurdles than
does local siRNA delivery. It requires stable oligonucleotides in the blood and in the
local environment to enter the target cells. In addition, the siRNA needs to pass through
multiple tissue barriers to reach the target cell. A recent study in pancreas xenografts
used the systemic administration of CEACAMG6-specific siRNA without protection and
formulation. The study demonstrated a significant suppression of primary tumor growth
by 68%, compared with that by control siRNA, associated with a decreased prolifera-
tion index of the tumor cells, impaired angiogenesis, and increased apoptosis. Treatment
with CEACAMG6-specific siRNA completely inhibited metastasis and significantly
improved survival, without apparent toxicity [56]. Recent results revealed the tumor-
targeting siRNA delivery using an RGD peptide ligand directed nanoparticle and its
application in antiangiogenic treatment for cancer (Fig. 3.6) by systemic siRNA
delivery [20, 57], as reviewed elsewhere recently [58].

5.3 Other Neovasculature-Targeted Systemic Delivery

In addition to targeting tumor neovasculature, we also studied the RGD ligand tar-
geted nanoparticle for targeting ocular neovasculature tissues [5]. The antiangiogenesis
efficacy observed in ocular neovascularization models further demonstrated this
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Fig. 3.6 Nanoparticle siRNA delivery for tumor treatment. a N2Atumor-bearing mice received a
single intravenous injection of 40mg pLuc in RPP-nanoplexes only, with control siRNA or with
Luc-specific siRNA. 24 h following administration, tissues were assayed for luciferase activity
(n=15). b Mice were inoculated withN2Atumor cells and left untreated (open squares) or treated every
3 days by tail vein injection with RPP-nanoplexes with control siRNA or VEGF R2-specific siRNA at
a dose of 40mg per mouse. Treatment was started when the tumors became palpable (>20 mm?). Only
VEGF R2-sequence-specific siRNA inhibited tumor growth, whereas treatment with control siRNA
did not affect tumor growth rate when compared with untreated controls (n = 5)
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Fig. 3.7 Systemic and local nanoparticle delivery for siRNA therapeutics to treat ocular
neovascularization. a Systemic delivery of siRNAs against VEGF pathway genes inhibits the CpG
ODN-induced angiogenesis. Individual siRNAs or a mixture of total siRNAs against VEGF path-
way genes were delivered with RPP nanoparticles 6 and 24 h after the CpG ODN induction. b
Local delivery of siRNAs against VEGF pathway genes inhibits the CpG ODN-induced ang-
iogenesis. Individual siRNAs or a mixture of total siRNAs against VEGF pathway genes were
delivered with HKP nanoparticles 6 and 24 h after the induction
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approach as a clinically viable method for siRNA therapeutics (Fig. 3.7). Using the
HSV DNA induced ocular neovascularization model, we demonstrated that siRNA
oligos specific for several genes can be combined in the same nanoparticle as a “cock-
tail” approach to achieve a stronger antiangiogenesis activity inhibiting the disease
pathology [5, 59]. This ligand-directed nanoparticle delivery represents a novel and
effective approach for a clinically viable systemic administration of siRNA oligos as
the dual-targeted RNAI therapeutics.

6 Conclusion

Currently, delivery of siRNA oligos as a therapeutic agent in vivo, through either
local or systemic route, is evolving from the target validation tools to the proof of
principle for potential RNAI therapeutics. Therefore, examining the utility of each
particular siRNA delivery method in vivo requires confirmation of its robustness
during the target validation process with repeated testing in the preclinical models.
One significant advantage of siRNA, however, is rapidity with which different
siRNA sequences and the matching genes can be studied, which is particularly
useful for drug target validation. Moreover, developing and optimizing siRNA
delivery in various types of animal disease models will be a challenging but worthy
effort to accelerate the novel drug discovery process. Ultimately, this effort will be
translated into clinically viable administration method for siRNA-based therapeutics
to treat cancer, infectious diseases, and many other critical diseases.
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Chapter 4
Catheters for Chronic Administration
of Drugs into Brain Tissue

Michael Guarnieri, Benjamin S. Carson, Sr., and George 1. Jallo

Abstract Methods to infuse drugs into the parenchyma of the central nervous
system (CNS) have been reported as inconsistent or unpredictable. The source
of variability appears to be a compromised seal between the tissue and the outer
surface of the cannula. Failure of the tissue to seal to the cannula creates a path of
least resistance. Rather than penetrate the target area, the drug backflows along the
path of the cannula. This artifact can be difficult to detect because drugs enter
the systemic circulation and provide some fraction of the intended therapy.
Decreasing the rate of the infusion can reduce backflow. However, this may not
be an attractive option for certain therapeutic targets because decreased infusion rates
decrease the volume of drug distribution in normal tissue. Cannula design plays a
role. Rigid catheters that are fixed to the skull will oppose movements of the brain
and break the seal between the catheter and the tissue during chronic infusions.
Flexible infusion cannulas, which can be readily made by modifying commercially
available brain infusion catheters with plastic tubing, appear to provide consistent
infusion results because they can move with the brain and maintain their tissue seal.

Keywords Local delivery; Intraparenchymal therapy; Infusion cannula; Infusion
artifacts

1 Introduction

Methods are needed to circumvent the poor solubility of biologically active agents
at the blood-brain barrier. The disadvantages of bolus cerebral injections and
implanted biodegradable drug crystals have been known for several decades [1]. In
1974, Ott and coworkers described an implantable cannula for chronic drug injec-
tions into the hippocampus of laboratory animals [2]. The device consisted of a
brass cannula body that was cemented to the animal’s skull. A rigid tube was
press-fit through the cannula body and extended 3mm into the hippocampus.
Numerous modifications of this basic design have been reported [3-7].
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In 1976, Theeuwes and Yum described an implantable slow-flow (0.5—1 puL/h)
osmotic minipump for the local delivery of drugs [8]. Because of their simplicity
and reliability [9, 10], osmotic pumps seem suitable for the chronic delivery of
chemotherapy. In 1982, Kroin and Penn coupled the minipump to a stainless steel
cannula to examine the intracerebral infusion of cisplatin [11]. They used a similar
system to demonstrate the efficacy of intratumoral cisplatin and fluorouracil against
a 9L rat cerebellar tumor model [12]. Subsequently, efficacy against other CNS
tumor models has been observed with infusions of bleomycin [13], phenyl acetate
[14], topotecan [15], cyclopentenyl cytosine [16], and carboplatin [17].

We have investigated local therapy for tumors in surgically eloquent areas [18,
19]. However, others and we have encountered inconsistencies in the use of slow-
flow infusions (see Note 1). These systems have been described as unpredictable
[20]. Several authors reported that cannulas may be subject to clogging by tissue
debris, although specific details are lacking [21, 22]. Reviews of slow-flow infu-
sions typically have focused on their limited capacity for drug distribution, and the
steep concentration gradients between the point of delivery and the surrounding brain
tissue. Our studies with carboplatin have been consistent with reports showing a
radius of distribution for platinum-based drugs of about 5Smm from the point of
infusion [11, 17]. The distribution of small and large molecular weight drugs is
remarkably different in normal and abnormal rat brain tissue models [23]. The
radius of distribution for small molecules can be significantly longer in abnormal
tissue [18, 24], probably as a result of convection secondary to edema [25, 26].

Rigid catheters that are fixed to the skull will oppose movements of the brain.
We consider that inconsistencies associated with intraparenchymal infusions may
be caused by leak-back of the infused drug along the tract of the catheter when-
ever there is a failure in the seal between the catheter and the tissue. To test this
hypothesis, we reviewed studies measuring the distribution of drugs in normal
and abnormal tissues when the drugs were infused with a rigid catheter (see Note 2).
The observed distribution patterns were compared with the patterns obtained
when drugs were infused using a catheter with a flexible tip. The results show that
the inconsistent distribution patterns found with a rigid catheter tip are not seen
when flexible-tipped catheters are used (see Note 3). Infusion rates also have been
associated with reflux [27]. All of our studies have been conducted at infusion
rates of 10uL/h or less.

2 Materials

2.1 Animals

Rats, dogs, and monkeys were housed according to Johns Hopkins Animal Care
and Use Committee policies and federal guidelines. Animals with intracranial (IC)
pump implants were housed in individual cages.
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1.

Fischer rats (females, 180-200 g) were from Charles River.

2. Male Beagle dogs were from Harlan or Charles River.
3. Adult male cynomolgus monkeys (Macaca fascicularis) weighing 3-5kg were

obtained from Biologic Research Farms (Houston, TX).

2.2  Supplies

N =

. Alzet osmotic pumps were from Durect Corporation, Cupertino, CA.
. Stainless steel brain cannulas were purchased from Plastics One (Roanoke,

VA).

. Modified cannulas were prepared by using a drill with a burr head to cut the

0.28-gauge (0.47 mm outer diameter (OD)) stainless steel proximal cannula tips to
a length of 1 mm below the pedestal head. A 3mm length of 0.38 mm inner diam-
eter (ID), 1.09mm OD polyethylene tubing (Fisher Scientific, Newark, DE) was
fitted over the 1-mm stub of stainless steel tubing and secured with acrylic cement.
Flexible tipped assemblies were stored in 70% alcohol overnight (see Note 5).

2.3 Tumor Cells

. Rat F98 glioma cells were from R. Goodman, Ohio State University (Columbus,

OH). The 9L gliosarcoma line was obtained from the Brain Tumor Research
Center, University of California, San Francisco. Cells were maintained in 10%
fetal calf serum in DMEM supplemented with penicillin/streptomycin and tested
by the Gen-Probe Rapid Detection System (Fisher Scientific) to rule out
mycoplasma contamination. Cells were harvested with 0.25% trypsin, counted,
and resuspended in DMEM solution before intracranial implantation.

. Canine tumor cells [28] were from J. Hilton, Johns Hopkins Hospital (Baltimore,

MD).

3 Methods

3.1 Surgery

1.

Monkeys: After induction of anesthesia, monkeys were placed in a Kopf stere-
otactic head holder, and a linear incision was made from the inion to the
spinous process of C2. A burr hole was made in the midline on the occipital
bone 2.5 cm below the inion. The dura was opened with a scalpel blade (no. 11)
and the edges of the dura were coagulated by bipolar cautery. The infusion
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catheter was then inserted to a pontine target of 1.75mm anteroposterior,
—12.5mm dorsoventral, and O mm mediolateral in a standard stereotaxic atlas
[29]. These coordinates were used to determine the resting depth of the catheter
tip. We then mapped the linear path of the catheter for those coordinates and
inserted the catheter freehand through the cerebellum at a 45° angle between
the catheter and the occipital bone to a depth of ~2.25cm from the surface of
the cerebellum (see Note 4).

In animals 1 and 2, the 3-cm-long catheter was secured to the skull by
placing cyanoacrylate in the burr hole. To accommodate independent move-
ment between the skull and the brain, a 2.25-cm-long catheter was passed
through the skull in animals 3-5. The tubing was secured to the bone with
cyanoacrylate. The body of the pump was placed in a subcutaneous (SC)
pocket in the low cervical/high thoracic region and connected to the catheter
by the silicon tubing. The tubing was looped into the subcutaneous pocket
between the pump and the burr hole (see Note 5).

2. Dogs: The animal is sedated with acetopromazine (0.2mg/kg, i.m.) and
transferred to animal-operating rooms where an intravenous line will be placed
for infusion of DSNS solution. The dogs will receive a prophylactic dose of
penicillin G benzathine, 30,000 IU/kg. General anesthesia will consist of sodium
thiopental (10-20mg/kg, i.v.). Sterile conditions are maintained for all proce-
dures. Dogs are orally intubated for subsequent mechanical ventilation. Inhalable
halothane and isofluorane are used to maintain general anesthesia. In addition to
electrocardiographic monitoring, a catheter is introduced into the femoral artery
for continuous monitoring of blood pressure and heart rate. For cell inoculation
surgery, dogs are fasted from solid food for 12h prior to surgery; water is
available at all times. After induction of anesthesia, the dog’s head is shaved and
washed with alcohol and providone-iodine solution.

An incision is made in the left frontal region commencing at the superior
orbital ridge extending 2cm and then coursing inferiorly. Scalp bleeding is
controlled with electrocautery. Underlying connective tissue is removed from
the frontal bone to reveal the sagittal suture. A high-speed drill is used to cre-
ate a craniectomy defect in the left frontal bone that extends ~0.5cm. A small
round curette and small mastoid rongeurs are used to round out the defect. The
dura is opened using a blade (no. 15) in a linear fashion. Edges are cauterized
using a bipolar cautery. Approximately 30 UL of tumor cell suspension (5 mil-
lion cells) is slowly (5min) injected, using a Hamilton 50-pL syringe, ~7 mm
into the cortex. The wound is covered with a piece of Gelfoam cut to the size
of the defect. The temporalis muscle is closed using a running 3-0 Vicryl
suture. The scalp is closed with interrupted 3-0 Prolene sutures. Prior to
reversal of general anesthesia, the animal is given one injection of meperidine
(2.0mg/kg, i.m.) to abate postoperative pain and discomfort. Approximately
5 days after the cells have been implanted and an MRI imaging confirms the
tumor growth, animals are prepared as described for cell inoculation surgery.
The scalp wound is identified, reshaved if necessary, and washed with alcohol
and providone-iodine solution. An area between the shoulder blades of
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approximately 3 cm wide x 10cm long is shaved and washed with alcohol and
providone-iodine. The sutures of the scalp wound are reopened to reveal the
initial burr hole. A 5-mm-long stainless steel cannula connected to ~20cm of
silicon tubing is brought to the field. The tip of the tube is inserted to a depth
of ~5mm into the cortex. The silicon tubing connected to the tube is now in
the burr hole and is sealed into place with surgical cement. A 5-cm-long inci-
sion is made to open a subcutaneous pocket in the prepared area between the
shoulder blades. Bleeding is controlled by electrocautery. The distal end of the
tubing is passed through a tunnel under the skin created by spreading hemostat
blades under the skin caudally toward the area between the shoulder blades.
A drug-containing pump is placed in the SC pocket and connected to the distal
end of the silicon tubing. The temporalis muscle is closed using a running 3-0
Vicryl suture. The scalp and shoulder are closed with interrupted 3—0 Prolene
sutures. Prior to reversal of general anesthesia, the animal is given one injec-
tion of meperidine (2.0 mg/kg, i.m.) to abate postoperative pain and discomfort
(see Note 4). Seven to nine days after the pump implant, the animal is lightly
anesthetized, and the area over the shoulder blades is painted with alcohol and
providone-iodine solution. The wound is opened to expose the body of the
pump and the connecting tubing. The tubing is cut and sealed with a knot.
The pump is removed. The wound is resutured.

3. Rats: Animals are anesthetized with 0.65mL of a solution containing ketamine
hydrochloride (25mg/mL), xylazine (2.5mg/mL), and 14.25% ethyl alcohol in
saline. Surgical surfaces are shaved, and washed with 70% ethyl alcohol and
Betadine. With the aid of a Zeiss operating microscope, a 2-mm burr hole is made
~2mm lateral and 1 mm anterior to the bregma. Pump cannulas are placed to a
depth of 3mm in the burr hole (see Note 4). The hole with the rigid or flexible
cannula is sealed with surgical glue. The body of the pump is implanted subcutane-
ously on the back of the anesthetized rodent slightly posterior to the scapulae in a
pocket created by inserting and opening a hemostat into a midscapular incision
and thereby spreading the subcutaneous tissue. The pocket is large enough to
allow some movement of the pump, i.e., 1 cm longer than the pump. Wounds are
closed with 4.0 vicryl.

In all cases to be reported, pumps were examined at the end of the infusion study
to verify that the full content of drug solution had been delivered (see Note 4).

3.2 Biodistribution Measurements

1. Tissue platinum was assayed by atomic absorption spectroscopy to estimate the
distribution of infused carboplatin [11, 18].

2. Doxorubicin levels were measured in clear supernatant solution obtained by
centrifugation at 14,000 x g of 10% homogenates of 1-mm coronal tissue
sections in saline. Fluorescence was measured at an excitation wavelength of
490 nm. Emission was measured at 594 nm [30].
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4 Notes

1. Carboplatin distribution patterns in animals infused at 1uL/h for 7 days with rigid catheters are
shown in Table 4.1. The expected distribution pattern is a normal curve with the maximum tissue
concentration centered about the infusion point. Regardless of whether the drug was infused into
an established tumor, many of the brains infused with a rigid catheter had no detectable tissue levels
of platinum. In three experiments with tumor-challenged rats, we found a normal distribution of
platinum in the brains of 15 of 28 animals examined. No platinum tissue levels were found in the
brains of 13 animals. A similar result was observed in studies with normal animals. The data shows
that in three experiments, a normal distribution of platinum was found in only 10 of 17 animal
brains examined. No platinum was detected in the brains of two dogs challenged with canine tumor
cells and infused at the established tumor site with carboplatin through a rigid catheter that was
fixed to the skull.

2. For additional information about the results in Table 4.1, we collected data from the analysis
of platinum in a series of studies using rigid and flexible infusion catheters. The summary
shown in Table 4.2 demonstrates that the remarkable distribution artifact observed with rigid
catheters is not seen in rats infused with flexible catheters.

Table 4.1 Proportion of brains examined having expected CNS tissue distribution
of carboplatin when infused with rigid catheter

Species Tumor* Expected distribution
Rat - 5/8

Rat + 4/8

Rat + 2/8

Rat - 2/5

Rat - 3/4

Rat + 9/12

Dog + 0/2

#Rat tumors include 9L and F98 gliomas; dog tumor is a canine glioma

Table 4.2 Platinum (Pt) distribution patterns in F98-tumor-challenged rat brains after carboplatin
infusion

Infusion via rigid catheter Infusion via flexible catheter
Section® (mm) 1° 2 3 4 5 1 2 3
R3 09 00 0.0 0.7 0.3 0.4 2.3 0.3
R2 3.1 0.0 0.0 6.2 2.1 1.2 4.7 0.4
R1 104 0.0 00 104 7.1 2.2 5.9 1.4
Center 3.1 00 0.0 2.2 7.9 34 7.7 1.8
Cl 9.0 0.0 0.0 0.6 2.9 2.8 6.9 3.5
C2 2.8 00 0.0 0.0 1.3 1.2 4.5 3.1
C3 09 00 0.0 0.0 0.0 0.6 2.5 1.8
C4 0.5 00 0.0 0.0 0.0 0.1 1.8 1.1

aSections are listed as Rx — rostral, and Cx — caudal, where x is millimeters from the center of the
infusion site
"Numbers 1-5 indicate ng Pt/mg tissue
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Table 4.3 Proportion of brains examined having a normal CNS
tissue distribution of drug when infused with a flexible catheter

Species Tumor Assay Normal distribution
Rat + Platinum 6/6
Rat + Doxorubicin 6/6
Rat - Doxorubicin 6/6
Rat + TRF-dox 4/4
Rat - TRF-dox 4/4
Dog + Platinum 6/6
Monkey - Platinum 5/6

3. Table 4.3 shows the distribution pattern of carboplatin, doxorubicin, and a doxorubicin-
transferrin conjugate infused via a flexible catheter. With the exception of one infusion in a
monkey, the drug was found normally distributed in all cases tested. A review of this monkey
revealed that the catheter and its tubing were inadvertently loaded with drug solution at surgery.
We have assumed that the immediate flow of the drug solution prevented the tissue from
sealing about the catheter and that the drug leaked back along the catheter into the subdural
space. The pump was empty at the end of the infusion and the tubing was intact.

4. Our current practice of implanting empty tubing and catheters — to allow 2-24h (depending
on the pump flow rate) for the catheter to seal before drug solutions reach the tissue — would
seem to promote the potential for blockage. However, pressures within osmotic pumps can
reach more than 100 atm. [10]. It is difficult to imagine that tissue debris or a clot could block
this pressure. Moreover, such an effect would be easily detectable by the presence of broken
tubing, or liquid within the pump at the end of the delivery period. This has not been observed
in our experience despite a routine practice of examining the pump and tubing at the end of
the delivery period.

5. Osmotic pumps connected to intratumoral catheters have been associated with tissue damage
[31, 32]. In more than 5 years of rodent studies, we have never observed tissue damage that
was not associated with the wound created by implanting the catheter [17, 33]. The histopa-
thology and radiographic examination of cynomolgus monkeys infused for 3 months with
saline were unremarkable [18]. Inflammatory responses caused by toxic drug concentrations
at the point of delivery have been documented by radiographic and histopathology studies in
monkeys [18]. Nevertheless, the outer diameter of the polyethylene catheter used in this work
is 2-fold larger than the commercially available stainless steel model. The larger tubing most
likely causes additional damage. Additional studies are needed to determine whether this
damage affects survival research with tumor models.
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Chapter 5
Transdermal Drug Delivery Systems:
Skin Perturbation Devices

Marc B. Brown, Matthew J. Traynor, Gary P. Martin,
and Franklin K. Akomeah

Abstract Human skin serves a protective function by imposing physicochemical
limitations to the type of permeant that can traverse the barrier. For a drug to
be delivered passively via the skin it needs to have a suitable lipophilicity and a
molecular weight <500 Da. The number of commercially available products based
on transdermal or dermal delivery has been limited by these requirements. In recent
years various passive and active strategies have emerged to optimize delivery. The
passive approach entails the optimization of formulation or drug carrying vehicle
to increase skin permeability. However, passive methods do not greatly improve the
permeation of drugs with molecular weights >500 Da. In contrast, active methods,
normally involving physical or mechanical methods of enhancing delivery, have
been shown to be generally superior. The delivery of drugs of differing lipophilicity
and molecular weight, including proteins, peptides and oligonucletides, has been
shown to be improved by active methods such as iontophoresis, electroporation,
mechanical perturbation and other energy-related techniques such as ultrasound
and needleless injection. This chapter details one practical example of an active
skin abrasion device to demonstrate the success of such active methods. The in
vitro permeation of acyclovir through human epidermal membrane using a rotating
brush abrasion device was compared with acyclovir delivery using iontophoresis.
It was found that application of brush treatment for 10s at a pressure of 300N m~>
was comparable to 10 min of iontophoresis. The observed enhancement of perme-
ability observed using the rotating brush was a result of disruption of the cells of the
stratum corneum, causing a reduction of the barrier function of the skin. However,
for these novel delivery methods to succeed and compete with those already on
the market, the prime issues that require consideration include device design and
safety, efficacy, ease of handling, and cost-effectiveness. This chapter provides a
detailed review of the next generation of active delivery technologies.

Keywords Dermal; Drug delivery; Permeability; Skin; Transdermal
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1 Introduction

1.1 The Skin Barrier

Human skin has a multifunctional role, primary among which is its role as a barrier
against both the egress of endogenous substances such as water and the ingress of
xenobiotic material (chemicals and drugs). This barrier function of the skin is
reflected by its multilayered structure (Fig. 5.1). The top or uppermost layer of the
skin known as the stratum corneum (SC) represents the end product of the differ-
entiation process initially started in the basal layer of the epidermis with the forma-
tion of keratinocytes by mitotic division. The SC, therefore, is composed of dead
cells (corneocytes) interdispersed within a lipid rich matrix. It is the “brick and
mortar” architecture and lipophilic nature of the SC, which primarily accounts for
the barrier properties of the skin [1, 2]. The SC is also known to exhibit selective
permeability and allows only relatively lipophilic compounds to diffuse into the
lower layers. As a result of the dead nature of the SC, solute transport across this
layer is primarily by passive diffusion [3] in accordance with Fick’s Law [4] and no
active transport processes have been identified.

Typical delivery systems can be utilised to achieve transdermal drug delivery or
dermal drug delivery. The former involves the delivery of drugs through the skin
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barrier in order that they exert a systemic effect whereas the latter refers to delivery
of drugs to particular locations within the skin so that they exert a local effect. This
sort of dermal drug delivery approach is commonly used in the treatment of derma-
tological conditions such as skin cancer, psoriasis, eczema and microbial infections,
where the disease is located in the skin. Like many alternative routes of delivery,
the skin has both benefits and limitations (Table 5.1) when compared with more
conventional methods such as oral drug delivery.

In the last 25 years numerous methods of overcoming the skin barrier have been
described, but they can broadly be divided into two main categories defined as
either passive or active methods.

Table 5.1 Benefits and limitations associated with cutaneous delivery

Benefits

* The avoidance of first pass metabolism and other variables associated with the GI tract, such
as pH, gastric emptying time [5-7]

e Sustained and controlled delivery for a prolonged period of time [8, 9]

e Reduction in side effects associated with systemic toxicity, i.e. minimization of peaks and
troughs in blood-drug concentration [7, 10]

* Improved patient acceptance and compliance [11-13]

» Direct access to target or diseased site, e.g. treatment of skin disorders such as psoriasis,
eczema and fungal infections [14]

* Ease of dose termination in the event of any adverse reactions, either systemic or local

e Convenient and painless administration [5, 6]

» Ease of use may reduce overall healthcare treatment costs [15, 16]

* Provides an alternative in circumstances where oral dosing is not possible (in unconscious or
nauseated patients) [7]

Limitations

* A molecular weight less than 500 Da is essential to ensure ease of diffusion across the SC
[17], since solute diffusivity is inversely related to its size

» Sufficient aqueous and lipid solubility, a log P (octanol/water) between 1 and 3 is required
for the permeant to successfully traverse the SC and its underlying aqueous layers for
systemic delivery to occur [18]

e Intra- and inter-variability associated with the permeability of intact and diseased human
skin. This implies that there will be fast, slow and normal skin absorption profiles, resulting
in varying biological responses [19, 20]. The barrier nature of intact SC ensures that this
route is applicable only for very potent drugs that require only minute concentrations
(e.g. 10-30ng mL"! for nicotine) in the blood for a therapeutic effect [5]

e Pre-systemic metabolism; the presence of enzymes, such as peptidases, esterases, in the skin
might metabolise the drug into a form that is therapeutically inactive, thereby reducing the
efficacy of the drug [21]

e Skin irritation and sensitization, referred to as the “Achilles heel” of dermal and transdermal
delivery. The skin as an immunological barrier may be provoked by exposure to certain
stimuli; this may include drugs, excipients or components of delivery devices, resulting
in erythema, oedema, etc. [22-25]
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2 Passive Methods for Enhancing (Trans)dermal
Drug Delivery

The conventional means of applying drugs to skin include the use of vehicles such as
ointments, creams, gels and “passive” patch technology. More recently, such dosage
forms have been developed and/or modified in order to enhance the driving force of drug
diffusion (thermodynamic activity) and/or increase the permeability of the skin. Such
approaches include the use of penetration enhancers [26], supersaturated systems [27],
prodrugs or metabolic approach [28, 29], liposomes and other vesicles [30-33]. However,
the amount of drug that can be delivered using these methods is still limited since the
barrier properties of the skin are not fundamentally changed. As such there are still no
medicines on the market in the USA that contain a labelled penetration enhancer.

3 Active Methods for Enhancing (Trans)dermal
Drug Delivery

These methods involve the use of external energy to act as a driving force and/or act to
reduce the barrier nature of the SC in order to enhance permeation of drug molecules
into the skin. Recent progress in these technologies has occurred as a result of advances
in precision engineering (bioengineering), computing, chemical engineering and mate-
rial sciences, all of which have helped to achieve the creation of miniature, powerful
devices that can generate the required clinical response. The use of active enhancement
methods has gained importance because of the advent of biotechnology in the later half
of the twentieth century, which has led to the generation of therapeutically active, large
molecular weight (>500Da) polar and hydrophilic molecules, mostly peptides and pro-
teins. However, gastrointestinal enzymes often cause degradation of such molecules and
hence there is a need to demonstrate efficient delivery of these molecules by alternative
administration routes. Passive methods of skin delivery are incapable of enhancing per-
meation of such large solutes, which has led to studies involving the use of alternative
active strategies such as those discussed here.

3.1 Electroporation

The use of electropermeabilization, as a method of enhancing diffusion across bio-
logical barriers, dates back as far as 100 years [34]. Electroporation involves the
application of high-voltage pulses to induce skin perturbation. High voltages
(=100V) and short treatment durations (milliseconds) are most frequently
employed. Other electrical parameters that affect delivery include pulse properties
such as waveform, rate and number [35]. The increase in skin permeability is sug-
gested to be caused by the generation of transient pores during electroporation [36].
The technology has been successfully used to enhance the skin permeability of
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molecules with differing lipophilicity and size (i.e. small molecules, proteins, pep-
tides and oligonucleotides), including biopharmaceuticals with a molecular weight
greater that 7kDa, the current limit for iontophoresis [37].

Inovio Biomedical Corporation (San Diego, CA) have developed a prototype elec-
troporation transdermal device, which has been tested with various compounds with a
view to achieving gene delivery, improving drug delivery and aiding the application of
cosmetics. Other transdermal devices based on electroporation have been proposed by
various groups [38—41]; however, more clinical information on the safety and efficacy
of the technique is required to assess the future commercial prospects.

3.2 Iontophoresis

This method involves enhancing the permeation of a topically applied therapeutic
agent by the application of a low level electric current either directly to the skin or
indirectly via the dosage form [42—46]. Increase in drug permeation as a result of
this methodology can be attributed to either one or a combination of the following
mechanisms: electrorepulsion (for charged solutes), electroosmosis (for uncharged
solutes) and electropertubation (for both charged and uncharged).

Parameters that affect design of an iontophoretic skin delivery system include
electrode type, current intensity, pH of the system, competitive ion effect and per-
meant type [35]. The launch of commercialised systems of this technology either
has occurred or is currently under investigation by various companies. Extensive
literature exists on the many types of drugs investigated using iontophoretic deliv-
ery and the reader is referred to the following extensive reviews [35, 44, 47-49].
The Phoresor™ device (Iomed Inc.) was the first iontophoretic system to be
approved by the FDA in the late 1970s as a physical medicine therapeutic device.
In order to enhance patient compliance, the use of patient-friendly, portable and
efficient iontophoretic systems have been under intense development over the
years. Such improved systems include the Vyteris and E-TRANS iontophoretic
devices. Previous work has also reported that the combined use of iontophoresis and
electroporation is much more effective than either technique used alone in the
delivery of molecules across the skin. [50-52].

The limitations of ionotophoretic systems include the regulatory limits on the
amount of current that can be used in humans (currently set at 0.5 mA cm) and the
irreversible damage such currents could do to the barrier properties of the skin. In
addition, iontophoresis has failed to significantly improve the transdermal delivery
of macromolecules of >7,000 Da [53].

3.3 Ultrasound (Sonophoresis and Phonophoresis)

Ultrasound involves the use of ultrasonic energy to enhance the transdermal delivery
of solutes either simultaneously or via pre-treatment and is frequently referred to as
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sonophoresis or phonophoresis. The proposed mechanism behind the increase in
skin permeability is attributed to the formation of gaseous cavities within the inter-
cellular lipids on exposure to ultrasound, resulting in disruption of the SC [54].
Ultrasound parameters such as treatment duration, intensity and frequency are all
known to affect percutaneous absorption, with the latter being the most important
[55]. Although frequencies between 20kHz — 16 MHz have been reported to enhance
skin permeation, frequencies at the lower end of this range (<100kHz) are believed
to have a more significant effect on transdermal drug delivery, with the delivery of
macromolecules of molecular weight up to 48kDa being reported [54, 56, 57].

The SonoPrep® device (Sontra Medical Corporation) uses low-frequency ultrasound
(55kHz) for an average duration of 15s to enhance skin permeability. This battery-
operated hand-held device consists of a control unit, ultrasonic horn with control panel,
a disposable coupling medium cartridge and a return electrode. The ability of the
SonoPrep device to reduce the time of onset of action associated with the dermal delivery
of local anaesthetic from EMLA cream was recently reported [58]. In the study by Kost
et al. [58], skin treatment by ultrasound for an average time of 9s resulted in the attain-
ment of dermal anaesthesia within 5 min, compared with 60 min required for non-treated
skin. The use of other small, lightweight novel ultrasound transducers to enhance the in
vitro skin transport of insulin has also been reported by a range of workers [56, 59-61].

3.4 Laser Radiation and Photomechanical Waves

Lasers have been used in clinical therapies for decades, and therefore their effects
on biological membranes are well documented. Lasers are frequently used for the
treatment of dermatological conditions such as acne and to confer “facial rejuvena-
tion” where the laser radiation destroys the target cells over a short frame of time
(=300ns). Such direct and controlled exposure of the skin to laser radiation results
in ablation of the SC without significant damage to the underlying epidermis.
Removal of the SC via this method has been shown to enhance the delivery of
lipophilic and hydrophilic drugs [62—64]. The extent of barrier disruption by laser
radiation is known to be controlled by parameters such wavelength, pulse length,
pulse energy, pulse number and pulse repetition rate [62].

A hand-held portable laser device has been developed by Norwood Abbey Ltd
(Victoria, Australia). In a study involving human volunteers [65], the Norwood
Abbey laser device was found to reduce the onset of action of lidocaine to 3—5 min,
whilst 60min was required to attain a similar effect in the control group. The
Norwood Abbey system has been approved by the US and Australian regulatory
bodies for the administration of a topically applied anaesthetic.

Pressure waves (PW), which can be generated by intense laser radiation, with-
out incurring direct ablative effects on the skin have also been recently found to
increase the permeability of the skin [66—68]. It is thought that PW form a
continuous or hydrophilic pathway across the skin due to expansion of the lacunae
domains in the SC. Important parameters affecting delivery such as peak pressure,
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rise time and duration have been demonstrated [69, 70]. The use of PW may also
serve as a means of avoiding problems associated with direct laser radiation.

Permeants that have been successfully delivered in vivo include insulin [71], 40kDa
dextran and 20-nm latex particles [66]. A design concept for a transdermal drug deliv-
ery patch based on the use of PW has been proposed by Doukas and Kollias [68].

3.5 Radio-Frequency

Radio-frequency involves the exposure of skin to high-frequency alternating
current (~100kHz), resulting in the formation of heat-induced microchannels in the
membrane in the same way as when laser radiation is employed. The rate of drug
delivery is controlled by the number and depth of the microchannels formed by
the device, which is dependent on the properties of the microelectrodes used in the device.
The Viaderm device (Transpharma Ltd) is a hand-held electronic device consisting
of a microprojection array (100 microelectrodes/cm?) and a drug patch. The
microneedle array is attached to the electronic device and placed in contact with
the skin to facilitate the formation of the microchannels. Treatment duration takes
less than a second, with a feedback mechanism incorporated within the electronic
control providing a signal when the microchannels have been created, so as to
ensure reproducibility of action. The drug patch is then placed on the treated area.
Experiments in rats have shown that the device enhances the delivery of granisetron
HCL, with blood plasma levels recorded after 12h rising 30 times the levels
recorded for untreated skin after 24h [72]. A similar enhancement in diclofenac
skin permeation was also observed in the same study [72]. The device is reported
not to cause any damage to skin, with the radio-frequency-induced microchannels
remaining open for less than 24h. The skin delivery of drugs such as testosterone
and human growth hormone by this device is also currently in progress.

3.6 Magnetophoresis

This method involves the application of a magnetic field which acts as an external
driving force to enhance the diffusion of a diamagnetic solute across the skin. Skin
exposure to a magnetic field might also induce structural alterations that could con-
tribute to an increase in permeability. In vitro studies by Murthy [73] showed a mag-
netically induced enhancement in benzoic acid flux, which was observed to increase
with the strength of the applied magnetic field. Other in vitro studies using a magnet
attached to transdermal patches containing terbutaline sulphate (TS) demonstrated an
enhancement in permeant flux which was comparable to that attained when 4% iso-
propyl myristate was used as a chemical enhancer [74]. In the same work the effect
of magnetophoresis on the permeation of TS was investigated in vivo using guinea
pigs. The preconvulsive time (PCT) of guinea pigs subjected to magnetophoretic
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treatment was found to last for 36 h, which was similar to that observed after applica-
tion of a patch containing 4% IPM. This was in contrast to the response elicited by
the control (patch without enhancer), when the increase in PCT was observed for only
12 h. In human subjects, the levels of TS in the blood were higher but not significantly
different from those observed with the patch containing 4% IPM. The fact that this
technique can only be used with diamagnetic materials will serve as a limiting factor
in its applicability and probably explains the relative lack of interest in the method.

3.7 Temperature (“Thermophoresis”)

The skin surface temperature is usually maintained at 32°C in humans by a range of
homeostatic controls. The effect of elevated temperature (non-physiological) on per-
cutaneous absorption was initially reported by Blank et al. [75]. Recently, there has
been a surge in the interest of using thermoregulation as a means of improving the
delivery profile of topical medicaments. Previous in vitro studies [76, 77] have dem-
onstrated a 2-3-fold increase in flux for every 7-8°C rise in skin surface temperature.
The increased permeation following heat treatment has been attributed to an increase
in drug diffusivity in the vehicle and an increase in drug diffusivity in the skin due to
increased lipid fluidity [78]. Vasodilation of the subcutaneous blood vessels as a
homeostatic response to a rise in skin temperature also plays an important role in
enhancing the transdermal delivery of topically applied compounds [79, 80]. The in
vivo delivery of nitroglycerin [79], testosterone, lidocaine, tetracaine [81] and fenta-
nyl [82] from transdermal patches with attached heating devices was shown to
increase as a result of the elevated temperature at the site of delivery. However, the
effect of temperature on the delivery of penetrants >500Da has not been reported.

The controlled heat-aided drug delivery (CHADD) patch (Zars Inc., Salt Lake
City, UT) consists of a patch containing a series of holes at the top surface which
regulate the flow of oxygen into the patch. The patch generates heat chemically in
a powder-filled pouch by an oxidative process regulated by the rate of flow of oxy-
gen through the holes into the patch [83]. The CHADD technology was used in the
delivery of a local anaesthetic system (lidocaine and tetracaine) from a patch
(S-Caine®) and found to enhance the depth and duration of the anaesthetic action
in human volunteers, when the results obtained in active and placebo groups were
compared [84]. Zars Inc., together with Johnson and Johnson, recently submitted
an investigational new drug (IND) application to the FDA for Titragesia™ (a com-
bination of CHADD disks and Duragesic Patches, the latter containing fentanyl for
treatment of acute pain). Kuleza and Dvoretzky [85] also have described a heat
delivery patch or exothermic pad for promoting the delivery of substances into the
skin, subcutaneous tissues, joints, muscles and blood stream, which may be of use
in the application of drug and cosmetic treatments.

All these studies described employed an upper limit skin surface temperature of
40-42°C, which can be tolerated for a long period (>1h). In heat-patch systems
where patient exposure to heat is <24 h, such an upper limit may be necessary for
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regulatory compliance. In addition, the issue of drug stability may also need to be
addressed when elevated temperatures are used.

Thermopertubation refers to the use of extreme temperatures to reduce the skin bar-
rier. Such perturbation has been reported in response to using high temperatures for a
short duration (30ms), with little or no discomfort, using a novel patch system [86].
These investigators developed a polydimethylsiloxane (PDMS) patch for non-intrusive
transdermal glucose sensing via thermal micro-ablation. Ablation was achieved by
microheaters incorporated within the patch. The heat pulse is regulated by means of a
resistive heater, which ensures that the ablation is limited within the superficial dead
layers of the skin. Average temperatures of 130°C are required for ablation to occur
within 33 ms, after which SC evaporation results. Other heat-assisted transdermal deliv-
ery devices under development include the PassPort® patch (Althea therapeutics) which
ablates the SC in a manner similar to the PDMS patch. The exposure of skin to low
(freezing) temperatures has been reported to decrease its barrier function [87-89] but
has however not been exploited as a means of enhancing skin absorption.

The final group of active enhancement methods entails the use of a physical or
mechanical means to breach or bypass the SC barrier.

3.8 Microneedle-Based Devices

One of the first patents ever filed for a drug delivery device for the percutaneous
administration of drugs was based on this method [90]. The device as described in
the patent consists of a drug reservoir and a plurality of projections extending from
the reservoir. These microneedles of length 50-110 pm will penetrate the SC and
epidermis to deliver the drug from the reservoir. The reservoir may contain drug,
solution of drug, gel or solid particulates, and the various embodiments of the
invention include the use of a membrane to separate the drug from the skin and
control release of the drug from its reservoir. As a result of the current advance-
ment in microfabrication technology in the past ten years, cost-effective means of
developing devices in this area are now becoming increasingly common [91-93].

A recent commercialisation of microneedle technology is the Macroflux® micropro-
jection array developed by ALZA Corporation. The macroflux patch can be used either
in combination with a drug reservoir [94] or by dry coating the drug on the microprojec-
tion array [95]; the latter being better for intracutaneous immunization. The length of
the microneedles has been estimated to be around 50-200 pm and therefore they are not
believed to reach the nerve endings in the dermo-epidermal junction. The microprojec-
tions/microneedles (either solid or hollow) create channels in the skin, allowing the
unhindered movement of any topically applied drug. Clinical evaluations report mini-
mal associated discomfort and skin irritation and erythema ratings associated with such
systems are reportedly low [96]. This technology serves as an important and exciting
advance in transdermal technology because of the ability of the technique to deliver
medicaments with extremes of physicochemical properties (including vaccines, small
molecular weight drugs and large hydrophilic biopharmaceuticals) [97-99].
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Yuzhakov et al. [93] describe the production of an intracutaneous microneedle
array and provide an account of its use (microfabrication technology). Various
embodiments of this invention can include a microneedle array as part of a closed
loop system “smart patch” to control drug delivery based on feedback information
from analysis of body fluids. Dual purpose hollow microneedle systems for
transdermal delivery and extraction which can be coupled with electrotransport
methods are also described by Trautman et al. [91] and Allen et al. [100]. These
mechanical microdevices which interface with electronics in order to achieve a
programmed or controlled drug release are referred to as microelectromechanical
systems (MEMS) devices.

3.9 Skin Puncture and Perforation

These devices are similar to the microneedle devices produced by microfabrication
technology. They include the use of needle-like structures or blades, which disrupt
the skin barrier by creating holes and cuts as a result of a defined movement when
in contact with the skin. Godshall and Anderson [101] described a method and
apparatus for disruption of the epidermis in a reproducible manner. The apparatus
consists of a plurality of microprotrusions of a length insufficient for penetration
beyond the epidermis. The microprotrusions cut into the outer layers of the skin by
movement of the device in a direction parallel to the skin surface. After disruption
of the skin, passive (solution, patch, gel, ointment, etc.) or active (iontophoresis,
electroporation, etc.) delivery methods can be used. Descriptions of other devices
based on a similar mode of action have been described by Godshall [102], Kamen
[103], Jang [104] and Lin et al. [105].

3.10 Needleless Injection

Needleless injection is reported to involve a pain-free method of administering drugs
to the skin. This method therefore avoids the issues of safety, pain and fear associated
with the use of hypodermic needles. Transdermal delivery is achieved by firing the
liquid or solid particles at supersonic speeds through the outer layers of the skin by
using a suitable energy source. Over the years there have been numerous examples of
both liquid (Ped-O-Jet®, Tject®, Biojector2000®, Medi-jector® and Intraject®) and
powder (PMED"™ device, formerly known as powderject® injector) systems [99]. The
latter has been reported to deliver successfully testosterone, lidocaine hydrochloride
and macromolecules such as calcitonin and insulin [106, 107, 108].

Problems facing needleless injection systems include the high developmental
cost of both the device and dosage form and the inability, unlike some of the other
techniques described previously, to programme or control drug delivery in order
to compensate for inter-subject differences in skin permeability. In addition, the
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long-term effect of bombarding the skin with drug particles at high speed is not
known, and thus, such systems may not be suitable for the regular administration
of drugs. It may however be very useful in the administration of medicaments
which do not require frequent dosing, e.g. vaccines.

3.11 Suction Ablation

Formation of a suction blister involves the application of a vacuum [109] or nega-
tive pressure to remove the epidermis whilst leaving the basal membrane intact.
The cellpatch® (Epiport Pain Relief, Sweden) is a commercially available product
based on this mechanism [110]. It comprises a suction cup, epidermatome (to form
a blister) and device (which contains morphine solution) to be attached to the skin.
This method which avoids dermal invasivity, thereby avoiding pain and bleeding,
is also referred to as skin erosion. Such devices have also been shown to induce
hyperaemia in the underlying dermis in in vivo studies [111], which was detected
by laser Doppler flowmetry and confirmed by microscopy, and is thought to further
contribute to the enhancement of dextran and morphine seen with this method.

The disadvantages associated with the suction method include the prolonged
length of time required to achieve a blister (2.5h), although this can be reduced to
15-70min by warming the skin to 38°C [111, 112]. In addition, although there is
no risk of systemic infection when compared with the use of intravenous catheters,
the potential for epidermal infections associated with the suction method cannot be
ignored even though the effects might be less serious [113].

3.12 Application of Pressure

The application of modest pressure (i.e. 25kPa) has been shown to provide a potentially
non-invasive and simple method of enhancing skin permeability of molecules such as
caffeine [114]. These workers attributed the increase in transcutaneous flux to either an
improved transapendageal route or an increased partition of the compound into the SC
when pressure was applied. This method may also work because of the increased solu-
bility of caffeine in the stratum corneum caused by the increase in pressure.

3.13 Skin Stretching

These devices hold the skin under tension in either a unidirectional or a multidirec-
tional manner [115, 116]. The authors claim that a tension of about 0.01-10mPa
results in the reversible formation of micropathways. The efficiency of the stretch-
ing process was demonstrated by monitoring the delivery of a decapeptide (1 kDa)
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across the skin of hairless guinea pigs by using a microprotrusion array. The results
of the study showed that the bi-directional stretching of skin after microprotrusion
piercing allowed the pathways to stay open (i.e. delayed closure), thereby facilitat-
ing drug permeation to a greater extent (27.9 + 3.3 ug cm= h™') than in the control
group (9.8 = 0.8 ug cm= h™'), where the skin was not placed under tension after
microneedle treatment. However, increased skin permeation in the absence of
microneedle pre-treatment was not found to occur.

Other methods involving the use of skin stretching with subsequent use of deliv-
ery devices based on electrotransport, pressure, osmotic and passive mechanisms
have also been suggested, but the value of skin stretching alone without the benefit
of a secondary active delivery device remains to be seen.

3.14 Skin Abrasion

These techniques, many of which are based on techniques employed by dermatolo-
gists in the treatment of acne and skin blemishes (e.g. microdermabrasion), involve
the direct removal or disruption of the upper layers of the skin to enhance the permea-
tion of topically applied compounds. The delivery potential of skin abrasion tech-
niques is not restricted by the physicochemical properties of the drug, and previous
work has illustrated that such methods enhance and control the delivery of a
hydrophilic permeant, vitamin C [64] vaccines and biopharmaceuticals [117-119].
One current method is performed using a stream of aluminium oxide crystals and
motor-driven fraises [64, 120] Sage and Bock [121, 122] also describe a method of
pre-treating the skin prior to transdermal drug delivery which consists of a plurality
of microabraders of length 50-200 um. The device is rubbed against the area of inter-
est, to abrade the site, in order to enhance delivery or extraction. The microabraders/
microprotrusions terminate as blunt tips and therefore do not penetrate the SC. The
device functions by removing a portion of the SC without substantially piercing the
remaining layer. Some of these methods are claimed to offer advantages such as
minimal patient discomfort, increased patient compliance, ease of use and less risk of
infection when compared with their more “invasive” predecessors such as ablation
and the use of hypodermic needles/cannulas to deliver medicaments across the skin.

4 A Practical Example of a Skin Abrasion Device

4.1 Introduction

Abrasion devices are generally expensive and usually require trained personnel to
operate them, therefore limiting applicability of the technique. One novel strategy
might be to employ a rotating brush to perturb the skin barrier. The potential of
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such a method was investigated and compared with more established methods of
enhancing in vitro skin permeation. Acyclovir is an interesting candidate for use in
the development of active enhancement devices as it is poorly absorbed through the
skin because of its hydrophilicity [123] This is thought to contribute to the low
efficacy of commercial acyclovir formulations due to a delay in it reaching its
intended target site in the basal epidermis [124, 125]. Iontophoresis currently serves
as one of the most effective skin permeation strategies in enhancing the therapeutic
profile of ACV [125-128] and as thus was used as a comparative method in the
practical example of this review.

4.2 Methodology

In vitro experiments were conducted using excised human epidermal membrane.
A rectangular section (~3 x 2cm?) of epidermal sheet was selected and a circular
region (~1cm?) demarcated. Brush treatment of the skin was performed as previ-
ously described [129]. In brief, the sample of epidermal sheet was inserted into
the device clamp ensuring the demarcated region was exposed. The clamp was
tightened and gently raised by means of the latch (lift) until the demarcated
region of the epidermis was in slight contact with the bristles (surface area,
~1cm?) of the brush. Pre-defined operational parameters (speed, applied pres-
sure, treatment duration) of interest were then set on the control box for the abra-
sion process to occur.

Calibrated Franz cells of known surface area (~0.65cm?) and receptor volume
(~=2mL) were used. The receptor chamber was filled with PBS (pH 7.4) and stirred
throughout the duration of the experiment by using a PTFE-coated magnetic flea
(5 x 2 x 2m). The treated membrane (using brush or positive controls) or untreated
control was then clamped between the donor and receptor chambers of the Franz
cell (with the stratum corneum (SC) facing upwards). A radio-labelled formulation
was prepared by spiking Zovirax® cream with *H-ACV (ethanolic solution). A tar-
get finite dose of ~9 = 1 mg cm™? was applied to the epidermal membrane surface
using a previously calibrated positive displacement pipette (Gilson Pipetman®, P20
Anachem UK Ltd) and carefully spread to cover the effective surface area by
means of a tared syringe plunger. For iontophoresis the (anodal) treatment protocol
employed was as described previously [127, 130]. A 0.4-mA current limit and 10-
min treatment duration was maintained to simulate “in use” conditions. A shorter
iontophoretic treatment (0.4 mA for 10 min) was also employed, so as to reduce the
likelihood of potential damage to the skin as a result of prolonged current exposure.
All experiments were conducted in a water bath at 37°C for a minimum period of
4h with sink conditions being maintained throughout. At certain time intervals
200 pL. of the receiver fluid was carefully withdrawn from the receiver fluid.
Approximately 4 mL of scintillation cocktail was added to each 200-pL sample and
analysis was conducted using scintillation counting.
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4.3 Results and Discussion

The skin permeation of ACV (Zovirax cream) applied as a finite dose was pro-
moted to a greater extent as the duration of brush treatment was extended
(Fig. 5.2). A significant increase in ACV transport was observed following
brush treatment (p < 0.05). The use of iontophoresis proved generally less
effective than employing the rotating brush in enhancing permeation. For exam-
ple the effect of 10-min anodal iontophoresis on the skin permeation of ACV
proved to be comparable to that obtained after application of brush treatment at
300N m~2 for 10s (Table 5.2). The iontophoretic method in this study employed
optimum conditions (electrode type, anode; pH of buffer, 7.4; current intensity,
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Fig. 5.2 Effect of treatment time on the skin permeation profile of ACV (finite dose) from a
topical preparation using rotating device with brush B and constant device parameters (speed,
80 rpm; pressure, 300N m~2) [(m) untreated, (¢) 10s, (@) 30s and (a) 60s]. Data represent mean
+ SE (n > 4), and error bars not shown are within size of symbol

Table 5.2 A comparison of the effects of iontophoresis and treatment with brush B at various
times on the in vitro skin permeation of *H-labelled ACV (finite dose)

Treatment type Amount in receptor (LLg cm™) after 60 min Enhancement factor
Untreated 0.14 £ 0.08 -
Brush treatment® (s)

10 5.06 + 1.88* 36.17

30 12.5 +4.02* 89.29

60 30.91 £ 5.45% 220.76
Ionotophoresis (anodal) 495 +2.35% 35.42

Data represent mean + SE (n > 4) except otherwise stated
*Significantly different from that of untreated skin (p < 0.05)
aDevice parameters (speed, 80 rpm; pressure, 300N m—) were maintained constant



5 Transdermal Drug Delivery Systems: Skin Perturbation Devices 133

<0.5mA) which have been previously shown to enhance ACV permeation in
vitro [126, 127, 130].

Findings from this present study support the effectiveness of a rotating brush
(applied to the skin) in enhancing the cutaneous permeability of acyclovir. The
observed enhancement in permeability was a result of the disruption of the cells of
the SC, which compromises the principal barrier that skin provides to the absorp-
tion of applied compounds. Abrasion devices which allow the controlled removal
of only the upper layers of the skin could be an important tool when attempting to
generate a standardised skin treatment prior to the topical application of drugs. This
prerequisite is a limitation of previous research into this mode of skin penetration
enhancement. The use of a rotating brush device as described in this study may
serve as an efficient and simple means of overcoming such a limitation. Further in
vitro studies are warranted using other solutes to optimize further device parame-
ters, as is an in vivo delivery feasibility study using such a prototype device.

5 The Future

The market for transdermal devices has been estimated at US $2 billion [120] and
this figure represents 10% of the overall US $28 billion drug delivery market. Such
figures are surprising when it is considered that although the first transdermal patch
was granted a licence by the FDA in 1979, only an additional nine drugs have been
approved since this time. This short list of “deliverables” highlights the physico-
chemical restrictions imposed on skin delivery.

Transdermal drug delivery has recently experienced a healthy annual growth
rate of 25%, which outpaces oral drug delivery (2%) and the inhalation market
(20%) [131]. This figure will certainly rise in the future as novel devices emerge
and the list of marketed transdermal drugs increases. The emergence of such
devices will increase the use of the skin as a route of administration for the treat-
ment of a variety of conditions.

However, subjective and objective analyses of these devices are required to
make sure both scientific, regulatory and consumer needs are met. The devices in
development are costlier and more complicated when compared with conventional
transdermal patch therapies. As such they may contain electrical and mechanical
components which could increase the potential safety risks to patients because of
poor operator technique or device malfunction. In addition, effects of the device on
the skin must be reversible, since any permanent damage to the SC will result in
the loss of its barrier properties and hence its function as a protective organ.
Regulatory bodies will also require data to substantiate the safety of the device on
the skin for either short- or long-term use. Thus, for any of these novel drug deliv-
ery technologies to succeed and compete with those already on the market, their
safety, efficacy, portability, user-friendliness, cost-effectiveness and potential mar-
ket have to be addressed.
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Chapter 6
Controlling the Release of Proteins/Peptides
via the Pulmonary Route

Sunday A. Shoyele

Abstract The inhalation route is seen as the most promising non-invasive alterna-
tive for the delivery of proteins; however, the short duration of activity of drugs
delivered via this route brought about by the activities of alveolar macrophages and
mucociliary clearance means there is a need to develop controlled release system to
prolong the activities of proteins delivered to the lung. Polymeric materials such as
(p,L)-poly(lactic glycolic acid) (PLGA), chitosan and poly(ethylene glycol) (PEGs)
have been used for controlled release of proteins. Other systems such as liposomes
and microcrystallization have also proved effective.

This chapter gives a more detailed understanding of these techniques and the
manufacture of the delivery systems.

Keywords Proteins; Controlled release; Polymers; Liposomes; Microcrystals;
Pulmonary

1 Introduction

Formulation of proteins for either local lung or systemic delivery has continued to
pose some challenges to drug formulators because of their “fragile” nature.
Although the primary structure of proteins is made up of covalent bonds, the higher
order structures (secondary, tertiary, and sometimes quaternary) are made up of
relatively weak physical interactions (electrostatic, hydrogen bonding, van der
Waal’s forces and hydrophobic interactions) and not of the much stronger covalent
bonding [1]. Owing to these weak interactions, proteins can easily undergo confor-
mational changes, which can lead to a reduction of their biological activity.
Formulation of proteins for therapeutic use will thus depend on the physical and
chemical stability of such molecules, since the loss of the native conformation may
result in reduction or complete loss of biological activity.

The vulnerability of proteins to gastrointestinal enzymes and first pass metabolism
in the liver when administered orally makes oral administration of proteins quite chal-
lenging. Other routes such as transdermal, buccal, nasal and ocular have been
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investigated without much success. The main issues involved with these routes are
variable bioavailability [2] and safety of the enhancers used in the formulations [3].

The inhalation route, however, offers potential possibilities for the delivery of
proteins for systemic activity. The route offers enormous absorptive surface area in
the range of 35-140m? [4], very thin diffusion path to the blood stream, elevated
blood flow, relatively low metabolic activity as well as avoidance of first pass
hepatic metabolism [5]. These advantages, coupled with the fact that oral inhalation
is well accepted by the general population in most societies, make pulmonary deliv-
ery of proteins quite appealing.

Despite the obvious advantages of the pulmonary route, the relatively short dura-
tion of clinical effects of drugs delivered via this route may mean multiple daily
dosing. This is borne out of the fact that drugs easily cross the thin epithelium of
the alveoli into systemic circulation and drugs left in the peripheral airways are
easily cleared by both alveolar macrophages and mucociliary apparatus. There is
therefore a need for the development of controlled/sustained release methods for
pulmonary delivery of proteins/peptides so as to encourage patient compliance.

2 Controlled Release Strategies

Various controlled release techniques for pulmonary delivery of proteins have been
studied (Table 6.1). The major successful ones include the following:

1. Use polymeric materials
2. Microcrystallization
3. Liposomes

2.1 Use of Polymeric Materials

Some of the most promising systems for the controlled release of proteins and peptides
involve encapsulation or entrapment in biocompatible polymeric materials. The most
widely used polymers to date are poly(ethylene glycol) (PEG), (D,L)-poly(lactic
glycolic acid) (PLGA), poly(lactic acid) (PLA) and chitosan. Polymers could be attached
to the protein to increase the overall molecular weight of the system and so reduce the
rate of absorption across the epithelium of the alveoli, or the protein could be encapsulated
in the polymeric system and slowly released into systemic circulation.

2.1.1 Attaching PEG to Proteins

Attaching PEG to a protein such as insulin first involves understanding where the reac-
tive functional groups are and where the active centre of the protein is. This is impor-
tant so as not to block the biological activity of the protein by sterically hindering
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access to the active site by the polymer. Once this has been identified, the reactive
functional groups close to the active site are protected by attaching t-Boc to them in
a suitable organic solvent such as dimethyl sulphoxide-triethylamine (DMSO-TEA)
mixture. The reaction mixture is then extensively dialyzed and lyophilized (see Note 1).

The t-Boc protein can then be attached to methoxy PEG-succinimidyl propion-
ate in DMSO-TEA mixture. The mPEG-Boc-protein solution can then be exten-
sively dialyzed and lyophilized [14]. Quantitative deprotection of the lyophilized
product can then be achieved by reaction with trifluoroacetic acid (TFA) at 0°C.
The conjugate can now be purified by using reverse phase-high performance liquid
chromatography (RP-HPLC).

Following the production of the PEG-protein conjugate, there is a need to pre-
pare the powder for inhalation. This can be done by spray drying the solution of the
conjugate containing appropriate stabilizing excipients (such as surfactants
and polyols). High-quality particles for inhalation can be achieved by using the
appropriate parameters (inlet temperature, outlet temperature, pump rate, flow
rate, etc.).

2.1.2 Preparation of Polymeric Microspheres

PLGA is the most widely used polymer for encapsulating proteins for pulmonary
delivery. The most commonly used method for preparing protein-encapsulated
PLGA microspheres is the solvent evaporation technique based on the formation of
a double emulsion (w/o/w). Incorporation of protein into the microspheres could be
done by two methods [15, 16].

The first method involves preparing the microspheres first by solvent evapora-
tion and then loading the protein into the microspheres. The emulsion is prepared
by adding about 1-2ml of deionised water to about 5ml of methylene chloride
containing certain amount of PLGA which forms the oil phase. This mixture is
sonicated for about 60s to form a water-in-oil (w/0) emulsion. The resulting w/o
emulsion is then quickly added to about 200 ml of deionised water containing about
0.5% (w/o) of poly(vinyl alcohol) and stirred at about 1,500 rpm for about 2 min to
allow evaporation of the methylene chloride and hardening of the microspheres.
The hardened microspheres can now be washed three times with excess deionised
water and freeze dried. The porous microspheres formed can then be loaded with
the protein of choice by suspending a specific amount of the microspheres in a
solution of the protein in buffer and gently shaken for about 2 h. The protein-loaded
microspheres can now be separated by centrifugation and freeze dried.

The second method involves incorporating the protein in the microspheres dur-
ing the preparation of the double emulsion by dissolving the protein in the initial
water phase before mixing with the oil phase. Other processes as earlier-described
are then performed.

A more recent approach is the formation of a solid-in-oil-in-water emulsion
(s/o/w) before solvent evaporation [18]. This involves the formation of solid protein
particles by either spray drying or spray freeze-drying, followed by the dispersion of
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certain amount of the particles formed in about 5ml of PLGA methylene chloride
solution by ultrasonication for about 1 min. The PLGA/protein mixture is then
dispersed into about 0.5% PVA aqueous solution with agitation using a stirrer at
250rpm for about 4 h to allow the methylene chloride to evaporate. The solid particles
formed can then be collected by filtration, rinsed three times with deionised water
and then freeze dried.

2.2 Microcrystallization

Microcrystals of proteins with mean diameter <3 um can be prepared for sus-
tained release by the “seed zone” method. The sustained release effect could be
attributed to the decreased solubility of the microcrystals [12]. This method has
been used in the making of insulin microcrystals of rhombohedra shape without
aggregates. Following intratracheal instillation of the insulin microcrystal
suspension (32 U/kg) to rats, the blood glucose levels were reduced and hypogly-
caemia was prolonged for 13h when compared with the unmodified insulin
solution [12].

Apart from the seed zone method, a conventional seeding technique can also be
used for preparing microcrystals for inhalation. This method involves the creation
of seeds by suspending protein particles in a suitable buffer solution and centrifug-
ing this suspension at about 10,000 rpm for about 10 min. The supernatant can then
be stored at 4°C, to be used as a seed solution. Protein particles can then be dis-
solved in another buffer solution but at a much lower pH to facilitate the dissolution
of the protein. The amount of protein is then slowly increased to achieve supersatu-
ration. The solution is then filtered and the initially prepared seed solution is added
to the filtrate. The mixture is sealed and incubated at 37°C. The only issue with this
conventional seeding method is that crystals above 5 pum could be formed, which
are not suitable for pulmonary delivery (see Note 2).

Although microcrystals of proteins seem to be a promising sustained release
technique, the large molecular weight and flexibility of most proteins could mean
that not all therapeutic proteins would be amenable to this technique.

2.3 Liposomes

Liposomes are artificial, spherical vesicles consisting of amphiphilic lipids (mostly
phospholipids), enclosing an aqueous core. Depending on the processing condi-
tions and the chemical composition, liposomes can either be unilamellar or
multilamellar.

Liposomes are mostly prepared by the thin film hydration method in which a
thin film is produced by dissolving the phospholipids in suitable organic solvent
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(mostly chloroform or ethanol) and then evaporating the solvent in a rotary evaporator
under vacuum. Hydration of this thin lipid film with an aqueous solution of the
protein, followed by physical shaking, leads to formation of the liposomes [13].
The size of the vesicles can be reduced by sonication. Unencapsulated protein can
be removed by centrifugation and separation of the supernatant. The liposomes
formed are then dried by either lyophilisation or spray drying following their sus-
pension in an isotonic aqueous solution.
Liposomes can be classified according to the number of lamellae and size:

. Small unilamellar vesicle (SUV)
. Large unilamellar vesicle (LUV)
. Multilamellar vesicle (MLV)

. Multivesicular vesicle (MVV)

SUVs have a diameter of 20 to ~100nm while MLVs, LUVs and MV Vs range in
size from a few hundred nanometres to several micrometers. An average membrane
of a liposome (phospholipid bilayer) measures about 7 nm.

Large liposomes are formed when phospholipids are hydrated at temperature
above their phase transition temperature (7). Although MLVs are normally formed
when lipid films are hydrated below T, these can be transformed into small vesicles
by using high pressure homogenisation.

The fact that liposomes can be formed from a variety of lipids makes them
quite versatile, having a wide range of physicochemical properties depending on
the types of lipids used. These physicochemical properties such as liposomes
size, surface charge, method of preparation and bilayer fluidity affect their drug
release properties. It has been observed that the vesicle size and the number of
bilayers are major factors in determining the circulating half-life and extent of
drug encapsulation [17]. Liposomes less than 0.1 um are generally less rapidly
opsonised than are larger liposomes (>0.1 um), which translates to having a
longer half-life (see Note 3).

Niven et al. [18] have demonstrated that small liposomes also have a slower
release rate than do large multilamellar vesicles following nebulisation. It has also
been suggested that liposomes of 50-200nm diameter are optimal for clinical
applications, as they tend to avoid phagocytosis by macrophages and still trap use-
ful drug loads [19].

The T of lipids used in the preparation of the liposomes also has significant
effect on the release rate of encapsulated drugs. Lipids have a characteristic 7,
which depends on the length and saturation of the fatty acid chains and can vary
from 20 to 90°C [20]. Below the T, lipids are in a rigid, well-ordered arrangement
(gel phase) and above the T, in a liquid crystalline state (fluid phase) (see Note 4).
Incorporation of lipids with high T’ (T, > 37°C) makes the bilayer of liposomes less
fluid at the physiological temperature and less leaky. T, also appears to influence
uptake of liposomes by macrophages, with lipids with high 7 having lower uptake
[17]. Cholesterol is an example of lipids with high T, and is mostly incorporated
into the lipid bilayer to increase stability of the liposomes (see Note 5).

AW N =
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Notes

. During lyophilisation of any protein formulation, there is a need to include a lyoprotectant such

as polyols to prevent freeze-drying-induced denaturation.

. It is important to note that a difference exists between the physical diameter and aerodynamic

diameter of a particle. A particle may have a particle size in the range 1-5 um but aerody-
namic diameter outside this inhalable diameter range.

. There is a need to avoid surfactants in formulations containing liposomes, although low levels

(up to 1%) of non-ionic high hydrophilic-lipophilic balance (HLB) surfactants are usually well
tolerated.

. After production, formulations containing liposomes should normally be stored below 25°C

(see Sect. 2.3).

. Liposomes should normally be added to a formulation at temperature below 37°C to avoid

phase transition of the phospholipids.
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Chapter 7
Engineering Protein Particles for
Pulmonary Drug Delivery

Sunday A. Shoyele

Abstract Pulmonary delivery of proteins requires particles for delivery to be in the
aerodynamic size range 1-5um for deep lung deposition. However, the traditional
particle size reduction technique of jet-milling normally used for inhalation is not
suitable for processing these protein particles because of their lability brought
about by the weak physical interactions making up their higher order structures.
Advanced techniques such as spray drying, spray freeze drying and the use of
supercritical fluid technology have been developed to produce particles in the suit-
able size range and morphology for deep long deposition without altering the native
conformation of these biomolecules. Judicious use of excipients and operating con-
ditions are some of the factors needed for a successful particle design.

Keywords Pulmonary; Protein; Spray-drying; Spray freeze-drying; Supercritical
fluids; Aerodynamic

1 Introduction

The emergence of recombinant DNA technology in the late 1970s suggests that
proteins could be developed under cGMP conditions for therapeutic uses. Proteins
and peptides such as insulin, salmon calcitonin, leuprolide, interleukins and inter-
ferons are now being prescribed for various diseased conditions. Delivery of these
proteins via the pulmonary route as an alternative to the invasive injections has
been found to be the most promising non-invasive route [1].

However, pulmonary delivery of proteins or peptides either for local or systemic
activity comes with the challenge of designing the particles for optimal delivery to
the lungs. For proteins or peptides to be absorbed from the lungs, an aerodynamic
diameter (d,) of 1-5um must be achieved [2] in order for these particles to be
deposited in the peripheral airways (alveoli) where systemic absorption occurs.
Particles greater than 5um are deposited in the oropharyngeal region by inertial
impaction while particles between 1 and 5 um are deposited in the peripheral region
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(bronchioles and alveoli) by gravitational sedimentation. Particles less than 0.5 um
are deposited on the walls of alveoli by Brownian diffusion [3] although there is a
possibility that these particles are exhaled during normal tidal breathing.

Unlike the physical diameter, the d,_ is a concept incorporating the size, shape
and density of particles [2] and so the pharmaceutlcal performance of a powder or
droplets for pulmonary delivery would be defined by the mass median aerodynamic
diameter (MMAD) of the particles. MMAD is the equivalent aerodynamic diameter
in which 50% of the powder mass falls below [4]. Therefore, the MMAD is
representative of the aerodynamic particle size of an aerosol formulation. An
MMAD of <5um is desirable for deep lung delivery.

Furthermore, for dosage consistency, there is a need for an aerosol formulation
to be monodispersed [4]. The particle size distribution of an aerosol is defined by
its geometric standard deviation (GSD). The GSD is the ratio of particle diameters
at 84% and 50% cumulative mass of particles or the ratio of the particle diameters at
50% and 16% cumulative mass of particles when the cumulative mass of particles
is plotted against the equivalent diameter on a log-probability scale following
particle size analysis using either impactors or laser diffraction instruments.

Protein particles would therefore need to be designed to meet the above criteria for
effective delivery into the lungs. Engineering protein particles to meet these criteria
comes with the challenge of retaining the conformational structure and hence the bio-
logical activity of these labile molecules. Because of the marginal stability of the higher
order structures (secondary, tertiary and sometimes quaternary) of proteins, they are
prone to various degradative reactions that ultimately impact their physical and chemi-
cal stabilities [5], and so there is a need to maintain the conformational stability of these
molecules while optimising lung delivery through particle design.

In summary, the important features needed for effective aerosol delivery include
narrow particle size distribution, low surface energy and optimal aerodynamic
particle size [2].

To achieve these features without necessarily reducing the biological activity of
therapeutic proteins, various techniques have been adapted. This chapter discusses
the various methods used, highlighting their benefits and challenges.

2 Milling

Milling has been the ‘traditional” method of size reduction for pulmonary delivery;
however, the most popular milling method is jet milling.

2.1 Jet Milling

Jet milling uses inter-particle collision and attrition to achieve the micronisation
of particles [6]. Coarse particles are fractured into smaller ones in the gas
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stream due to the inter-particle collisions. Although jet milling can typically
produce particles in the size-range 1-20um, lack of control over parameters
such as size, shape, morphology and surface properties of jet milled particles
coupled with the high energy input, which can facilitate chemical degradation
of proteins constitute limitations to the use of this technique in pulmonary
delivery of proteins.

Further limitation to this technique is the fact that particles fed into the jet mill
have to be coarse enough to allow free flow into the mill while fine enough to avoid
blocking the hopper and pipe-work in the mill. To get around this limitation
proteins or peptides that are not available as crystals are lyophilized to prepare the
perfect type of particles fed into the mill. However, lyophilization could lead to
degradation of proteins unless a lyoprotectant is used. Lyoprotectants protect
proteins against freeze concentration, which occurs because of crystallization of
water at sub-zero temperatures [7]. Proteins could also be vulnerable to the ice—liquid
interface that occurs during lyophilization and so there might be a need for a
suitable surfactant as well.

2.2 Media Milling

This technique involves the use of non-CFC propellants as a medium during ball
milling. The balls used are always abrasive resistant pearl and there is a need for a
cryostat to keep the temperature at about —60°C.

This method could either be used as a one-step process for the preparation
of protein or peptide suspension for pressurised metered dose inhaler or the
suspension could be poured into a flask and rotated at room temperature until
the propellant evaporates. The powder derived from this could be used for
the preparation of a dry powder for inhalation, which makes this technique
versatile.

3 Spray Drying

Spray drying has been successful in the design of particles for pulmonary delivery
(Fig. 7.1). It involves atomising a feed solution containing proteins or peptides
through a nozzle using either heated compressed air or nitrogen (see Note 1). The
atomized droplets dry rapidly because of their surface area and intimate contact
with the drying gas. The temperature experienced by the droplets is lower than the
temperature of the drying gas because of evaporative cooling. Parameters such as
flow rate and pump rate, aspiration rate, heat and concentration of the feed solution
influence the drying time, morphology and quality of the product from a spray dry-
ing process. The challenge involved in spray drying is the maintenance of the
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physico-chemical stability of the protein processed. Proteins encounter three differ-
ent types of degradative steps during spray drying (see Note 2):

e High shear rate during atomization
e Adsorption at air-liquid interface during drying
e Increased molecular mobility due to high temperature of drying

To stabilize proteins against these degradative steps, excipients have proven to be
quite effective. For instance, surfactants such as polysorbates, polyvinyl alcohol
and dipamitoyl phosphatidyl choline have been used to prevent the adsorption of
proteins at the air-liquid interface during spray drying [8, 9].

At conditions above the glass transition temperature (T, of an amorphous protein
powder, due to the loss of the glassy structure, protein molecules tend to be molecularly
mobile and get involved in various degradative reactions such as oxidation.
Polysaccharides such as trehalose, mannitol and sucrose with a relatively high T, can be
used to raise the T, of the system and so maintain the stability of the protein (see Note 3).
However, there is a need for the polysaccharides to be amorphous so that they can be
homogenously distributed between protein molecules for them to be effective.
Reducing sugars such as lactose are not advisable to be used as they have been found
to form Schiff-bases with the primary amine group on lysine residues in proteins.

Fig.7.1 An example of a Buchi 190 Spray Dryer
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3.1 CO, - Assisted Nebulization with a Bubble Dryer™
(CAN-BD)

Supercritical or subcritical CO, has been applied for the atomization of proteins
during spray drying. This helps to minimize thermal decomposition associated with
normal spray drying.

CO, - Assisted Nebulization with a Bubble Dryer involves dissolving the drug in
water or alcohol or a mixture of both. The solution produced is then mixed with CO,
by pumping both through a low volume tee to generate emulsion. The emulsion
expands on passing through a nozzle into a drying chamber held at atmospheric
pressure to generate micro-droplets, which are dried by heated nitrogen [10].
Typically, particles produced by this method are spherical and below 3um in
diameter.

4 Spray-Freeze Drying

Spray freeze drying combines atomisation with lyophilisation. It involves spraying
a solution containing the protein or peptide of interest into a vessel containing a
cryogenic liquid such as nitrogen, oxygen or argon. Nitrogen is mostly used
because of its cost effectiveness and its low boiling point (—195.8°C). Droplets
generated from spraying are quickly frozen as they make contact with the liquid
nitrogen. Lyophilising these frozen droplets results in porous spherical particles
suitable for inhalation.

The stresses associated with freezing and drying constitutes limitation to the use
of this technique. During atomisation, the protein is exposed to air-liquid interface,
which may lead to aggregation. Further limitations to this technique are that it is
time consuming and the nature of the process has safety issues with regard to the
cryogenic fluids (see Note 4).

Nevertheless, this method has been used to produce aerodynamic particles of
rhDNase, cetrorelix and lysozyme [11-13].

4.1 Spray-Freezing into Liquid (SFL)

Since it has been established that the exposure of protein droplets to liquid—gas
interface during spray drying and spray-freeze drying is the major cause of
denaturation during particle engineering, a novel technique has been developed,
which tries to reduce or exclude exposure to this interface. Although SFL is just a
slight modification to spray freeze drying, a huge improvement in terms of product
stability could be achieved. Unlike in spray-freeze drying where the protein solution
is sprayed on the liquid nitrogen, this process involves spraying the solution below
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the surface of the cryogenic fluid to produce rapidly frozen particles, which are
subsequently lyophilized. The ultra rapid freezing prevents phase separation of
the drug and excipients and also prevents crystalline growth in frozen water. The
avoidance of exposure to cold vapour experienced in spray freeze drying leads to
production of more stable protein particles.

5 Supercritical Fluid Technology

Superecritical fluids (SFs) are gases and liquids at temperature and pressure above
their critical points (T, critical temperature; P, critical pressure). SFs exist as a
single phase with several advantageous properties of both liquids and gases. They
have density values that enable appreciable solvation power and the viscosity of
solute in SF is lower than in liquids. Furthermore, solutes have higher diffusivity,
which allows high mass transfer [14]. CO, is the most widely used SF for pharma-
ceutical applications because of its low critical temperature (31.2°C) and pressure
(7.4MPa); it is non-flammable, non-toxic and inexpensive. Depending on the nature of
the process, SFCO2 can serve either as a solvent or anti-solvent. To increase the
salvation power of an SFCO, an organic modifier such as acetone or ethanol could
be added to the fluid.
SF can be applied to protein particle design (Fig. 7.2) in three broad ways

e Precipitation from supercritical solution composed of SFCO, and protein
e Precipitation from gas saturated solutions
e Precipitation from saturated solutions using SF as anti-solvent

In the first method, the drug is dissolved in the SF and followed by rapid expansion
of the SF solution across a heated orifice to cause a reduction in the density of the
solution and reducing the salvation power of the SF, which leads to the precipita-
tion of the drug [16]. This process is termed the ‘rapid expansion of supercritical
solution’ (RESS).

The RESS process depends on sufficient solubility of the material to be
processed in the SF while the solubility of the material depends on the density
of the SF, the drug’s chemical structure and the SF-drug contact time. The mor-
phology and the size distribution of the particles formed could be influenced by
the pre-expansion concentration of the solute in SF and the expansion conditions
(e.g. temperature and pressure). The higher the pre-expansion concentration, the
narrower the particle size distribution. The expansion conditions depend on
the temperature, the geometry and size of the nozzle.

The limitations facing the use of RESS for proteins include high temperature
needed for the rapid expansion, which could destroy proteins, poor predictive
control of particle size and morphology, scale up limited by particle aggregation
and nozzle blockage caused by expansion cooling. The solubility of the drug in
SFCO, also constitutes a major limitation.
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The second method is quite harsh but similar to RESS process as they both
involve use of SFCO, as a solvent rather than an anti-solvent. This process involves
dissolving the SF in molten solute and the resulting supercritical solution fed via an
orifice into a chamber to allow rapid expansion under ambient conditions [17]. The
dissolved gas decreases the viscosity of the molten compound and so the gas
saturated liquid phase is expanded to generate particles from materials that are not
necessarily soluble in SF. The presence of the CO, allows the material to melt at
temperature significantly lower than the normal melting or glass transition
temperature.

Precipitation from saturated solutions using SF as antisolvent, takes advantage
of the limited solvation power of SFCO, for proteins. This method utilizes a similar
concept to the use of anti-solvent in solvent based crystallization processes. The
high solubility of SFCO, in organic solvents leads to volume expansion when the
fluids make contact. This leads to reduction in solvent density and subsequent fall
in salvation capacity. This leads to super-saturation, solute nucleation and particle
formation.

Different variants of the use of SF as anti-solvent have been developed and all
have been successful at producing aerodynamic and stable protein particles. These
include:

e Gaseous antisolvent (GAS)

e Aecrosol solvent extraction system (ASES)

e Solution enhanced dispersion by SF (SEDS)

e Precipitation by compressed antisolvent (PCA)

5.1 Gaseous Antisolvent

This process involves adding SF to a particle formation vessel containing the
protein solution of interest. The protein precipitates during the dissolution of SF
in the solvent. Generally, the SF is introduced through the bottom of the vessel
and bubbled through the protein solution to achieve better mixing of the solvent
and anti-solvent. Once the protein has precipitated out, the solvent-SF can be
removed. The protein particles can then be washed with a sequence of SF washes.
Following the wash, the pressure in the vessel is released and the protein powder
removed.

It is important that the solvent in which the protein is dissolved has a high
solvent power for the protein, preferably be soluble in the SF of choice and be
compatible with the protein. Organic solvents such as dimethyl sulphoxide and
dimethyl formaldehyde have been used because they meet the criteria of salvation
of the protein and solubility in SFCO,. However, toxicity and compatibility of these
solvents with protein molecules remain an issue [18].

Although SFCO, remains the promising SF for pharmaceutical use, alternatives
such as ammonia and ethane have been studied. While ammonia produced completely
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denatured proteins, ethane produced results comparable to SFCO, in terms of
particle size and improved biological activity of insulin. The limitation facing the
use of SF-ethane is its high flammability.

Studies have shown that the type of solvent used has effect on the particle size,
morphology and biological activity of the molecule [19, 20]. The principal disad-
vantage of this process is the lack of control over particle formation. This has been
observed to be true in batch operating conditions because the level of saturation is
not maintained.

5.2 Aerosol Solvent Extraction System

Unlike in GAS method where the SF is pumped into the protein solution, the opposite
happens in the ASES process. The CO, is pumped into a high pressure vessel until
the system reaches the desired fixed conditions (pressure and temperature). The
protein solution is then sprayed via an atomization device into the vessel containing
SFCO,. Precipitated particles are then collected on a filter at the bottom of the
vessel. This process retains the antisolvent concept of GAS but this happens at
the droplet level. This offers a favourable higher antisolvent to solvent ratio, an
increased surface area and mass transfer rate, and hence, an acceleration of the
drying process. The rate is particularly fast when the operating pressure reaches
the mixture critical pressure. The process is then controlled by mixing of miscible
fluids rather than mass transfer over the interface of the droplets in the spray [21].
There is a need for special attention for mass transfer when the miscibility of the
fluids is poor especially in systems containing water and CO,. The mass transfer
can be improved by increasing the drying medium to solvent ratio, decreasing
droplet size or relative velocity between the solvent and drying medium. ASES
enables production of protein particles with narrow size distribution, uniform shape
and desired physico-chemical characteristics.

5.3 Solution Enhanced Dispersion by SF

To minimise particle agglomeration often observed in ASES and other antisolvent
based techniques and to reduce drying times, increased mass transfer rates are
required [14]. This has been successfully achieved by the SEDS process. This process
involves introducing the dry solution and the SF into a particle formation vessel
(where temperature and pressure are controlled) through a co-axial nozzle with a
mixing chamber. The higher velocity of the SF allows the production of very small
sizes, while the mixing of solvent with the SF inside the mixing chamber leads to
increased mass transfer of SF into the solvent and vice versa [16]. A high mass
transfer allows a faster nucleation and a smaller particle size with agglomeration.
Because of low miscibility of SFCO, in water, making the use of SEDS quite
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challenging for proteins or peptides particle design, this process has been optimised
by the use of co-axial three component nozzle. Aqueous solution of protein, organic
solvent and SFCO, are simultaneously introduced to increase the miscibility of
SFCO, in the protein solution.

SEDS is a more controllable and reproducible technique compared with other
antisolvent based SF process.

5.4 Precipitation by Compressed Antisolvent

The PCA process is a slight modification of the ASES process. It is a one-step
technique used to produce solvent free particles with a narrow size distribution at
mild operating conditions [22]. It involves feeding SFCO, into a precipitator so as
to pressurize the precipitator to a desired value. The CO, flow rate into the precipi-
tator is then fixed. The solution of protein is fed into the precipitator through a
nozzle. The antisolvent effect of the SFCO, leads to the precipitation of the protein
particles.

Increase in the pressure has been found to help produce a dryer product as the
extraction of the liquid solvent to the supercritical phase takes place faster because
of a higher solubility of the solvent in the CO,. Furthermore, as pressure increases,
the atomisation of the solution produces smaller droplets and the drying time
decreases.

6 Microcrystallization

Most of the earlier discussed processes lead to the production of amorphous protein
particles. However, the ordered arrangement of protein molecules in crystalline
state makes them more active and stable than their amorphous counterparts.
Thermodynamically, the absence of crystallinity in an amorphous protein causes
energy content to be higher than in the crystalline state, leading to lower stability
and higher reactivity [16].

Amorphous protein particles are cleared rapidly from systemic circulation and
are more susceptible to hydrolytic and enzymatic degradation because of their
higher reactivity [23]. There is therefore a high desire for crystalline protein as a
fine pharmaceutical ingredient. Crystallization of proteins involves a one step
process and results in high purity. It can improve protein handling during processing,
storage and delivery. It can also offer sustained release of the therapeutic agent for
an effective duration by changing the dissolution characteristics.

The relatively high molecular weight of proteins coupled with their flexibility
make normal antisolvent crystallization difficult. In a situation where crystallization
is achieved, the large particle size and wide size distribution means these particles
are not favourable towards pulmonary delivery. Although milling has been applied
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to size reduce crystallized protein to respirable size, milling may lead to a high
energy input leading to particles of reduced crystallinity and may contain disordered
regions, thereby introducing regions of reduced stability.

Nevertheless, the concept of Microcrystallization has been used to overcome
milling induced disorder in crystalline powders. This method involves the use of
pH to achieve a super-saturated status for a protein in solution. A protein normally
has a peculiar pH at which it achieves super-saturation in an aqueous medium and
if this pH can be achieved in the presence of a stabilizer (normally a polymer such
as PEG) and the system stored at temperature around 16°C overnight, microcrystals
roughly spherical and about 1-2 um in diameter can be achieved [23].

Microcrystalline protein particles can also be formed by a process called the
‘seed zone’ method [24]. Unlike the conventional seeding method in which
the protein crystals are suspended in a buffer solution at a pH in which they are
least soluble, centrifuged and the supernatant used as a seed solution in subsequent
crystallization of the protein from solution, this seed zone method is a one step
method than can be easily industrialised. It first involves recognising the seed zone
of the protein by dissolving the protein in a buffer at acidic pH and slowly increasing
the pH by adding an alkaline solution. A pH is reached when the protein instantly
crystallizes to form a turbid solution, and by increasing the pH of the system, the
system forms a clearer solution with few crystals. At this pH, seeds are formed and
when the system is brought back to its super-saturation pH, protein crystals of peculiar
morphology with particle size fit for pulmonary delivery can be achieved. Insulin
particles of less than 3 um have been formed using this method [24].

7 Notes

1. Protein solutions should be minimally shaken as it has been found that shaking leads to
exposure of protein to interfaces that aid their degradation.

2. In preparing protein solutions prior to any of the techniques highlighted above, it is important
that the protein is dissolved in a buffer solution at a pH of optimal biological activity.

3. In choosing excipients for protein stabilization, reducing sugars such as lactose and glucose
should be avoided as they form Schiff’s base degradation products with proteins.

4. Care should be taken when handling liquid nitrogen during the spray drying process as liquid
nitrogen normally splashes during atomisation process.
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Chapter 8
2B-Trans™ Technology: Targeted Drug
Delivery Across the Blood—Brain Barrier

Pieter J. Gaillard and Albertus G. de Boer

Abstract Drug delivery across the blood—brain barrier (BBB) is a major obstacle
for the development of effective treatments of many central nervous system
disorders. Sophisticated cell culture models of the BBB have helped us to identify,
characterize, and validate a novel targeted drug delivery technology, designated
2B-Trans™, for the receptor-mediated uptake and transport of drugs across the
BBB. This paper describes in great detail how such a BBB cell culture model
should be prepared and handled, and applied for the use of targeted drug delivery
across the BBB.

Keywords Blood-brain barrier; Brain capillary endothelial cells; Astrocytes;
Diphtheria toxin receptor; CRM197; Drug targeting

1 Introduction

Brain drug delivery is limited by the blood-brain barrier (BBB) [1, 2]. Particularly
biopharmaceutical drugs poorly pass the BBB and generally do not reach the brain
in sufficient concentrations to be effective. Since almost every neuron is perfused
by its own capillary, the most effective way of delivering biopharmaceutical drugs
is achieved by targeting them to endogenous transport receptors on these capillaries
[3]. In fact, the total length of capillaries in the human brain is impressive (~600km),
with a large surface area (~20m?) for effective exchange of drugs. In this paper we
describe the methods used for the in vitro validation of the receptor for diphtheria
toxin (DTR), the membrane-bound precursor of heparin-binding epidermal growth
factor (HB-EGF), as a newly identified endogenous transport receptor for the
targeted delivery of drugs across the BBB [4]. Specifically, we used CRM197, a
nontoxic and human applicable mutant protein of diphtheria toxin, as the receptor-
specific carrier protein. By means of our dynamic cell culture model of the BBB
[5] we were able to demonstrate the receptor-specific uptake and transport efficacy
of CRM197 conjugated to a 40kDa enzyme (horseradish peroxidase, HRP, serving
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as a “model” biopharmaceutical drug). Collectively, these results indicate that
CRM197 may indeed be developed into a new, safe, and effective brain drug
delivery carrier protein for human applications.

2 Materials

2.1 Dynamic Co-Culture Model of the BBB

2.1.1 Coating of Cell Culture Plates, Flasks, and Filters

1.

2.

All disposable cell culture plastics are from Corning Costar BV (Schiphol, The
Netherlands).

Collagen type IV (Sigma-Aldrich BV, Zwijndrecht, The Netherlands, Cat. C-5533,
nonsterile) coating solution is prepared in a 100pg/ml stock solution in 0.1% v/v
acetic acid (J.T. Baker, Deventer, The Netherlands, Cat. 6001) solution. The acetic
acid solution is prepared in Milli-Q water (from Milli-Q system, Millipore, Etten-
Leur, The Netherlands) and sterilized over 0.2-um filter (Corning Costar BV). The
collagen stock solution should not be sterile filtered and can be stored at 4°C no
longer than 2 months. Collagen working solution of 10pg/ml is prepared by dilution
in 0.1% v/v acetic acid, kept at 4°C, and can be used for no longer than 2 weeks.

. Fibronectin (Boehringer Mannheim BV, Almere, The Netherlands, Cat. 1080

938) coating solution is prepared in a 1 mg/ml stock solution in sterile Milli-Q
water and stored in 1ml aliquots at —20°C in 100-ml bottles. Fibronectin
working solution of 10ug/ml is prepared by dilution in phosphate buffered
saline (PBS, Cambrex, Verviers, Belgium, Cat. 17-516F), kept at 4°C, and can
be used for no longer than 6 weeks.

. Poly-D-lysine (Sigma-Aldrich BV, Cat. P-7280) coating solution is prepared in

a 1 mg/ml stock solution in sterile Milli-Q water and stored in 1 ml aliquots at
—20°C in 100-ml bottles. Poly-D-lysine working solution of 10 g/ml is prepared
by dilution in PBS, kept at 4°C, and can be used for no longer than 6 weeks.

2.1.2 Isolation of Astrocytes

1.

2.

Newborn (no older than 5 days) Wistar rat pups are obtained from Harlan B.V.
(Zeist, The Netherlands).

Dulbecco’s modified Eagle’s medium (DMEM) is supplemented (DMEM + S)
with 10% (v/v) heat inactivated (30min at 56°C) fetal calf serum (FCS,
Cambrex, Cat. BE14-603F (see Note 1)). The DMEM, formulated with high d-
glucose (4.5 g/1), NaHCO, (3.7 g/l), and HEPES (25 mM), contained extra MEM
nonessential amino acids (Cambrex, Cat. 13-114E), 2 mM L-glutamine (Cambrex,
17-605E), streptomycin sulfate (0.1 g/1), and penicillin G sodium (100,000 U/1)
mixture (Cambrex, 17-602E).
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3.

4.
5.

Fully (50 mM) HEPES buffered DMEM (i.e., without NaHCO,) is prepared with
DMEM from Cambrex (Cat. 15-604D) as described earlier.

0.25% trypsin—0.02% EDTA is from Sigma-Aldrich BV (Cat. T-4049).

Nylon mesh filters of 120 and 45um are hand-cut from fabric obtained at
Merrem & la Porte BV (Zaltbommel, The Netherlands) and placed in filter
holders from Millipore (Cat. SX00 047 00).

2.1.3 Isolation of Bovine Brain Capillaries

1.

2.

Bovine (calf) brains are obtained at the slaughterhouse from freshly killed ani-
mals (see Note 2).

Nylon mesh filters of 200 and 150 wm are hand-cut from fabric obtained at
Merrem & la Porte BV and placed in filter holders from Millipore (Cat. SX00
047 00).

. Collagenase type 3 (Gibco, Breda, The Netherlands, Cat. 17102-013) is

prepared in a 2,000 U/ml stock solution in PBS, sterilized over 0.2-um filter and
stored at —20°C.

. Trypsin TRL (Worthington, Cat. LS003702) is prepared in a 900 U/ml stock

solution in PBS, sterilized over 0.2-um filter, and stored at —20°C.

. DNAse I (Worthington, Cat. LS002138) is prepared in a 3,400 U/ml stock

solution in PBS, sterilized over 0.2-um filter, and stored at —20°C.

. Digest mix for one calf brain homogenate is freshly prepared by mixing 2 ml

of Collagenase stock, 2ml Trypsin stock, and 1 ml DNAse stock in 15ml of
DMEM + S.

. Freeze mix is prepared by adding 10% DMSO (J.T. Baker, Cat. 7033) to 90% FCS.

2.1.4 Differential Seeding of Brain Capillaries and Culture

of Bovine Brain Capillary Endothelial Cells

. Heparin solution (Sigma, Cat. H-3149) is prepared in a 0.5% (w/v) stock solu-

tion in PBS, sterilized over 0.2-um filter, and kept at 4°C.

. Growth medium is freshly prepared with either 50% DMEM + S, 50% astrocyte

conditioned medium (ACM, see below) and 125 ng/ml heparin (GM+), or with
100% DMEM + S and 125 pug/ml heparin (GM-).

2.1.5 Preparation of the In Vitro BBB on Filter Inserts

1.

24-wells Transwell polycarbonate filters are used with a surface area of 0.33 cm?
and pore-size of 0.4 wm (Corning Costar, Cat. 93413), collagen coated as described
below, with astrocytes on the bottom of the filter (as described below).

. EDTA solution (J.T. Baker, Cat. 1073) is prepared in a 0.02% (w/v) solution in

PBS, sterilized over 0.2-um filter and kept at 4°C.
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. Trypsin-EDTA solution for endothelial cells (500 BAEE units porcine trypsin

and 180ug EDTA per ml) from Sigma (Cat. T-4299) is aliquoted in 5ml and
stored at —20°C.

. 8-(4-chlorophenylthio (CPT))-cAMP (Sigma, Cat. C-3912) is prepared as a

25mM stock solution in Milli-Q water (not PBS), sterilized over 0.2-um filter,
aliquoted in 0.5ml, and stored at —20°C.

. RO-20-1724 (Calbiochem, Cat. 557502) is prepared as a 35 mM stock solution

in DMSO, aliquoted in 25 ul and stored at —20°C.

. Differentiation medium is freshly prepared by addition of 12.5ul CPT-cAMP

stock solution per ml DMEM + S and 0.5 ul RO-20-1724 stock solution per ml
DMEM + S.

2.2 2B-Trans™ Technology

2.2.1 Characterization of Transport Receptor on the BBB In Vitro

1.

Used proteins for these studies are: diphtheria toxin (DT, Sigma-Aldrich BV, Cat.
D-0564), nontoxic mutant protein of diphtheria toxin CRM197 (*“cross-reactive
material” 197, or [Glu*’]-Diphtheria toxin from Sigma-Aldrich BV, Cat. D-2189)
and soluble recombinant human heparin-binding EGF-like growth factor (HB-EGF,
carrier free from R&D Systems, Cat. 259-HE/CF).

2.2.2 Receptor Targeted Cell Uptake Studies on the BBB In Vitro

1.

Used proteins for these studies are: CRM197 (Sigma-Aldrich BV), HB-EGF
(R&D Systems), CRM197, and bovine serum albumin fraction V (BSA, ICN
Biomedicals, Cat. 160069).

. For conjugation of proteins to HRP, a HRP conjugation kit from Alpha

Diagnostic International (San Antonio, TX, Cat. 80220) is used according to the
manufacturer’s instructions.

. Conjugates are purified on a HiPrep 16/60 column packed with Sephacryl S-200

HR matrix from Amersham Biosciences (Cat. 17-1166-01).

. HRP activity is determined with TMB liquid substrate (Sigma-Aldrich BV, Cat.

T-8665), with H,SO, (J.T. Baker) to stop the reaction, and HRP type VI-A
(Sigma-Aldrich BV, Cat. P-6782) for a standard curve (0—2ng/ml) and absorption
is read at 450 nm.

. Cells are lysated by an aqueous solution of 0.1% Na-deoxycholate (Sigma-Aldrich

BV, Cat. D-6750).

. Cellular protein content is determined using Bio-Rad DC reagents (Bio-Rad

Laboratories, Veenendaal, The Netherlands, Cat. 500-0111) and BSA for a
standard curve (0400 pg/ml). Absorption is read at 690 nm.
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2.2.3 Receptor Targeted Transcytosis Studies across the BBB In Vitro

1.

Materials are used as described earlier.

3 Methods

3.1 Dynamic Co-Culture Model of the BBB

3.1.1 Coating of Cell Culture Plates, Flasks, and Filters

1.

Culture flasks for seeding bovine capillaries are coated by adding 6 ml collagen
(10ug/ml) per 250-ml culture flask (T75) for at least 2h at room temperature, fol-
lowed by three washes with PBS and addition of 5 ml fibronectin (10 ug/ml) for at
least 30min. Coated flasks should be aspirated and used instantly (see Note 3).

. Transwell filters or wells for seeding bovine brain capillary endothelial cells

(BCECs) are coated by adding collagen (10 ug/ml) for at least 2h at room tem-
perature of 100 ul per 24-well filter or 96-well plate. Filters or wells are rinsed
3 times with PBS before seeding the cells.

. Culture flasks for seeding rat astrocytes are coated by adding 6 ml Poly-d-Lysine

(10 ug/ml) per 250-ml culture flask (T75) and left overnight on a shaker at room
temperature. Flasks are aspirated and dried for 3h (not longer). After drying, the
flasks are rinsed 3 times with PBS before seeding the cells.

3.1.2 Isolation of Astrocytes

1.

2.

All procedures should use sterile instruments and gloves, and medium of 37°C
unless otherwise stated.

Use six rat pups, 4-5-days old (2 pups/flask). Clean them and keep them in a
petri dish. Decapitate each rat with scissors and dip each head in 70% alcohol.

. Remove the brains with a scalpel and forceps and transport them to a petri dish,

containing ice-cold fully HEPES buffered DMEM.

. Isolate the cortex with forceps and remove the meninges. Break up the cortex with a

5-ml pipette in a 50-ml tube with 14ml ice-cold fully HEPES buffered DMEM, add
1ml 0.25% trypsin to the suspension, and incubate for 25min at 37°C in a water bath.

. Add DMEM + S to stop the trypsinization, to a total volume of 50ml and spin

the cell suspension for 8 min at 2,000 rpm (720g).

. Resuspend the pellet in 10ml DMEM + S, then filter the cell suspension through

a 120-um mesh using a filter holder mounted with a 20-ml syringe and rinse with
10ml DMEM + S. Subsequently, filter the cell suspension through a 45-um mesh
and rinse with 10ml DMEM + S and seed the cells in three 250-ml culture flasks
(noncoated), 10ml cell suspension each.



166 P.J. Gaillard and A.G. de Boer

7.

10.

11.

12.

Culture cells at 37°C, 10% CO2, and change the medium only after 3 days (not
before and do not move the flasks). After 6 days, change the medium and shake
the culture flasks overnight on a shaker at 80rpm at room temperature (use
closed caps on the flasks or close the filter caps with parafilm), then wash the
cells with PBS, and add fresh DMEM + S, 10ml per flask.

. Culture at 37°C, 10% CO2 until confluence (usually after 10 days), then wash

the cells with PBS 2 times and passage with 5ml 0.25% trypsin (shake and tap
until most of the cells detach or use a cell scraper, time: 5—10min). Add 10ml
DMEM + S to stop the trypsinization and pool the cells.

. Spin the cell suspension for Smin at 1,000rpm (180g) and resuspend the pellet

in 9ml DMEM + S and plate the cells in nine Poly-d-Lysine coated flasks
containing 10ml DMEM + S; 1 ml to each.

Change the medium every other day, until confluence (usually over the weekend),
then collect ACM every other day for 2 weeks, sterile filter, and store in 150-ml
flasks at —20°C (weekdays, 10ml to each flask; weekends, 15 ml).

For collecting cells for the co-culture after 2 weeks of ACM collection, the
cells are washed with PBS 2 times and passage with Sml 0.25% trypsin (shake,
tap, and scrape until most of the cells detach, time: +15min), pooled into
+150ml DMEM + S to stop the trypsinization, and the cell suspension
centrifuged for Smin at 1,000 rpm (180g).

Cells are resuspended in 18 ml FCS and 2ml DMSO is added and aliquoted
into 20 cryovials (1 ml each). Vials are frozen overnight in —80°C freezer and
stored in liquid nitrogen until use.

3.1.3 Isolation of Bovine Brain Capillaries

1.

2.

Obtain one calf brain freshly slaughtered from a local slaughterhouse and keep
on ice in 300-ml sterile PBS while transporting to the laboratory.
Remove and discard both cerebellum and brain stem, then separate the hemi-
spheres and transfer them to a large petridish with ice-cold PBS.

. Carefully, but thoroughly, remove the meninges from the brain, with your

hands, and wash the hemispheres carefully with ice-cold PBS, also between the
folders, then transfer the hemispheres to a clean petridish containing ice-cold
DMEM + S.

. Use a sterile razor blade to slice off pieces of the grey matter, leaving the white

matter behind. Keep the brain moist by repeatedly bathing it with DMEM + S
(cold). Transfer the pieces into a 500-ml flask containing £50ml DMEM + S
(on ice).

. Homogenize small aliquots of tissue in a 40-ml Wheaton homogenizer, first with

pestle B then pestle A: fill the homogenizer 1/3 with brain pieces and add
DMEM + S (cold) to fill it up. Homogenize with pestle B until all large pieces
are disrupted (+8 strokes). Continue with pestle A until you have a homogenous
suspension (+8 strokes). Transfer the suspension to a 500-ml flask. Repeat this
step until all brain tissue is homogenized.
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6.

Filter the homogenate through a 150-um mesh, 30-40 ml per filter, using a
20-ml syringe and a filter holder. Rinse with 10ml DMEM + S (cold). Transfer
the mesh with capillaries to a petridish containing 10 ml DMEM + S (cold) and
flush the material off the mesh with the pipette. Transfer the suspension to 50-ml
tubes; fill the tubes to a maximum of 40ml and keep them on ice. Use a new
piece of 150-um mesh for the next aliquot. Discard the filtrate.

. Spin the tubes Smin at 1,500rpm (405g) and take white matter off and repeat

this step. Resuspend and pool the pellets in 20-ml digest mix. Incubate for 1 h at
37°C (shake once or twice).

. Filter the suspension through a 200-um mesh, and then wash with 30 ml DMEM

+ S (to a total volume of 50ml). Spin Smin at 1,500rpm (405g) and take white
matter off. Resuspend in 9ml FCS, add 1 ml DMSO, and put into cryovials (1 ml
each). Freeze the vials in the —80°C freezer overnight. After 1 day, store the
vials in liquid nitrogen until use.

3.1.4 Differential Seeding of Brain Capillaries and Culture of BCECs

1.

Thaw one or two (depending on the speed of outgrowth) vial(s) with brain capil-
laries per 2 (or 3) coated culture flasks in a 37°C waterbath and wipe the outside
of the vial with 70% ethanol.

. Transfer the content of the vial(s) to 30ml DMEM + S (flush the vial) and spin

for S5min at 1,000 rpm (180g). Aspirate the supernatant and resuspend in DMEM
+ S, 10ml per culture flask.

. Leave flasks in the incubator (37°C, 10% CO2) for 2—4h for capillaries to

attach, and then change to 10ml growth medium (GM+). After 2 or 3 days
change the medium (GM+).

. Passage to filters (see below) at day 4 or 5 after plating (depending on the day

of seeding).

3.1.5 Preparation of the In Vitro BBB on Filter Inserts

1.

For the preparation of co-cultures with astrocytes on the bottom of the filter,
start with collagen coated filters (washed 3 times with PBS) and put them upside
down in a large petridish.

. Pipette 1 ml of DMEM + S to 12 wells of the 24-well plate and put it in the

incubator (together with the filters in the petridish).

. Thaw 1 vial of astrocytes from the liquid nitrogen (other sources of astrocytes

were also used (see Note 4)), transfer the content to 30ml DMEM + S, and
spin for Smin at 1,000rpm (180g). Resuspend in 2.2ml DMEM + S (this is
enough for 48 filters) and pipette 40 ul of the suspension (containing ~45.000
cells) on the bottom of each filter. Put the petridish into the incubator for
8 min, then transfer the filters back into the plate, and incubate the cells at
37°C, 10% CO2 for 2 or 3 days.
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4. On the day the BCECs can be passaged onto the filters (at about 80% conflu-
ence, which should be at day 4 or 5 after plating (see earlier)), change the
medium on the filters to GM- (or GM + for monolayers), 1 ml each, and leave in
the incubator at 37°C, 10% CO2 for at least 2h.

5. Rinse the BCECs with PBS (10ml), then with 0.02% EDTA (5ml), and add 4 ml
endothelial cell trypsin, then observe continuously under the microscope. To
stop the trypsinization (after maximum 2 min) add +7 ml DMEM + S and pipette
the contents of the flask into a 50-ml tube; total volume + 30ml DMEM + S.
This procedure leaves the majority of pericytes still adhered to the substratum.
Repeat this step for the other flasks (or passage them simultaneously (maximum,
three flasks) with the first flask). Centrifuge for 5min at 1,000rpm (180g) and
resuspend in 1 ml (or more, depending on the amount of cells) GM- or GM +
medium, then count the cells and seed the cell suspension to each filter (30.000
cells per filter) (other sources of endothelial cells were also used (see Note 5)).

6. After 2 or 3 days, change the medium with DMEM + S or DMEM + S with
cAMP: remove the medium basolateral and apical, but leave ~50 ul on the cells
(otherwise the quality of the cells reduces significantly), then add 200 ul to the
apical side and add 800 ul to the basolateral side. Incubate the cells at 37°C, 10%
CO02, and use for experiment the second or third day. See Fig. 8.1 for a schematic
drawing of the co-culture model of the BBB.

7. BCEC monolayers are cultured accordingly, but with 50% (v/v) ACM added to
the culture medium (GM+).

8. For cell uptake experiments without the use of expensive filter inserts, BCECs
are seeded in collagen coated plates at 15.000 cells per well of a 96-well

BBB endothelial cells

brain astrocytes

Fig. 8.1 Schematic drawing of the in vitro BBB model. Astrocytes are seeded on the bottom of
the collagen-coated filter at a density of 45.000 cells per filter, allowed to adhere for 8 min, and
cultured for 2 or 3 days. BBB endothelial cells (BCECs) are seeded at a density of 30.000 cells
per filter. BCEC-astrocyte co-cultures are cultured to tight monolayers in growth medium for the
first 2 or 3 days and on differentiation medium for the last 2 or 3 days. Transport or transendothelial
electrical resistance (TEER), drug transport or receptor characterization experiments are per-
formed after a total of 9 or 10 days after the brain capillaries are seeded
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plate in 200wl GM+ or 30.000 BCECs per well of a 48-well plate in 1 ml
GM-+. It is not necessary to change the medium after 2 days; use the plates after
4-5 days.

9. BBB functionality is assessed by transendothelial electrical resistance (TEER)
across the filters using an electrical resistance system (ERS) with a current-
passing and voltage-measuring electrode (Millicell-ERS, Millipore Corporation,
Bedford, MA). TEER (Qecm?) is calculated from the displayed electrical resist-
ance on the readout screen by subtraction of the electrical resistance of a colla-
gen coated filter without cells and a correction for filter surface area. TEER
across collagen coated filters with only astrocytes on the bottom is close to zero.
Effects on TEER are normalized for control treated filters and represented as
such. Additional guidelines on how to perform TEER and drug transport experi-
ments are also explained (see Note 6).

3.2 2B-Trans™ Technology

3.2.1 Characterization of Transport Receptor on the BBB In Vitro

1. Apical exposure to 100ng/ml up to 50ug/ml of DT decreases TEER across
BCEC-astrocyte co-cultures in a concentration- and time dependent manner
(Fig. 8.2a), while concentrations as low as 1ng/ml are toxic after an overnight
incubation period (data not shown). These results indicate that DT is effectively
taken up from the apical site (i.e., blood site) by BCECs in which it can exert its
toxic effects.

2. Apical exposure to 100ng/ml DT, which is preincubated with soluble HB-EGF
(1h at room temperature), acting as a noncompetitive antagonist for the DTR by
binding to the receptor-binding domain of DT, the toxic effect of DT on BCEC-
astrocyte co-cultures decreases in a concentration dependent manner (Fig. 8.2b).
In fact, a preincubation of 100ng/ml DT with 10ug/ml of soluble HB-EGF
completely prevents the DT-induced toxic effect on BCECs, even after an
overnight assessment. These results indicate that DT-uptake in BCECs is
effectively blocked by previous specific binding of DT to its soluble receptor,
making it unable to exert its toxic effects within the BCECs.

3. After BCECs are preincubated with CRM197, the nontoxic mutant protein of
DT, acting as a competitive antagonist at the DTR by binding to the receptor-
binding domain for DT, the toxic effect of apical exposure to 100ng/ml DT on
BCEC-astrocyte co-cultures is reduced (Fig. 8.2c). These results indicate that
DT-uptake in BCEC:s is effectively antagonized by previous specific binding of
CRM197 to the DTR, making it less available for DT to exert its toxic effects
within the BCECs. Also note the absence of toxic effects of CRM197 on the
BCEC-astrocyte co-cultures (Fig. 8.2c¢), which is consistent up to the highest
tested concentration of 50 ng/ml (data not shown).
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Fig. 8.2 Experiments confirming the functional expression of the specific transport receptor for
diphtheria toxin (DT) on the in vitro BBB model. Panel (a) is a diagram showing the effect on
TEER (expressed as mean % of control) across BCEC-astrocyte co-cultures apically exposed to
various concentrations (100ng/ml up to 50pug/ml) of DT. Panel (b) is a diagram showing the
effect of 100ng/ml DT, which was preincubated with various concentrations of soluble HB-EGF
(0.1-10 ng/ml), acting as a noncompetitive antagonist for the DT receptor (DTR) by binding to
the receptor-binding domain of DT, before it was exposed to the apical side of the filter. Panel (c)
is a diagram showing the effect of 100ng/ml DT on cells that were pretreated for 1h with 5pg/ml
CRM197, the nontoxic mutant protein of DT, acting as a competitive antagonist at the DTR by
binding to the receptor-binding domain for DT
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3.2.2 Receptor Targeted Cell Uptake Studies on the BBB In Vitro

1. BCECs cultured as monolayers in 96-wells plates are incubated with HRP-
conjugated CRM197 and BSA (corresponding to a concentration of 5ug/ml of
un-conjugated HRP), and to CRM197-HRP conjugate, which is preincubated
with 10 ug/ml soluble HB-EGF for 1 h at room temperature, acting as a noncom-
petitive antagonist for DTR-mediated uptake by binding to the receptor-binding
domain of CRM197. After 24 h, HRP activity in cell lysates is detected using a
standard colorimetric assay with the appropriate calibration curves (other conju-
gates were also used (see Note 7)).

2. In these conditions the CRM197-HRP conjugate is preferably taken up by the
BCECs when compared with BSA-HRP conjugate (see Fig. 8.3). In addition,
this specific uptake of the CRM197-HRP conjugate is completely inhibited, as
compared with the a-specific uptake of BSA-HRP-conjugate, by the preincubation
with soluble HB-EGF (see Fig. 8.3). These results indicate that CRM 197
conjugated to a cargo of 40kDa is specifically taken up by BCECs via a DTR-
mediated uptake process.

3.2.3 Receptor Targeted Transcytosis Studies across the BBB In Vitro
1. Transcytosis experiments are performed after treatment of the cells with 8-4-
CPT-cAMP and RO-20-1724 in complete HEPES buffered DMEM + S for the

last 2 or 3 days so as to dramatically increase tightness (i.e., reduce paracellular
leakiness).

HRP activity in BCEC (ng/ml)

Fig. 8.3 Experiments illustrating the recep- 2 E i

tor-specific cell uptake of CRM197 conju-
gates. The diagram shows HRP activity in
BCEC lysates after exposure to HRP- 0 T T T
conjugated BSA (acting as an inert control
conjugate), HRP-conjugated CRM197 and
HRP-conjugated CRM 197 which was pre-
incubated with 10 pg/ml soluble HB-EGF e
(acting as a noncompetitive antagonist for A
the uptake receptor (DTR) by binding to &
the receptor-binding domain of CRM197) &
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2. The average TEER across the BCEC-astrocyte co-cultures increases from 149.8
+ 5.4 Q.cm? (mean = standard error, n = 18) to 834 = 77 Q«cm? (mean * stand-
ard error, n = 24) after treatment with 8-4-CPT-cAMP and RO-20-1724. No dif-
ference in DT sensitivity is observed between cells un-treated and cell treated as
such (data not shown).

3. To determine specific and active transcytosis across the in vitro BBB, HRP
conjugated to CRM 197 or BSA is added to the apical side of the filter inserts at
37°C and 4°C in fully HEPES buffered DMEM + S. For the 4°C arm of the
experiment, filters are allowed to cool down in the refrigerator for 1 h before the
transport experiment is started. This cooling procedure has no effect on TEER
across the BCEC-astrocyte co-cultures when it is performed in fully HEPES
buffered DMEM + S and when the electrode for the TEER measurement is
allowed to cool down to 4°C as well. Directly after the conjugates are added, the
filter insert is transferred into a fresh well containing warm (or cold) 250ul
HEPES buffered DMEM + S. Every hour, up to 4h in total, this procedure is
repeated in order to prevent possible re-endocytosis of HRP-conjugated proteins
by the abluminal side of the BCECs. Cumulated HRP activity of transcytosed
HRP into the basolateral compartment is detected using a standard colorimetric
assay with the appropriate calibration curves.

4. After BCEC-astrocyte co-cultures are incubated with HRP-conjugated proteins,
the CRM197-HRP conjugate is preferably transcytosed across the BCECs when
compared with BSA-HRP conjugates (see Fig. 8.4). At 4°C, the level of transport
for the CRM197-HRP conjugate is identical to the BSA-HRP conjugate at 37°C
and 4°C (see Fig. 4). These results indicate that CRM 197, even when conjugated
to a protein cargo of 40kDa, is specifically and actively transcytosed across the
BBB (in vivo validation of this conjugate was also done (see Note 8)).

transcytosed HRP activity (ng/ml)

6-

1 e CRM197-HRP 37°
4 = BSA-HRP 37°
3+ © CRM197-HRP 4°
, O  BSA-HRP 4°
1=

0=

1 2 3 4
time (h)

Fig. 8.4 Experiments illustrating the active and receptor-specific transcytosis of CRM197 conjugates
across the in vitro BBB model. The graphs depict the active and selective accumulated transcytosis
of HRP-conjugated CRM 197 (lines with circles), when compared with HRP-conjugated BSA (lines
with squares), at 37°C (lines with filled symbols) and 4°C (lines with open symbols)
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4 Notes

1. Even from a single supplier, we have had batches of FSC that produced very tight BCEC
monolayers and filters with very leaky BCEC monolayers. In these cases, even astrocyte
co-cultures were unable to increase tightness. We therefore routinely test about five samples of
different batches from different suppliers on their ability to produce high resistance monolayers
before we acquire large quantities of that specific batch. By these means we largely avoid a
major source of variability in the quality of the BBB cell culture model.

2. We have used calf brains from a local slaughterhouse mainly because of the size of the calf
brain (resulting in high yield of brain capillaries) and the tight BCEC monolayers that could
ultimately be obtained from primary cultures of calf brains. Alternatively, one can also use
brains from other large animals, like porcine brains [6], especially when bovine materials are
difficult to obtain because of BSE measures. Rodent brains, on the other hand, usually have a
low yield (and thus require many animals) and typically give rise to leaky monolayers, making
such models not suitable for the assessment of drug transport and effect measurements. For
many obvious reasons, primary cultures of BCECs from human and primate sources are more
difficult to obtain on a regular basis, so these are also not readily used for drug transport and
effect screening purposes. See also Note 5 for other sources of endothelial cells.

3. Collagen coated flasks can also be prepared a few days in advance and kept on PBS at 4°C. The
fibronectin coated flasks should, however, always be prepared directly before seeding of the cells
or brain capillaries.

4. As a convenient alternative source of astrocytes we have also tried to make use of commercially
available astrocytes (both rat cortical astrocytes and normal human astrocytes from Cambrex,
Cat. R-CXAS-520 and CC-2565, respectively) in our experimental setting. Unfortunately,
irrespective of the culture media we have used (i.e., our own DMEM + S or the proposed media
of the supplier), we have never observed any of the BBB inducing properties on our bovine
BCECs (nor on any other source of endothelial cells, see also Note 5) as we observe with our
own astrocyte isolation protocol as described in this and earlier papers [5, 7-9].

5. Alternative sources of endothelial cells:

5.1. Although more convenient than primary cultured cells, the currently available human [10]
and rodent [11] cell lines are still too leaky to use for drug transport and effect screening
purposes.

5.2. Should one be unable or unwilling to obtain calf or porcine brains from the slaughter-
house, an effective, though rather expensive, alternative source of bovine BBB cells is
now commercially available from Cambrex (b MVEC-B, Cat. AC-2509). These cells fit
very well in the current protocol, exhibiting identical BBB properties as the currently
described model, with only a few minor modifications. Briefly, the filters are also coated
with fibronectin (30 min, 10 ug/ml, just as the flasks) before the astrocytes are seeded on
the bottom. The bMVEC-B are also seeded at 30.000 cells/filter, but kept for 2 or 3
additional days on DMEM + S, as compared with the original protocol. In every tested
setting, however, we were unable to obtain tight monolayers when the bMVEC-B were
cultured on the recommended medium by the supplier, and so we suggest to use the
DMEM + S as described earlier. Finally, also in these cells, the BBB properties were not
induced with other sources of astrocytes (see Note 2).

5.3. As another alternative source of readily available endothelial cells of relative constant
composition to create a human BBB model, we also used pooled neonatal human dermal
microvascular endothelial cells (Cambrex, HMVEC-d, Cat. CC-2516). Briefly, these
cells should be cultured in uncoated flasks in the recommended media by the supplier
(EGM-2MYV, Cat. CC-2516), for not more than six passages. Then, the cells should be
passaged to astrocyte-containing filters just as described for the current model in EGM-
2MV instead of DMEM + S. After 5 days of co-culture with rat astrocytes and addition of
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8-4-CPT-cAMP, RO-20-1724, and 0.1 UM dexamethasone, TEER increased to~85 Qecm?.
This effect on TEER was neither observed without astrocytes, nor with other sources of
astrocytes (see Note 2). In these conditions, the human BBB model was also sensitive to
DT (determined as described earlier) and lipopolysaccharide (LPS, as described in ref. [9]).
We were, however, unable to find any indication of P-glycoprotein (P-gp) expression in
these cells (determined as described in ref. [7]). The relatively low TEER across the BBB
model and the possible absence of P-gp expression, however, limits the applicability of this
constellation of human endothelial cells and rat astrocytes as a BBB cell culture model for
the use for drug transport and effect screening purposes.

6. TEER experiments, but also drug transport experiments, are very sensitive to how one manipulates
the filter inserts. Therefore, the experimental set-up should always include the proper control
conditions to assess the influence of any manipulation to the cells. Care should be taken not to
disturb the cells on the filter to much prior to the experiment; so it is for instance better not to
change the medium on the filters to apply a solution of active compounds, but rather to apply
the compounds in a small volume (as a rule we apply no more than 30ul) of a concentrated
stock solution to the existing medium. In addition, the influence of excipients (ethanol, DMSO,
etc.) can be very strong, also on the expected effect of a stimulus, so these should be kept below
0.1% of the total volume on the filter insert. In addition, TEER and drug transport experiments
can be conveniently combined, giving data from the effect of a drug on the BBB permeability
in relation to the observed transport of the same drug across the filter [12]. For such experiments
care should be taken to avoid contamination between the apical and basolateral compartment
within and between filters. Washing the electrode in a series of six wells with clean medium
between every TEER measurement was shown to be effective.

7. Although outside the scope of this paper, it is of relevance to state that next to the HRP-
conjugates we have prepared similar conjugates to a number of other reporter labels and
enzymes, including FITC and (3-galactosidase, as well as CRM197-coated liposomes, and similar
results were obtained (unpublished observations).

8. Finally and again outside the scope of this paper, it is of relevance to state that subsequently the
CRM197-HRP conjugate was validated in guinea pigs as well and found to be specifically
transported to and across the BBB in vivo [4].
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Chapter 9
Drug Delivery in Cancer Using Liposomes

Crispin R. Dass

Abstract There are various types of liposomes used for cancer therapy, but these
can all be placed into three distinct categories based on the surface charge of vesi-
cles: neutral, anionic and cationic. This chapter describes the more rigorous and
easy methods used for liposome manufacture, with references, to aid the reader in
preparing these formulations in-house.

Keywords Liposome; Cancer; Drug delivery; Formulation; Vesicle

1 Introduction

Liposomes generally have a large carrying capacity, but usually not large enough to
ferry large molecules such as proteins. Hydrophilic drugs can be readily entrapped
within the aqueous interior of the vesicles, while neutral and hydrophobic mole-
cules may be carried within the hydrophobic bilayers of the vesicles. There are
various types of liposome formulations available, some of which have arisen due to
a marriage of ideas for specific types of liposomes [1]. The liposome field is more
than 3 decades old now, with the commercialization of a handful of anti-cancer
therapeutic agents, all non-biologicals. Such small molecule drugs that are used to
treat certain types of neoplasms include the nucleic-acid-synthesis-interfering
agents doxorubicin (available as Caelyx®) and daunorubicin (available as
DaunoxomeZ®).

There are some excellent texts available [2, 3] on liposomes that serve as a good
guide to the slightly initiated and most definitely for the more experienced.
However, an easy guide to understanding liposome manufacture is generally hard
to find, and the present concise chapter is intended to serve just this purpose. There
are three methods that may be used for easy formulation of liposomes, and these
have stood the test of time, at least for the past 12 years since the author has been
using them. The most promising types of liposome used for anticancer purposes,
cationic varieties, are discussed below.
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2 Cationic Liposomes

Cationic liposomes (CLs), first brought to prominence in 1987 [4], have revolutionised
the gene delivery arena, and are now being examined for other applications, such as
delivery of small molecule drugs. Made from positively charged lipids such as
DOTAP (dioleoyloxypropyl trimethylammonium chloride) and DC-cholesterol (DC-
chol), this vesicle forms the major category of liposome used currently for drug and
biomolecular delivery. Its current popularity is only due to its ability to deliver nucleic
acids into cells both in vitro and in vivo for genetherapy of diseases such as cancer.
They are also being evaluated clinically for this purpose for more than a decade now
[5-9]. More recently, these liposomes have been found to be selectively delivered to
tumour vascular endothelial cells [10]. Being positively charged, these liposomes are
ideal for attachment to the slightly negatively charged cell membrane.

CLs are useful not only for delivering genetic constructs to the tumour vascula-
ture, but also for causing an anti-vascular effect with small molecule cytotoxic
agents. Kunstfeld and coworkers [11] demonstrated that paclitaxel encapsulated in
CLs diminishes tumour angiogenesis and inhibits orthotopic melanoma growth in
mice. In contrast, paclitaxel administered in its normal Cremophor EL vehicle,
while showing an inhibitory effect in cell culture, was unable to significantly
decrease angiogenesis and tumour growth in vivo.

Campbell and colleagues [12] found that CLs, stabilised with the addition of a
5mol% of PEG, accumulated more in angiogenic vessels when CLs were used as
opposed to electroneutral liposomes. PEG was used to increase circulation lifetime of
the positively charged liposomes. Inclusion of PEGylated lipids in the vesicles has the
added advantage of reducing aggregate formation [13], thus increasing both yield and
injectability of complexes. Unmodified lipoplexes have a relatively shorter circulation
half-life of less than Smin [12]. Furthermore, when the percentage of cationic lipid
was increased from 10 to 50mol%, the accumulation in tumour vascular endothelial
cells (VECs) increased 2-fold.

Thus, the use of cationic liposomes for cancer therapy cuts across different
boundaries. There are limitations with these vesicles, but with additional research
and development, better formulations will emerge. One significant achievement
would be development of formulations that can ferry proteins in vivo.

3 Formulation Techniques

3.1 Ethanol Injection (Good for Cationic Liposomes)

The method is probably one of the easiest ones available. It was originally reported by
Batzri and Korn in 1973 [14]. It involves the injection of a small volume of ethanolic solu-
tion of lipids into a large volume of water. The force of the injection ensures homogeneous
mixing of the lipids, as does the immediate dilution of the ethanol in the large excess of
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water. This procedure can generate mainly small unilamellar vesicles (SUVs) with
diameters around 25-50nm. This process is probably the best for making anionic and
cationic liposomes since at least some of the lipids dissolve readily in water. The charged
lipid is dissolved in water while the hydrophobic one is dissolved in ethanol. The exact
steps are as listed here using the example of a formulation prepared in-house:

1. Weigh out 12mg of DDAB (dimethyl dioctadecyl ammonium bromide) into a
clean glass test tube.

2. Dry down 4mg of dioleoylphosphatidylethanolamine (DOPE) solution (in
chloroform) using argon.

. Dissolve the DDAB in 1 mL of absolute ethanol.

. Dissolve the DOPE in 1mL absolute ethanol. Use a 37°C bath to aid
dissolution.

. Prepare eight small glass test tubes with 0.75 mL nanopure water in each.

. Add 0.125 mL of the ethanolic solution of DDAB to four glass test tubes.

. Vortex one of the DDAB-containing tubes on high for 10s.

Carefully, inject 0.125 mL of ethanolic DOPE into the vortexing tube in one swift

motion with the tip of the pipettor below the surface of the vortexing liquid.

. Vortex for further 10s.

10. Extrude liposomes through a 220-nm polycarbonate filter 12 times through a

poly(ether sulfone) (PES) membrane.
11. Transfer contents to storage vial and label appropriately.
12. Store liposome at 4°C.

B~ W
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3.2 Sonication (Good for Neutral Liposomes Used for
Membrane Studies)

Lipids are mixed together and either sonicated using a probe or in a water bath. This
procedure may be used for both charged and uncharged liposome manufacture, as
sonication is a rather harsh method for rearranging the different lipids in a 3-D
spherical conformation. The most important factor is to prevent heating of the sam-
ple during sonication, a phenomenon that could result in lipid degradation, leading
to poor-quality liposomes. The exact steps are as listed as follows:

1. Dissolve lipids in a 20-mL glass vial and place on ice.

2. To create an ice bath for the sonication of lipids (to prevent heat-induced
chemical degradation of lipids), fill a 50-mL Falcon tube three-fourths full of
ice and pour in water to fill in the gaps between the pieces of ice.

3. Set probe sonicator to constant speed.

4. Immerse clean probe at least 1cm into nanopure water and sonicate for 2 min
to clean probe.

5. Now place probe into lipid solution and perform no more than 3 x 2-min bursts
of sonication to prepare unilamellar vesicles (ULVs). Place vial on ice between
sonication bursts. The opaque solution should change to an opalescent hue.
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Centrifuge phospholipid vesicles (PLVs) to remove titanium bits that may have
come off during sonication.
Store at 4°C.

3.3 Dried-Reconstituted Vesicles (Good for Sterically

Stabilised Vesicles)

Lipids are mixed together and solvent is removed using freeze-drying. Then an
aqueous solution is introduced and the lipid cake around the vessel wall is reconsti-
tuted. This method works best for manufacture of neutral liposomes, as the hydro-
phobic lipids readily dissolve in solvents such as chloroform and are deposited dry
on the wall of the rotavapor vessel. Then the material to be encapsulated is
dissolved in an aqueous solution and the dry film on the vessel wall is hydrated
with this solution. The exact steps involved in the preparation of hydrogenated
soy phosphatidylcholine (PHSPC)- and cholesterol-containing vesicles at a molar
ratio of 60 to 40% are as listed here:

1.

2.

10.
11.
12.
13.

14.

Prepare the following buffer: 10mM Tris-HCI, 1 mM EDTA, 150mM NaCl,
pH = 7.4, osmolarity = 300 mOsm/kg.

Prepare the lipid film as follows: in a 500-mL flask with 0.401 g PHSPC and
0.13328 g cholesterol, add 7mL chloroform. Drying is carried out at 40°C, on
setting ““4.5” of the rotavaporator, for 5h, with the pump minimum pressure set
at 66 mbar.

. Drug agent to be encapsulated is added to 6 mL of the earlier-mentioned

buffer.

. The dried lipids are hydrated with the 6 mL of buffer with dissolved drug agent,

and beads are added to aid homogeneous mixing. The mixing is done under
nitrogen, at 40°C, on setting “4.5” of the Buchi Rotary Evaporator with water-
cooled condensor coil, for 2h.

. Freeze and thaw (50°C) the preparation five times at 4 min for each cycle.

Sonicate preparation for 30s.
Extrude preparation at 45°C, using 0.4-um polycarbonate filter membranes at
200 psi. Change membrane if flow stops.

. Sonicate formulation for 3s.
. Extrude through 200-nm filters at least six times.

Sonicate preparation for 1 min.

Extrude through 100-nm filters at least six times.

Separate lipid-encapsulated ones from free drug molecules using an appropriate
column. In-house, for separation of free oligonucleotides from encapsulated
ones, a Sepharose CL-2B, fractionation range 70,000—40,000,000, is used.
Concentrate liposome preparation if formulation is deemed to be too dilute
using Vivaspin 20mL Concentrator tubes with 100,000 MWCO PES.

Store the final preparation at 4°C
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Glossary

DC-chol cholesteryl 38-N-dimethyl aminoethyl carbamate hydrochloride
DDAB  dimethyl dioctadecyl ammonium bromide

DOTAP dioleoyloxypropyl trimethylammonium chloride

PES polyether sulfone

PG phosphatidylglycerol
PS phosphatidylserine
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Chapter 10
pH-Responsive Nanoparticles for
Cancer Drug Delivery

Youqing Shen, Huadong Tang, Maciej Radosz, Edward Van Kirk,
and William J. Murdoch

Abstract Solid tumors have an acidic extracellular environment and an altered
pH gradient across their cell compartments. Nanoparticles responsive to the pH
gradients are promising for cancer drug delivery. Such pH-responsive nanoparticles
consist of a corona and a core, one or both of which respond to the external pH
to change their soluble/insoluble or charge states. Nanoparticles whose coronas
become positively charged or become soluble to make their targeting groups avail-
able for binding at the tumor extracellular pH have been developed for promoting
cellular targeting and internalization. Nanoparticles whose cores become soluble or
change their structures to release the carried drugs at the tumor extracellular pH or
lysosomal pH have been developed for fast drug release into the extracellular fluid
or cytosol. Such pH-responsive nanoparticles have therapeutic advantages over the
conventional pH-insensitive counterparts.
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Abbreviations

ATRP Atom transfer radical polymerization
Cisplatin  cis-Diammineplatinum(II) dichloride
cMC Critical micelle concentration

DOX Doxorubicin

EPR Enhanced permeability and retention effect
3LNPs 3-Layered pH-responsive nanoparticles

PA Pullulan acetate

P(Asp) Poly(aspartic acid)

PbAE Poly(B-amino ester)

PBS Phosphate-buffered saline

PCL Polycaprolactone

PDEA Poly[2-(N,N-diethylamino)ethyl methacrylate]
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PDMA Poly[2-(N, N-dimethylamino)ethyl methacrylate]
PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)

PH, Solid tumor extracellular pH

PHIM pH-insensitive micelles

PHis Poly(L-histidine)

PHSM pH-sensitive micelles

PH, Polymer insoluble/soluble transition pH

PLGA Poly(lactide-co-glycolide)

PLLA Poly(L-lactic acid)

PNA N-Phenyl-2-naphthylamine
PPO Poly(propylene oxide)
RES Reticuloendothelial system

SDM Sulfadimethoxine

1 Introduction: Nanoparticles for Drug Delivery

Cancer has dethroned heart disease as the top killer among Americans under the
age of 85 despite the significant progress in cancer detection and treatment in the
past decades. It was estimated that there would be more than 1.4 million new cancer
cases and about half a million cancer deaths in 2006 alone [1]. Chemotherapy is
one of the several available arsenals to fight cancer, but it often has life-threatening
side effects. For example, cisplatin, a widely used potent anticancer drug [2—4], has
significant acute and chronic nephrotoxicity [5]. Common side effects of anticancer
drugs include the decrease in the number of white blood cells, red blood cells, and
platelets, nausea, vomiting, and hair loss.

An increased resistance to drug treatment is another serious challenge. Most of
the cancer patients, although initially responsive, eventually develop and succumb
to drug-resistant metastasis. For example, the success of typical postsurgical regi-
mens for ovarian cancer, usually a platinum/taxane combination, is limited either
by primary tumors being intrinsically refractory to treatment or by initially respon-
sive tumors becoming refractory to treatment [6]. As a result, the first-line treat-
ment of ovarian cancer yields about 30% pathologic remission and an overall
response rate of 75%, but the disease usually recurs within 2 years of the initial
treatment, ultimately causing death [7-9].

The intrinsic and acquired drug resistance mechanisms that mitigate the cyto-
toxic effects of anticancer drugs [6, 10—14] include the loss of surface receptors and
transporters to slow drug influx, cell-membrane-associated multidrug resistance to
remove drugs [12], specific drug metabolism or detoxification [15], intracellular
drug sequestration [16], overexpression of Src tyrosine kinase [17] and splicing
factor SPF45 [18], increased DNA-repair activity [19], altered expression of oncogenes
and regulatory proteins [20, 21], and increased expression of antiapoptotic
genes and mutations to resist apoptosis [14, 22]. For instance, melanoma cells are
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drug-resistant to a variety of chemotherapeutic drugs by exploiting their intrinsic
resistance to apoptosis and by reprogramming their proliferation and survival path-
ways during melanoma progression [23]. Some mechanisms of drug resistance in
cancer are shown in Fig. 10.1.

An important mechanism of multidrug resistance is that cancer cells overexpress
ATP Binding Cassette (ABC) transporters in their plasma membranes [24], mainly
the classical P-glycoprotein (PGP or MDR1, ABCB1), the multidrug resistance
associated proteins (MRPs, in the ABCC subfamily), and the ABCG?2 protein [25],
all of which can very efficiently transport a variety of anticancer drugs out of the
cells. [6, 10, 12, 13, 26-29] Therefore, as a consequence of the slowed drug entry
but efficient drug removal by the P-gp pumps and the intracellular drug consump-
tion (Eq. 1), the drug concentration in the cytoplasm is below the cell-killing thresh-
old, resulting in a limited therapeutic efficacy.

diDl/dt=R,+R,+R-R, 2R

i drug resistance ( l)

where [D] is the cytosolic drug concentration, R » R, and R, are the rates of drug
entry by diffusion, endocytosis, and transport, respectively, Ry o is the rate of drug
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Fig. 10.1 Sketch of cancer cell’s drug internalization (a—c) and forms of drug resistance (d-Kk).
(modified from [12], with permission from Annual Reviews)
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removal by the P-gp pumps, and R, is the rate of drug consumption by other forms
of drug resistance.

The drug toxicity to healthy tissues and the cell resistance to treatments
described earlier pose a twofold challenge for drug delivery technology—to
improve the delivery selectivity and to overcome the cell resistance—to simultane-
ously maximize the therapeutic efficacy and minimize the side effects.

One approach toward this goal is to exploit the enhanced permeability and reten-
tion effect (EPR) of cancerous tissues [30-36], which have unique pathophysiologi-
cal characteristics, including the extensive angiogenesis and hence hypervasculature,
defective vascular architecture, impaired lymphatic drainage/recovery system, and
greatly increased production of permeability mediators. [30-36] The cutoff size for
the permeation through the cancer blood capillaries was measured to be between
380 and 780nm [34-37]. Thus, nanosized drug carriers for example, polymer—drug
conjugates [38—41], dendrimers [42—-44], liposomes [45, 46], and polymer micelles
or nanoparticles [47-54], can easily extravasate from the bloodstream and are
trapped in tumor tissues, but not from the tight blood capillaries in healthy tissues
[55], and thus preferentially deliver drugs to cancerous tissues. Furthermore, active
tumor-targeting is also achieved by equipping the drug carriers with tumor-targeting
groups such as folic acid [42, 56-73] and luteinizing-hormone-releasing hormone
(LHRH) peptide [74—78]. These ligands can also induce receptor-mediated endocy-
tosis for efficient cellular internalization of the drug carriers by cells overexpressing
their receptors [79]. Therefore, by increasing bioavailability of drugs at sites of
action, drugs in these carriers have shown enhanced efficacy against resistant
tumors and fewer side effects.

Among the drug carriers mentioned earlier, polymeric nanoparticles are attract-
ing much attention. [48, 51-53, 80-82] Their sizes can be easily optimized for
penetrating through fine capillaries, crossing the fenestration into interstitial space,
and efficient cellular uptake via endocytosis/phagocytosis. Furthermore, they can
be equipped with a hydrophilic surface, for example, with a layer of poly(ethylene
glycol) (PEG), to evade the recognition and subsequent uptake by the reticuloen-
dothelial system (RES), and thus to have a circulation time that is long enough for
passive accumulation in cancer tissues via the EPR effect [47, 50, 83-88].

Such stealthy nanoparticles with long circulation times can be fabricated from
core-shell micelles formed by self-assembly of amphiphilic block copolymers
(Fig. 10.2) [51-53, 89-92]. The hydrophobic inner core can carry drugs. The tight
hydrophilic shell (e.g., PEG chains) prevents the protein adsorption and cellular
adhesion, and thus protects the drug from degradation. The PEG chains also prevent
the recognition by the RES [52, 87], which leads to an increased blood circulation
time and enhanced drug accumulation in tumor tissues [52, 87]. Such nanoparticles
have been used as drug carriers for cisplatin [93-98], doxorubicin [99-103], camp-
tothecin [104-110], and paclitaxel [111-115]. These drugs were found to have a
higher accumulation in tumors and lower toxicity. For example, in C26 tumor-bearing
mice, the administration of doxorubicin (20 mg/kg) resulted in toxic deaths, while
the administration of doxorubicin in PEO-P(Asp) micelles permitted doses as high
as 50 mg/kg with no toxic deaths [116].
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Fig. 10.2 Nanoparticles formed via polymer micelles by self-assembly of amphiphilic block
copolymers

2 Rapid Drug Release: Key to Therapeutic Efficacy

Drugs become active only after they are liberated from their carriers [117, 118]. For
example, doxorubicin (DOX) covalently bonded to the nanoparticle core of poly(lactide-
co-glycolide) (PLGA) [119] or poly(aspartic acid)[116] showed low or even no antican-
cer activity because it could not be released on account of the absence of hydrolysable
links between the drug and the polymer chains. By contrast, pH- [120, 121] or tempera-
ture [122-124]-induced rapid drug release led to a higher therapeutic efficacy. For
example, Needham et al. formulated a DOX-containing liposome, the contents of
which could be released rapidly in tens of seconds by a mild hyperthermic (39-40°C)
induction. This new liposome, in combination with mild hyperthermia, was signifi-
cantly more effective than free drug or temperature-insensitive liposomes in reducing
tumor growth in a human squamous cell carcinoma xenograft line, producing 11 of 11
complete regressions lasting up to 60 days posttreatment [123]. Kirchmeier et al. found
a significant correlation between the rate of nuclear accumulation of DOX and its in
vitro cytotoxicity. The pH-sensitive immunoliposomes had faster release of DOX and
consequently faster nuclear accumulations of the drug and higher cytotoxicities than did
pH-insensitive liposomes [125].

The hydrophobic core of nanoparticles is mostly made of solid glassy polymers such
as polycaprolactone, polylactide, and their random copolymers. Drugs are physically
trapped and dispersed in the core. Except for the initial burst release period, the drug
release from the solid nanoparticle cores tends to be a slow diffusion-controlled process
[126]. Thus, nanoparticles responding to the acidic environments of tumor intercellular
fluid or intracellular acidic compartments have been developed for fast drug release.

3 Tumor Extracellular pH-Responsive Nanoparticles
for Drug Release

Tumors have a lower extracellular pH (pH,) than do normal tissues, which is an
intrinsic feature of the tumor phenotype [127-129]. This is resulted from the
increased production of lactic acid [128-134] via anaerobic glycolysis due to their
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high metabolic rate but inadequate removal of lactic acid [128-134] and carbon
dioxide [135], as well as other mechanisms [136]. Electrical and chemical probes
showed that the mean pH of tumor extracellular fluid is typically about 7.06 with a
range of 5.7-7.8 [137]. Low pH, benefits tumor cells because it increases drug
resistance by slowing the uptake of weakly basic drugs such as DOX and reducing
their effects on tumors, promotes invasiveness [138], and induces vascular endothe-
lial growth factor (VEGF) [139]. On the other hand, this acidic pH, can be exploited
as a drug-release trigger.

For example, Bae and coworkers reported pH-induced destabilizable poly
(L-histidine) (PHis)-based micelles targeting the tumor acidic environment [140].
PHis has a pH-dependent water-solubility as a result of protonation of the unsatu-
rated nitrogen of its imidazole ring at low pH [141]. Its soluble/insoluble transition
pH (pH,) is dependent on its molecular weight. PHis with a M, more than 10kDa
becomes soluble at pH lower than 6 [141], but PHis with a M, of SkDa becomes
soluble at pH of about 6.5 [140]. Introducing water-soluble groups or polymers
increases the pH, [140, 142]. For instance, PHis5k-block-PEG2K (PHis-PEG) had
a pH, of about 7.0 [140]. This PHis-PEG formed micelles with diameters of about
100nm. The critical micelle concentration (CMC) was dependent on the solution
pH (Fig. 10.3). The micelles had low stability at pH lower than 7 due to the protona-
tion of the hydrophobic PHis core (Fig. 10.4). When the solution pH was less than
5, no micelles could be detected.

As a result of this pH-dependent stability, the PHis-PEG micelles loaded with
DOX exhibited a pH-dependent drug release. DOX was released faster at pH lower
than 7.0 than at pH 7.4 and 8.0 (Fig. 10.5) [143]. It was hypothesized that PHis-
PEG micelles were destabilized in a slightly acidic environment and hence released
the DOX into the extracellular medium for enhanced drug permeation into the
tumor cells due to high concentration gradients. The in vitro cytotoxicity was tested
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Fig. 10.3 The pH effect on the CMC of PHis5SK-PEG2K micelles. (reproduced from [140], with
permission from Elsevier)
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Fig. 10.4 The transmittance change of PHisSK-PEG2K micelles (0.1 g/l) with pH. (reproduced
from [140], with permission from Elsevier)
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Fig. 10.5 pH-dependent cumulative DOX release from PHis-PEG micelles at pH 8.0 (o), 7.4 (W),
7.2 (A),7.0 (¥), 6.8 (#), 6.2 (0), and 5.0 (A). (revised and reproduced from [143], with permission
from Elsevier)

by incubating the DOX-loaded micelles with A2780 cells at pH 7.4 and 8.0. When
cells were cultured with DOX/PHis-PEG at pH 6.8, a higher fraction of cells took
up DOX, with a higher intracellular DOX concentration, and correspondingly lower
cell viability, than when cultured at pH 7.4, as shown in Fig. 10.6 [144], which
suggested that more DOX was available at the lower pH [144]. Also, compared
with free DOX, the DOX-loaded micelles had a longer retention of DOX in blood,
a higher DOX concentration in the cancer tissue, and more pronounced tumor
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Fig. 10.6 Cytotoxicity of free DOX and DOX/PHis-PEG micelles at pH 7.4 and 6.8 after a
48-h incubation. (reproduced from [144], with permission from Taylor and Francis Ltd)
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Fig. 10.7 pH-dependent 24-h-cumulative DOX release from the mixed micelles composed of
PHis-PEG and PLLA-PEG with wt.% of PLLA-PEG at O (e), 10 (M), 25 (&), and 40 (V). (reproduced
from [143], with permission from Elsevier)

suppression. It was presumed that the DOX release triggered by tumor extracellular
pH (pH,, 7.0) from the DOX/PHis-PEG accumulated in the tumor via the EPR
effect contributed to the tumor inhibition.

As the data from Fig. 10.5 suggests, the PHis-PEG micelles are unstable and can
release their contents at neutral pH. In order to deal with this problem, an
amphiphilic block copolymer, PLLA-PEG, was added to make mixed micelles, in
which the core was expected to contain poly(L-lactic acid) (PLLA) and PHis
chains. The PLLA block in the core stabilized the micelles and hence suppressed
the drug release at the near neutral pH. The optimum content of PLLA-PEG
was found to be about 25-40% (Fig. 10.7). The DOX delivered from such
mixed micelles showed low cytotoxicity at pH above 7.0 but high cytotoxicity at
pH ~ 6.8 [143].
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Another approach to tuning the pH-sensitivity proposed by Bae and coworkers
is to introduce sulfadimethoxine (SDM; pK, = 6.1; Scheme 10.1a) as a pH-sensitive
motif [145, 146]. Sulfonamide is a weak acid because the proton of sulfonamide
can be readily ionized to liberate a proton in basic solution [145, 146]. Thus, dif-
ferent from the amine-based PHis, SDM becomes hydrophobic by protonation at
low pH. For example, pullulan acetate (PA) (Scheme 10.1b) conjugated with SDM
moieties (PA/SDM) formed hydrogel nanoparticles that showed good stability at
pH 7.4, but shrank and aggregated below pH 7.0, at which pH SDM became hydro-
phobic. As a result, the DOX release rate from the PA/SDM nanoparticles was low
around the physiological pH but significantly enhanced below pH 6.8 (Fig. 10.8),
which was consistent with the core structure changes observed using a fluorescent
probe and a microviscosity probe [147].

The cytotoxicity of the DOX-loaded PA/SDM nanoparticles was evaluated using
a breast-tumor cell line (MCF-7) to test the feasibility of the nanoparticles in target-
ing acidic tumor extracellular pH [148]. DOX-PA/SDM nanoparticles at pH 6.8
showed cytotoxicity similar to free DOX but higher cytotoxicity than the particles
at pH 7.4. This pronounced cytotoxicity of the nanoparticles at low pH was partially
attributed to the accelerated release of DOX triggered by pH changes. Another
contributing factor, on the basis of the confocal laser microscopy characterization,
was that at pH 6.8 and 6.4, SDM deionization caused the nanoparticle surfaces to
become hydrophobic and thus aggressively bind to the cell membranes [148]. The
cancer targeting and cellular uptake were promoted by introducing targeting groups
such as vitamin H (biotin) [149].

Although the drug release from such pH-responsive nanoparticles triggered by
the cancer pH, can substantially reduce the systemic toxicity and enhance in vitro
and in vivo anticancer activity, it does not solve the drug resistance problem. This
is because cancer cells can lose the drug receptors to slow down drug uptake and

Q Q
CH,0CCH,  CH,0CCH,

O
ofon OOJQ’H
H,CC H OH OHO 9 9
7 CHOCCH,  CH,OCCH,

CH,
H OH OH

9 o o
HyCC H OH o

(b)

Scheme 10.1 The chemical structures of (a) sulfadimethoxine (SDM) and (b) pullulan acetate
(PA). (modified from [146], with permission from Springer)
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Fig. 10.8 DOX release from PA/SDM nanoparticles at pH 8.0 (o), 7.4 (0), 6.8 (¥), and 6.4 (V).
(The number of SDM groups per anhydroglucose unit of the pullulan acetate was 0.39.) (modified
and reproduced from [146], with permission from Springer)

overexpress ATP Binding Cassette (ABC) transporters in their plasma membranes
to efficiently transport cancer drugs out of the cells as they are entering the cell
membranes [6, 10, 12, 13, 26-28], and thus reduce the cellular drug accumulation
[29]. Therefore, the drug released in the extracellular fluid is difficult to reach the
cytoplasm.

4 Tumor Extracellular pH-Responsive Nanoparticles
for Cellular Targeting and Internalization

Figure 10.1 shows that cancer cells inhibit the drug uptake by losing the receptors/
transporters and activating P-gp pumps that export the drugs associated with the
plasma membrane. Hence, drugs released directly into the cytoplasm would cir-
cumvent this predicament [125, 150, 151]. Such an intracellular drug release
requires the nanoparticles not only to preferentially accumulate in the cancer tissues
but also to be fast internalized by the cells. However, the PEG chains that are
needed for long circulation times, unfortunately, also slow down the nanoparticle
cellular uptake as a result of steric repulsion [152, 153].

A common approach to increase the cellular uptake (internalization) is through
receptor-mediated endocytosis by decorating nanoparticles with ligands that bind
the receptors on tumor cells. The main challenge in this approach is to make these
ligands selective for tumor cells and avoid healthy cells that may express the same
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receptors. To address this concern, Bae and coworkers designed a pH-sensitive
multifunctional nanoparticle with a ligand that can bind its receptors only if
exposed to an acidic tumor extracellular environment (6.5 < pH < 7.0) (Fig. 10.9)
[154]. Specifically, the ligand biotin was anchored to the surface of the nanoparticles
made from the mixed block copolymers PHis-PEG and PLLA-b-PEG-b-PHis-biotin.
At neutral pH, the PHis was insoluble and collapsed on the hydrophobic core sur-
face. Thus, the biotin was buried in the PEG corona and hence not available for
binding. However, once the nanoparticle was exposed to the acidic extracellular
fluid of solid tumors, the PHis became soluble, stretched, and exposed biotin for
binding to the tumor receptors. The availability of the anchored biotin at low pH
was confirmed using the avidin, a tetrameric protein with four biotin binding sites.
The fast cellular uptake of the nanoparticles at acidic pH was confirmed by flow
cytometry [154].

Another approach is to use polycation complexes, which can be electrostatically
attracted and adsorbed to the negatively charged cell membranes and lead to elec-
trostatically adsorptive endocytosis [155, 156]. For example, cationized polymer
conjugates [157], proteins [158, 159], and nanoparticles [96, 160, 161] exhibit
enhanced cellular internalizations when compared with their noncationized coun-
terparts. Cationic charges, however, can cause severe serum inhibition and rapid
clearance from the plasma compartment [162—164]; for instance, a cationized anti-
body had a 58-fold increase in the systemic clearance from the plasma compartment

(a) PEG PHis (1 K)
PEG shell

biotin

Micelle core (PLLA + PHis)

(b)
»

pH>7.0 6.5<pH<7.0

Fig. 10.9 pH-dependent biotin availability for binding. (a) Above pH 7.0, biotin anchored on the
micelle core via pH-sensitive PHis is shielded by PEG shell of the micelle. (b) Biotin is exposed
on the micelle surface at acidic conditions (6.5 < pH < 7.0) and can interact with cells, which facilitates
biotin-receptor-mediated endocytosis. When the pH is further lowered (pH < 6.5), the micelle
destabilizes, which enhances drug release. (modified and reproduced from [154], with permission
from American Chemical Society)
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and a 9-fold reduction in the mean residence time when compared with the native
antibody [159].

To solve this problem, Shen and coworkers developed a three-layered pH-
responsive nanoparticle (3LNP) that had a neutral corona at the physiological pH,
but the corona became positively charged at the tumor extracellular pH, which
resulted in rapid cellular internalization (Scheme 10.2) [165, 166].

Those nanoparticles (3LNPs) were fabricated via a pH-controlled hierarchical
self-assembly of a tercopolymer brush (Schemes 10.2 and 10.3), which contained
hydrophilic polycaprolactone (PCL) chains, water-soluble PEG chains, and pH-
responsive poly[2-(N,N-diethylamino)ethyl methacrylate] (PDEA) chains. PDEA is
a polybase that is soluble at low pH but insoluble at neutral pH [167-169]. The
brush polymer was initially dispersed in a pH 5.0 solution where the PDEA chains
were protonated and hence water-soluble. The hydrophobic PCL chains and drug
molecules associated to form the hydrophobic core. The PEG and protonated
PDEA chains formed a hydrophilic corona surrounding the core. After the solution
pH was raised to 7.4, the PDEA chains were deprotonated and became hydrophobic,
collapsing on the PCL core as a hydrophobic middle layer with only the PEG
chains forming the hydrophilic corona (Scheme 10.3).

The 3LNPs had a pH-dependent zeta potential, shown in Fig. 10.10. They were
neutral at pH 7.4 but gradually became positively charged at lower pH, indicating

o o °
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o ?
( /a °
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Scheme 10.2 The pH-responsive three-layered nanoparticles (3LNPs) [165, 166]
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particles (3LNPs) via pH-controlled hierarchical self-assembly
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Fig. 10.10 Zeta potential of three-layered nanoparticles (3LNPs)

that as the solution pH decreased, the PDEA chains became positively charged and
soluble. The effectiveness of the charged-PDEA-induced adsorption on the cell
membrane and subsequent cellular uptake of the 3LNPs were estimated using con-
focal microscopy. A hydrophobic dye PKH26 was loaded in 3LNPs as the tracer.
The cells were cultured with the PKH26/3LNPs at 4°C for 30 min at pH 7.4 and
6.0 respectively. The cells cultured with PKH26/3LNPs at pH 6.0 had bright red
cell membranes, while those cultured at pH 7.4 were hardly visible (Fig. 10.11).
Thus, we concluded that the 3LNPs were better attached to the cells at the low pH
because of their positive charges.

The cellular uptake of these 3LNPs was observed using confocal scanning
laser fluorescence microscopy. SKOV-3 ovarian cancer cells were cultured with
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Fig. 10.11 Adsorption of 3LNPs with PKH26 on SKOV-3 cell membrane at pH 7.4 (a, b) and 6.0
(c, d) at 4°C observed with confocal scanning laser fluorescence microscopy. Differential interfer-
ence contrast (a, ¢) and red fluorescence channel (b, d)

PKH26/3LNPs at pH 7.4 or 6.0 for 2.5h. The cells cultured at pH 6.0 were found
to have much more PKH26/3LNPs compared with those cultured at pH 7.4. The
internalized 3LNPs were localized in lysosomes. The cellular internalization of
PKH26/3LNPs was also quantitatively measured by flow cytometry in percent
of the PKH26-positive cells (Fig. 10.12). Consistent with the confocal microscopy
results, a significantly higher fraction of the cells took up PKH26/3LNPs at pH 6.0
when compared with that at pH 7.4. Thus, we concluded that, once localized in the
acidic extracellular fluid of solid tumors, the 3LNPs would become positively
charged and be efficiently internalized.

5 Lysosomal pH-Responsive Nanoparticles
for Cytoplasmic Drug Delivery

Cytoplasmic drug release using liposomes [170-172], polymer-drug conjugates
[173-176], and micellar nanoparticles [99, 100, 177-180] have been shown to
bypass the P-gp-based multidrug resistance, probably because cells take up drugs
in the carriers via endocytosis rather than diffusion through the cell membrane,
where P-gp is located.
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Fig. 10.12 PKH26-positive cells determined by flow cytometry of centrifuged PKH26 and
nanoparticles encapsulating PKH26 at pH 7.4 and 6.0

As the internalized macromolecules [181-185] or nanoparticles [88, 186—188]
progress through the endocytic pathway, they encounter compartments, namely,
early endosomes, late endosomes, and lysosomes, of progressively increasing acid-
ity. The pH of early endosomes is typically near 6 [184, 185, 189—-193], with some
at as low as 5.4 [192, 194, 195], that of late endosomes is near 5 [183, 193], and
that of lysosomes is about 4-5. [189, 196, 197] Endosome acidification occurs rap-
idly after internalization, usually within minutes [189]. Drug-resistant cells often
exhibit an altered pH gradient across different cell compartments to increase the
drug-sequestering capacity of the compartments, particularly more acidic recycling
endosomes, lysosomes, Golgi, and mitochondria, but more basic cytosol and
nucleus, all aimed at resisting chemotherapeutic drugs [16, 198-201]. Thus, weakly
basic anthracyclines and vinca alkaloids are sequestered away from the cytosol and
nucleus into acidic cytoplasmic organelles, mainly in lysosomes [199, 202-206],
and may be further extruded into the external medium [203, 207]. On the other
hand, conventional nanoparticles, such as PCL-b-PEG nanoparticles, mainly stay in
these acidic cytoplasmic organelles [208] and thus release their payload there. The
released basic anticancer drugs such as DOX are then protonated and hence not able
to escape from these compartments. Therefore, ideal nanoparticles should release
the drug directly into the cytosol.

Bae and coworkers used PHis-PEG (75 wt.%)/PLLA-PEG-folate (25 wt.%) to
make pH-sensitive micelles with folate-targeting groups (PHSM/f). The in vitro
and in vivo anticancer activities of DOX-loaded PHSM/f were evaluated using
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MCEF-7 cells and their xenograph tumors, and compared with DOX-loaded pH-
insensitive micelles made of PLLA-PEG with folate targeting groups (PHIM/f)
[99]. The cellular localization of the nanoparticles was confirmed by confocal
microscopy (Fig. 10.13). DOX delivered by PHSM/f was found uniformly distrib-
uted in the cytosol as well as in the nucleus, while DOX/PHIM/f was entrapped in
endosome and multivesicular bodies. It was thus hypothesized that PHis, which is
known to have an endosomal membrane-disruption activity induced by a “proton
sponge” mechanism of its imidazole groups [209, 210], disrupted the compartment
membrane and released DOX into the cytosol. As a result, DOX/PHSM/f showed
much higher in vitro and in vivo anticancer activities toward DOX-resistant cells
(Fig. 10.14).

—_
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Fig. 10.13 a The cytotoxicity of DOX-loaded PHSM (o), PHSM/f (A), PHIM (V), PHIM/f (0),
and free DOX (@) against MCF-7/DOXR cells and free DOX against sensitive MCF-7 cells at pH
6.8 after a 48-h incubation (n = 7). Confocal microscopy images of MCF-7/DOXRX cells treated
with b DOX-loaded PHIM/f micelles at pH 6.8 and ¢ DOC-loaded PHSM/f micelles at pH 6.8.
The cells were incubated with the particles for 30 min. (reproduced from [99], with permission
from Elsevier)
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Fig. 10.14 Tumor growth inhibition of s.c. human breast MCF/DOX-resistant carcinoma
xenografts in BLAB/c nude mice. Mice were injected with 10 mg/kg DOX equivalent dose of
DOX-loaded PHSM (o), PHSM/f (A), PHIM (V), PHIM/f (0), and DOX (). Values are means + SD.
(reproduced from [99], with permission from Elsevier)

Amiji and coworkers used biodegradable and pH-sensitive poly(-amino ester)s
(PbAE) to make pH-responsive nanoparticles for tumor-targeted paclitaxel delivery
[115,211, 212]. PbAE is a biodegradable cationic polymer originally developed for
gene delivery systems [213-219]. PbAE with various structures can be synthesized
by condensation polymerization of diacrylates and amines [213, 218]. PbAE
nanoparticles were prepared by solvent displacement method in the presence of an
amphiphilic triblock copolymer containing poly(ethylene oxide) (PEO),
poly(propylene oxide) (PPO), and Pluronic F-108. The nanoparticles were about
100-200nm in diameter with positive surface charges (zeta potential of about
+40mV), and dissolved when the pH of the medium was less than 6.5. In vivo
biodistribution data for these nanoparticles showed that despite their high surface
positive charges [115], they had a prolonged circulating time, as evidenced by
increased half-lives [212]. These nanoparticles efficiently delivered paclitaxel to
the tumor sites via passive accumulation through the EPR effect, even more effi-
ciently than the PEO-modified PCL nanoparticles (Figs. 10.15 and 10.16). It was
assumed that the PbAE nanoparticles rapidly dissolved within the tumor low-pH
environment.

We proposed PDEA-PEG micelles as lysosomal-pH-responsive fast drug-
release nanoparticles for cytoplasmic drug delivery, as illustrated in Fig. 10.17
[97]. PDEA is soluble at acidic pH but insoluble at neutral pH [167-169]. Its block
copolymer with PEG (PDEA-PEG) forms pH-responsive nanoparticles [168]. Once
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Fig. 10.15 Percentage of plasma activity as a function of time for indium-oxine-labeled
poly(ethylene oxide)-modified poly(caprolactone) (PCL) nanoparticles (W) and poly(ethylene
oxide)-modified poly(B-amino ester) (PbAE) nanoparticles(4) in mice. (reproduced from [212],
with permission from Springer)
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Fig. 10.16 Tumor paclitaxel concentrations upon intravenous administration to SKOV-3 human
ovarian adenocarcinoma bearing nude mice. Paclitaxel was administered intravenously in aqueous
solution, poly(ethylene oxide)-modified polycaprolactone (PCL) nanoparticles, or poly(ethylene
oxide)-modified poly(B-amino ester) (PbAE) nanoparticles. (reproduced from [212], with permis-
sion from Springer)
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Fig. 10.17 Cytoplasmic drug delivery using lysosomal-pH-responsive fast-release nanoparticles:
a the nanoparticle is internalized by endocytosis; b transferred to a lysosome; ¢ the PDEA core is
protonated at the lysosomal pH (4-5) and the nanoparticle dissolves, releasing the drug into the
lysosome; d the continuous PDEA (poly[2-(N,N-diethylamino)ethyl methacrylate]) protonation
causes an osmotic imbalance across the lysosome membrane, which finally ruptures the lysosome
and hence releases the drug into cytoplasm
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Scheme 10.4 Synthesis of the PDEA-PEG block copolymer

internalized by endocytosis and transferred into lysosomes, the nanoparticles would
rapidly dissolve through protonation of their amine groups at the acidic lysosomal
pH (<5.5). Continuous protonation of the amines would lead to an influx of elec-
trolytes, and hence to osmotic swelling and lysosome rupture, reminiscent of that
in gene delivery using polybases [220-223], and finally, to a rapid drug release into
the cytoplasm. Such a rapid lysosomal release prevents drug degradation and makes
all drug molecules available to surpass the intracellular drug resistance capacity.
The PDEA-PEG block copolymer was synthesized by a typical atom-transfer radi-
cal polymerization (ATRP) using PEG as the macroinitiator (Scheme 10.4). This
block copolymer formed micelles with diameters less than 100 nm, which is ideal
for endocytosis. The dissolution of the micelles at low pH was monitored using
N-phenyl-2-naphthylamine (PNA) as a florescent probe which has a low fluorescent
activity in hydrophilic environments. The PDEA-PEG micelle was loaded with PNA.
Its fluorescence was monitored as a function of the solution pH. Figure 10.18 suggests
that the micelles dissolved at a pH about 6.0, which implies that the nanoparticles can
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Fig. 10.18 The fluorescence intensity as a function of the solution pH for PNA-loaded PDEA-
PEG micelles (relative to the fluorescence intensity at pH 4) [97]

Fig. 10.19 Differential interference contrast (a) and confocal fluorescence scanning microscopy
images of the cells obtained from the red channel (wavelength 550-620 nm) (b) and green channel
(510-540nm) (c). Cells were cultured with PHK-26-loaded PDEA-PEG nanoparticles for 90 min
and then lysotracker [97]

dissolve in late lysosomes. The localization of the nanoparticles in lysosomes was
observed using confocal microscopy. Figure 10.19 shows that the red fluorescent
nanoparticles coincide with lysosomes marked with green fluorescence.

The cytotoxicity of the cisplatin-loaded PDEA-PEG nanoparticles was com-
pared with the free cisplatin and cisplatin-loaded pH-insensitive PCL-PEG nano-
particles. Clearly, the cisplatin/PDEA-PEG had a significantly higher cytotoxicity
than did the other two treatments (Fig. 10.20). Since PDEA-PEG micelles carried
some positive charges (zeta potential ~ 9mV) due to the protonation of the PDEA
amines on the hydrophobic core surface, the effects of the surface charges on the
micelles were also tested using PCL-block-poly[2-(N,N-dimethylamino) ethyl
methacrylate] (PCL-PDMA) micelles. PDMA is water-soluble and carries cationic
charges due to the protonation of its tertiary amines. The PCL-PDMA micelles had
a zeta potential of +21 mV, much higher than those of the PDEA-PEG micelles.
Figure 10.20 shows that cisplatin in these highly positive-charged PCL-PDMA nano-
particles had an inhibition efficiency of about 58%, still lower than cisplatin/PDEA-PEG
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Fig. 10.20 Cytotoxicity of free and nanoparticle-encapsulated cisplatin to SKOV-3 adenocarci-
noma cancer cells (2-h treatment) estimated with MTT Cell Proliferation Assay. Cisplatin dose,
0.25 ug/ml. Data represent mean + SE (n = 3, P < 0.05) [97]

nanoparticles. This analysis indicates that cisplatin in the fast-release PDEA-
PEG nanoparticles indeed had higher cytotoxicity than did that in the slow-release
PCL-PEG nanoparticles. Different from the PHis-based nanoparticles, which
showed higher cytotoxicity at lower pH (6.8) due to the particle destabilization at
this pH, the drug in PDEA-PEG nanoparticles had slightly lower cytotoxicity at pH
6.8. This is because the PDEA-PEG nanoparticles were still stable at this pH and
hence released little of cisplatin, while the cells were under stress at this low pH
and only slowly took up the nanoparticles.

The in vivo antitumor activity of cisplatin encapsulated in the fast-release nano-
particles was tested using nude mice xenografted with intraperitoneal ovarian
tumors simulating the advanced metastasis state of the disease in women. The mor-
phometric analyses of histological sections of the mesentery/intestine tumors 6h
after the treatment were conducted to infer the acute effects of the treatment (Fig. 10.21).
The tumors in the mice injected with PDEA-PEG nanoparticles were not different
from those in the control group of mice injected with phosphate-buffered saline
(PBS). The mice injected with PDEA-PEG had abundant blood vessels (labeled by
an asterisk in the right upper panel) and very few pyknotic cells displaying highly
condensed pyknotic nuclei, the most characteristic feature of apoptosis, which are
considered to be dead cells. Therefore, PDEA-PEG nanoparticles alone had no in
vivo anticancer activity even though they had some in vitro cytotoxicity. The
tumors treated with free cisplatin or cisplatin/PDEA-PEG had significantly more
pyknotic cells and fewer blood vessels, which is consistent with the suppressing
neovascularization effect of cisplatin [224]. The tumors treated with cisplatin/
PDEA-PEG had about twice as many pyknotic cells as those treated with free
cisplatin. This suggests that cisplatin/PDEA-PEG is more efficient in inducing
apoptosis, which is consistent with the in vitro results. The numbers of ovarian
tumors were significantly reduced in mice treated twice (Fig. 10.22), but the most
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Fig. 10.21 Acute morphological responses of intraperitoneal ovarian tumors to PDEA-PEG, free
cisplatin, and cisplatin/PDEA-PEG (6h after the injection). Representative histological sections
are for tumor tissues from a vehicle control (upper panel: asterisks are placed in lumens of blood
vessels) and from a cisplatin/PDEA-PEG-treated animal (lower panel: arrows indicate pyknotic/
condensed cells). Data represent mean + SE (n =4, P < 0.05) [97]
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Fig. 10.22 The numbers of tumors on intestine/mesentery (per centimeter squared) of the nude
mice. Cisplatin dose was 10 mg/kg/treatment. Treated twice at the forth and fifth weeks after
inoculation of SKOV-3 cells. Data represent mean + SE (n = 4, *P < 0.05 when compared with
control group; P < 0.05 when compared with free cisplatin and Cis/PCL-PEG) [97]

marked response occurred in the cisplatin/PDEA-PEG-treated group. There was
almost no difference between the cisplatin/PCL-PEG (the slow-release nanoparti-
cles) and cisplatin alone even though cisplatin/PCL-PEG nanoparticles showed in
vitro cytotoxicity. To our knowledge, this was the first report demonstrating a
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substantial benefit of rapid cisplatin-release-nanoparticles for intraperitoneal ovar-
ian cancer therapy.

6 Conclusion

Taking advantages of the altered pH gradients in tumor extracellular environments
and in its intracellular compartments, pH-responsive nanoparticles have been
designed to prove the concepts of specific cancer cell targeting, enhanced cellular
internalization, and rapid drug release. Especially promising is the concept of intrac-
ellular drug delivery by the pH-responsive nanoparticles because it offers an efficient
means of overcoming the multidrug resistance, one of the major causes for cancer
treatment failures. Future directions are likely to be focused on multifunctional pH-
responsive nanoparticles which combine diagnosis and treatments.
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Chapter 11
Extended-Release Oral Drug Delivery
Technologies: Monolithic Matrix Systems

Sandip B. Tiwari and Ali R. Rajabi-Siahboomi

Abstract Oral drug delivery is the largest and the oldest segment of the total drug
delivery market. It is the fastest growing and most preferred route for drug adminis-
tration. Use of hydrophilic matrices for oral extended release of drugs is a common
practice in the pharmaceutical industry. This chapter presents different polymer
choices for fabrication of monolithic hydrophilic matrices and discusses formu-
lation and manufacturing variables affecting the design and performance of the
extended-release product by using selected practical examples.

Keywords Hydrophilic matrix; Monolithic; Drug delivery; Extended release;
Formulation; Cellulose ethers; Hypromellose (hydroxypropyl methylcellulose,
HPMC)

1 Introduction

Oral administration of drugs has been the most common and preferred route for
delivery of most therapeutic agents. It remains the preferred route of administration
investigated in the discovery and development of new drug candidates and formula-
tions. The popularity of the oral route is attributed to patient acceptance, ease of
administration, accurate dosing, cost-effective manufacturing methods, and gener-
ally improved shelf-life of the product. For many drugs and therapeutic indications,
conventional multiple dosing of immediate release formulations provides satisfac-
tory clinical performance with an appropriate balance of efficacy and safety. The
rationale for development of an extended-release formulation of a drug is to enhance
its therapeutic benefits, minimizing its side effects while improving the management
of the diseased condition. Table 11.1 lists some of the advantages offered by
extended-release dosage forms [1-3]. Besides its clinical advantages, an innovative
extended-release formulation provides an opportunity for a pharmaceutical company
to manage its product life-cycle. The dearth of new chemical entities is forcing many
pharmaceutical companies to reformulate an existing conventional formulation to an
extended-release product as a strategy of life-cycle management and retaining
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Table 11.1 Advantages and limitations of a drug formulated into an extended release (ER)
dosage form

Clinical advantages
Reduction in frequency of drug administration
Improved patient compliance
Reduction in drug level fluctuation in blood
Reduction in total drug usage when compared with conventional therapy
Reduction in drug accumulation with chronic therapy
Reduction in drug toxicity (local/systemic)
Stabilization of medical condition (because of more uniform drug levels)
Improvement in bioavailability of some drugs because of spatial control
Economical to the health care providers and the patient

Commercial/industrial advantages
Ilustration of innovative/technological leadership
Product life-cycle extension
Product differentiation
Market expansion
Patent extension

Potential limitations
Delay in onset of drug action
Possibility of dose dumping in the case of a poor formulation strategy
Increased potential for first pass metabolism
Greater dependence on GI residence time of dosage form
Possibility of less accurate dose adjustment in some cases
Cost per unit dose is higher when compared with conventional doses
Not all drugs are suitable for formulating into ER dosage form

market share. Moreover, the enactment of the Hatch-Waxman Act — 1984 (Drug
Price Competition and Patent Term Restoration Act) has led to a sudden surge of
extended-release formulations being introduced into the market by generic manufac-
turers. In fact, the last decade has witnessed the highest number of new drug applica-
tions (NDA) and abbreviated new drug applications (ANDAs) filed with FDA for
extended-release formulations [4]. The first commercial oral extended-release
formulation was the pellet-filled capsule (Spansules®) which was introduced in the
1950 by Smith, Kline and French [5]. Spansule capsules were formulated by coating
a drug onto nonpareil sugar beads and further coating with glyceryl stearate and
wax. Since then, a number of strategies have been developed to obtain extended
release of a drug in the body. These vary from simple matrix tablets or pellets to
more technologically sophisticated extended-release systems which have been intro-
duced into the marketplace [6, 7]. Successful commercialization of an extended-
release dosage form is usually challenging and involves consideration of many
factors such as the physicochemical properties of the drug [nature and form of the
drug, Biopharmaceutical Classification System (BCS) class, dose and stability of the
drug in the gastrointestinal (GI) tract], physiological factors (route of administration,
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site and mode of absorption, metabolism and elimination) and manufacturing
variables (choice of excipients, equipment and manufacturing methods). This
chapter will mainly focus on monolithic hydrophilic matrix systems (tablets) as a
common strategy used in the industry to achieve extended release of drugs.

Various polymer choices for fabrication of monolithic matrices as well as
formulation and manufacturing variables affecting the design and performance of
the extended-release product are discussed here using selected practical exam-
ples. The technology of extended-release dosage forms, the theoretical basis for
their formulation, and their clinical performance have been extensively discussed
and reported in the literature [2, 8—15]. Our aim is not to duplicate this effort
but rather to focus on the practical perspective of the formulation design and
manufacture of hydrophilic matrices and to provide general guidelines. Such
practical aspect usually involves generalizations for which there are occasional
exceptions.

1.1 Definition of Terminologies

The United States Pharmacopoeia (USP) defines the modified-release (MR) dosage
form as “the one for which the drug release characteristics of time course and/or
location are chosen to accomplish therapeutic or convenience objectives not offered
by conventional dosage forms such as solutions, ointments, or promptly dissolving
dosage forms” [16]. One class of MR dosage form is an extended-release (ER)
dosage form and is defined as the one that allows at least a 2-fold reduction in dosing
frequency or significant increase in patient compliance or therapeutic performance
when compared with that presented as a conventional dosage form (a solution or a

CLINT3

prompt drug-releasing dosage form). The terms “controlled release (CR)”, “prolonged
release”, “sustained or slow release (SR)” and “long-acting (LA)” have been used
synonymously with “extended release”. The commercial branded products in this
category are often designated by suffixes such as CR, CD (controlled delivery), ER,
LA, PD (programmed or prolonged delivery), Retard, SA (slow-acting), SR, TD
(timed delivery), TR (timed release), XL and XR (extended release). Nearly all of the
currently marketed monolithic (mono meaning single, lith is stone or block of mate-
rial taken to mean a single unit or a tablet) oral ER dosage forms fall into one of the

following two technologies:

1. Hydrophilic, hydrophobic or inert matrix systems: These consist of a rate-
controlling polymer matrix through which the drug is dissolved or dispersed.

2. Reservoir (coated) systems where drug-containing core is enclosed within a
polymer coatings. Depending on the polymer used, two types of reservoir
systems are considered
(a) Simple diffusion/erosion systems where a drug-containing core is enclosed
within hydrophilic and/or water-insoluble polymer coatings. Drug release is
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achieved by diffusion of the drug through the coating or after the erosion of the
polymer coating.

(b) Osmotic systems where the drug core is contained within a semi-permeable
polymer membrane with a mechanical/laser drilled hole for drug delivery. Drug
release is achieved by osmotic pressure generated within the tablet core.

2 Extended-Release Oral Drug Delivery: Monolithic
Hydrophilic Matrices

A matrix tablet is the simplest and the most cost-effective method to fabricate an
extended-release dosage form. The majority of commercially available matrix for-
mulations are in the form of tablets and their manufacture is similar to conventional
tablet formulations consisting of granulation, blending, compression and coating
steps. In its simplest form, a typical ER matrix formulation consists of a drug,
release retardant polymer (hydrophilic or hydrophobic or both), one or more excipi-
ents (as filler or binder), flow aid (glidant) and a lubricant. Other functional ingre-
dients such as buffering agents, stabilizers, solubilizers and surfactants may also be
included to improve or optimize the release and/or stability performance of the
formulation system.

2.1 Hydrophilic Matrices

Hydrophilic matrices are the most commonly used oral extended-release systems
because of their ability to provide desired release profiles for a wide range of drugs,
robust formulation, cost-effective manufacture, and broad regulatory acceptance of
the polymers. Table 11.2 shows a list of hydrophilic polymers commonly used for
fabrication of matrices [17, 18]. Hydrophobic materials are also used either alone
(hydrophobic matrix systems) or in conjugation with hydrophilic matrix systems
(hydrophilic-hydrophobic matrix systems) and are also listed in Table 11.2. Cellulose
ethers, in particular hypromellose (hydroxypropyl methylcellulose, HPMC), have
been the polymers of choice for the formulation of hydrophilic matrix systems.

For illustration of basic formulation principles, matrices of cellulose ethers,
HPMC in particular, are discussed here. Nevertheless, the fundamentals for the
design and performance of the most hydrophilic matrices remain the same.

2.2 Cellulose Ethers in Hydrophilic Matrices

Chemically, HPMC is mixed-alkyl hydroxyalkyl cellulose ether containing
methoxyl and hydroxypropoxyl groups. A general structure of cellulose ether poly-
mers is shown in Fig. 11.1, where the R group can be a single or a combination
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Table 11.2 Polymers commonly studied for fabrication of extended release monolithic matrices
[17, 18]
Hydrophilic polymers
Cellulosic
Methylcellulose
Hypromellose (Hydroxypropylmethylcellulose, HPMC)
Hydroxypropylcellulose (HPC)
Hydroxyethylcellulose (HEC)
Sodium carboxymethylcellulose (Na-CMC)

Noncellulosic: gums/polysaccharides
Sodium alginate
Xanthan gum
Carrageenan
Ceratonia (locust bean gum)
Chitosan
Guar gum
Pectin
Cross-linked high amylose starch

Noncellulosic: others
Polyethylene oxide
Homopolymers and copolymers of acrylic acid

Water-insoluble and hydrophobic polymers
Ethylcellulose
Hypromellose acetate succinate
Cellulose acetate
Cellulose acetate propionate
Methycrylic acid copolymers
Poly(vinyl acetate)

Fatty acids/alcohols/waxes

Bees” wax

Carnauba wax

Candelilla wax

Paraffin waxes

Cetyl alcohol

Stearyl alcohol

Glyceryl behenate

Glyceryl monooleate, monosterate, palmitostearate

Hydrogenated vegetable oil
Hydrogenated palm oil
Hydrogenated cottonseed oil
Hydrogenated castor oil
Hydrogenated soybean oil

of substituents. Type and distribution of the substituent groups affect the physico-
chemical properties such as rate and extent of hydration, surface activity, biodeg-
radation and mechanical plasticity of the polymers. These properties plus molecular
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Fig. 11.1 General structure of cellulose with three possible substitution sites indicated by R (not
all are substituted) (hydroxyl groups) on each b-anhydroglucose monomer. Hydroxypropyl meth-
yleellulose (HPMC) contains methoxyl (CH,~O) and hydroxypropoxyl (CH;CHOHCH,-O) sub-
stituents

weight distribution of cellulose ethers make them versatile for use in ER formulation
of a wide range of drugs with different solubilities and doses. Moreover, they are
non-ionic water-soluble polymers, and hence the possibility of ionic interaction or
complexation with other formulation components is greatly reduced and their
matrices exhibit pH-independent drug release profile. Aqueous solutions of
HPMC are stable over a wide pH range (pH 3-11) and are resistant to enzymatic
degradation. HPMC is available commercially from Dow Chemical Company
under the trade name of Methocel™ [19]. Methocel is available in four different
chemistries (A, E, F and K) depending on the degree of hydroxypropoxyl and
methoxyl group substitutions. Methocel E (hypromellose 2910 USP) and K
(hypromellose 2208, USP) chemistries are most widely used in extended-release
formulations and are distributed worldwide by Colorcon, Inc. The USP classifica-
tion code is based on the substitution type with the first two digits representing the
mean % methoxyl substitution and the last two digits representing the mean %
hydroxypropoxyl substitution [20]. The chemical substitution specification of
these cellulose ethers are summarized in Table 11.3. Water-soluble cellulose ethers
are also graded based on viscosity (in cPs) of a 2% (w/v) aqueous solution at 20°C,
as shown in Table 11.3 [19].

HPMC is highly hydrophilic and hence hydrates rapidly when in contact with
water. On the other hand, since the hydroxypropyl group is hydrophilic and meth-
oxyl group is hydrophobic, the ratio of hydroxypropyl to methoxyl content affects
the extent of polymer interaction with water. This property will in turn influence
water mobility in a hydrated gel layer and drug release [21, 22]. Methocel grades
for extended-release formulations include ESOLV, K100LV, K4M CR, K15M CR,
K100M CR, E4M CR and E10M CR. The viscosity of a 2% aqueous solution of
these polymers ranges from 50 to 100,000cPs at 20°C. Similar grades of HPMC
are also available from other suppliers such as ShinEtsu, Japan [23] and Aqualon
division of Hercules Inc., USA [24].

Other non-ionic cellulose ethers which have been studied in the formulation
of hydrophilic matrices include high viscosity grades of hydroxypropylcellulose
(HPC) and hydroxyethylcellulose (HEC) [24]. The ionic cellulose ether, sodium
carboxymethylcellulose (Na CMC), with low or medium viscosity grades has
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Table 11.3 Pharmaceutical grades of Methocel cellulose ethers

Dow USP hypro- % methoxyl % hydroxypropoxyl Viscosity

product mellose substitution substitution grades (cPs)

Methocel E 2910 28-30 7-12 3,5, 6, 15, 50, 4000,
10000

Methocel K 2208 19-24 7-12 3, 100, 4000, 15000,
100000

USP United States Pharmacopoeia

also been studied in combination with other non-ionic polymers [25]. A Na-
CMC matrix does not fully hydrate to form a gel when placed in a media with
low pH (e.g. pH 1.2) and it may disintegrate. Non-cellulosic hydrophilic poly-
mers used for fabrication of matrices include water soluble/swellable polysac-
charides (xanthan gum and sodium alginate), polymers of acrylic acid (e.g.
Carb0p01®) and poly(ethylene oxide) (POLYOX™) [15, 26-29]. Polymers of
acrylic acid are synthetic high molecular weight polymers that are cross-linked
with either allyl sucrose or allyl ethers of pentaerythritol [26]. Because these
polymers are cross-linked, they are not water soluble but they swell on hydra-
tion and form a gel layer. As discussed earlier, HPMC swelling is because of
the hydration of the polymer, leading to relaxation of polymer chains and sub-
sequent entanglement of these polymer chains (cross-linking) to form a viscous
gel. In case of acrylic acid polymers, surface gel formation is not because of the
entanglement of the polymer chains (as the polymers are already cross-linked)
but because of the formation of the discrete microgels made up of many poly-
mer particles [26].

Poly(ethylene oxide) is also a non-ionic water-soluble resin, available in a vari-
ety of molecular weight grades ranging from 100,000 to 7,000,000 Daltons. The
common grades of PEO which are used for extended-release applications include
POLYOX WSR-205 NF, WSR-1105 NF, WSR N-12K NF, WSR N-60K NF,
WSR-301 NE, WSR-303 NF and WSR Coagulant NF [27]. They are the fastest
hydrating water-soluble polymers amongst the hydrophilic polymers, which makes
PEO products a suitable choice for applications where slower initial drug release is
required [27].

2.3 Drug Release from Hydrophilic Matrices

The mechanism of drug release from hydrophilic matrix tablets after ingestion is
complex but it is based on diffusion of the drug through, and erosion of, the outer
hydrated polymer on the surface of the matrix. Typically, when the matrix tablet
is exposed to an aqueous solution or gastrointestinal fluids, the surface of the
tablet is wetted and the polymer hydrates to form a gelly-like structure around
the matrix, which is referred to as the “gel layer”. This process is also termed as the
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glassy to rubbery state transition of the (surface layer) polymer. This leads to
relaxation and swelling of the matrix which also contributes to the mechanism of
drug release. The core of the tablet remains essentially dry at this stage. In the
case of a highly soluble drug, this phenomenon may lead to an initial burst
release due to the presence of the drug on the surface of the matrix tablet. The
gel layer (rubbery state) grows with time as more water permeates into the core
of the matrix, thereby increasing the thickness of the gel layer and providing a
diffusion barrier to drug release [21]. Simultaneously, as the outer layer becomes
fully hydrated, the polymer chains become completely relaxed and can no longer
maintain the integrity of the gel layer, thereby leading to disentanglement and
erosion of the surface of the matrix. Water continues to penetrate towards the
core of the tablet, through the gel layer, until it has been completely eroded.
Soluble drugs can be released by a combination of diffusion and erosion mecha-
nisms whereas erosion is the predominant mechanism for insoluble drugs [30].
For successful extended release of drugs, it is essential that polymer hydration
and surface gel layer formation are quick so as to prevent immediate tablet dis-
integration and premature drug release. For this reason, polymers for hydrophilic
matrices are usually supplied in small particle size (such as Methocel CR grades)
to ensure rapid hydration and consistent formation of the gel layer on the surface
of the tablet.

A large number of mathematical models have been developed to describe drug
release profiles from matrices [31-36]. The simple and more widely used model is
the one derived by Korsmeyer et al. [37] and is as follows:

M, /M, =kt (D

where M / M, is the fraction of drug release, k is the diffusion rate constant, 7 is the
release time and n is the release exponent indicative of the mechanism of drug
release. The equation was modified by Ford et al. [38] to account for any lag time
or initial burst release of the drug

M, /M, =k (1—1)" 2

where [ is the lag time. It is clear from both equations that when the exponent n
takes a value of 1.0, the drug release rate is independent of time. This case corre-
sponds to zero-order release kinetics (also termed as case II transport). Here, the
polymer relaxation and erosion [39] are the rate-controlling steps. When n = 0.5,
Fickian diffusion is the rate-controlling step (case I transport). Values of n between
0.5 and 1 indicate the contribution of both the diffusion process as well as polymer
relaxation in controlling the release kinetics (non-Fickian, anomalous or first-order
release). It should be noted that the two extreme values of n = 0.5 and 1 are only
valid for slab geometry. For cylindrical tablets, these values range from 0.45 < n <
0.89 for Fickian, anomalous or case II transport respectively [33].
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2.4 Formulation of Hydrophilic Matrices

Typical formulation of a hydrophilic matrix consists of drug, polymer and excipi-
ents. These components can be compressed into tablets directly or after granulation
by dry, wet or hot melt method depending on the nature of the drug, excipients and
the preference for process in a particular pharmaceutical company. The various
formulation and manufacturing considerations in the design of hydrophilic matrices
are listed in Table 11.4. The development of hydrophilic matrices has largely been
empirical. There is no universal recipe/methodology for designing an ER matrix
formulation. One can formulate an ER matrix product with different hydrophilic
and/or hydrophobic polymers using various manufacturing principles and processes.
A metformin hydrochloride (HCI) extended-release tablet (Glucophage® XR,
Bristol Myers Squibb) is a good example of a use of polymer combinations to
achieve a desired release profile. The formulation consists of a dual hydrophilic

Table 11.4 Formulation and manufacturing considerations in the design of hydrophilic matrices
for extended release of drugs

Material/process Parameter for consideration
Formulation components
Drug Solubility and permeability, pK , dose, stability,
particle size
Polymer Particle size, type, level
Excipient
Filler Level/type (solubility)
Other excipients
Lubricants Level/type (stearates, non-stearates, fatty
acids/oils)
Others Release rate modifiers, stabilizers, solubilizer,

surfactant, buffering agents
Manufacturing aspects
Manufacturing method

Direct compression
Dry granulation
Wet granulation
Solvent
Binders

Process

Characteristic of dosage form
Physical properties
Presence of coating

Functional

Non-functional

Particle size of polymer/drug, flow aid
Slugging/roller compaction

Aqueous/non-aqueous

Water-soluble/insoluble, enteric polymers,
fatty acids/waxes

Low shear

High shear

Fluidized bed/foam granulation

Hardness, size, shape, volume and friability
Water-soluble/insoluble polymers, enteric

polymers, fatty acids/waxes
Elegance/aesthetics
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polymer matrix system where the drug is combined with an ionic release-
controlling polymer (sodium carboxymethylcellulose) to form an “inner” phase, which
is then incorporated as discrete particles into an “external” phase of a second non-
ionic polymer, HPMC [40, 41]. There are many other extended-release formula-
tions of metformin HCI approved by US FDA [42]. These formulations range from
simple monolithic hydrophilic matrix systems of a single polymer to combination
of hydrophilic polymers with or without water-insoluble polymers (including
enteric polymers) and hydrophobic matrices [43, 44]. Although these formulations
vary in their design and compositions, they all achieve similar extended-release
profiles when tested in vitro and in vivo (bioequivalent). In the following sections,
some selected fundamental formulation parameters and manufacturing considera-
tions for HPMC matrices are discussed as a general guideline.

2.5 Key Formulation Considerations

2.5.1 Drug Properties

Drug solubility and dose are the most important factors to consider in the design
of ER matrices. In general, extended-release formulation of extreme drug solubili-
ties coupled with a high dose is challenging. Drugs with very low solubility
(e.g. < 0.01 mg/mL) may dissolve slowly and have slow diffusion through the gel
layer of a hydrophilic matrix. Therefore, the main mechanism of release would be
through erosion of the surface of the hydrated matrix. In these cases, the control
over matrix erosion to achieve consistent extended release throughout the GI tract
is critical. For drugs with very high water solubility, the drug dissolves within the
gel layer (even with small amounts of free water) and diffuses out into the media.
Therefore, it is important to control the factors that affect drug diffusivity (e.g. pH,
gel strength and availability of free water) within the gel layer and parameters that
ensure integrity of the gel layer after the drug has been dissolved and released
from the gel layer. Drug solubility, therefore, is an important factor determining
the mechanism of drug release from HPMC hydrophilic matrices, influencing the
choice of polymer viscosity, chemistry and choice of excipients. Use of an appro-
priate viscosity grade will enable a formulation scientist to design matrices based
on diffusion, diffusion and erosion or erosion only mechanisms. For water-soluble
drugs, high viscosity grades of HPMC (Methocel K4M CR, K15M CR or K100M
CR) tend to generate consistent diffusion-controlled systems (n approaching ~
0.45). For drugs with poor water solubility, low viscosity grades of HPMC
(Methocel K100LV CR and E50LV) are recommended where erosion is the pre-
dominant release mechanism (n ~ 0.9). Depending on drug solubility, it may be
necessary to blend polymers of different viscosities to obtain an intermediate viscosity
grade of HPMC and achieve desired release kinetics. It should be noted that as
drug diffusion is dependent on its molecular weight, chemistry and other excipi-
ents within the gel layer, drug release too is dependant on these properties [45].
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Fig. 11.2 Influence of drug solubility on their release profiles from a Methocel K4M CR
hydrophilic matrix formulation consisting of 30% (w/w) polymer and microcrystalline cellulose
as filler

Figure 11.2 shows the influence of drug solubility on release profiles for
chlorpheniramine maleate, diclofenac sodium and theophylline from a Methocel
K4M CR matrix formulation, keeping all other matrix composition and properties
constant [46]. As aqueous solubility of the drug decreased, drug release rate also
decreased.

For poorly soluble drugs, particle size of the drug has a major influence on its
release profile [47-49]. A decrease in particle size of the drug causes increase in
solubility and hence faster drug release rate.

Hydrophilic matrix formulation of high-dose drugs (approximating ~1.0g) is
challenging because of the overall dosage weight limitations versus the quantity of
the polymer required to achieve desired release profiles. It has been reported that
very large tablets that are formulated to be swallowed whole (e.g. ER and delayed-
release formulations) lead to poor patient compliance and therefore reduced market
acceptability [50].

2.5.2 Polymer Considerations

Polymer level and viscosity grade are the major drug release controlling factors in
HPMC hydrophilic matrices. Depending on dosage size and desired release rate,
the typical use level can vary from ~20% to 50% (w/w) [19]. For drugs with high
water solubility, there is a threshold level of polymer for achieving extended
release, and further increase in polymer level may not decrease the drug release
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rate. However, for obtaining a robust formulation with consistent performance and
insensitivity to minor variations in raw materials or manufacturing processes, a
usage level of 230% (w/w) has been recommended [51, 52].

Particle size of the polymer is another important factor. The finer the particle
size, the faster the rate of hydration of the polymer and hence better the control of
drug release [53]. Coarser polymer particles used in a direct compression formula-
tion have been reported to result in faster drug release than finer particles [54]. The
coarser the particle size, the slower the hydration rate and gel layer formation. The
way to circumvent this problem is the use of fine particle size grades of the poly-
mer. For example, Methocel K Premium CR grades have more than 90% of parti-
cles below 149 um or 100 mesh.

The methoxyl to hydroxypropoxyl substitution ratio of HPMC polymer also
influences drug release which generally follows Methocel E (hypromellose 2910)
> K (hypromellose 2208) [30]. Matrices formulated with high viscosity grades of
HPMC form gel layers with higher gel strengths [55], which results in slower diffu-
sion and erosion rates and hence slower drug release.

2.5.3 Presence of Other Excipients
Fillers

Soluble (e.g. lactose), insoluble (e.g. microcrystalline cellulose, dicalcium phos-
phate) and/or partially soluble (e.g. partially pregelinized starch) fillers are gener-
ally used in hydrophilic matrices to enhance pharmacotechnical properties of
tablets (improve compressibility, flow and mechanical strength) or to modify the
drug release profile. The inclusion of fillers affects the dissolution performance
of a matrix by a “dilution effect” on the polymer. The magnitude of the effect on
the performance of matrices is dependant on the drug, the polymer level and the
level of excipient itself. The presence of water-soluble fillers in high concentra-
tions in the matrix leads to faster and greater water uptake by the matrix, resulting
in weaker gel strength, higher erosion of the gel layer and therefore faster drug
release. Insoluble but weakly swellable fillers such as microcrystalline cellulose
remain within the gel structure and generally result in decreased release rate [11].
The presence of partially pregelatinzed starch such as Starch 1500® in HPMC
matrices has been reported to decrease the drug release rate [56]. For a highly solu-
ble or sparingly soluble drug, the rank order of release rate was as follows: lactose
> microcrystalline cellulose > partially pregelatinzed starch [56].

Release Modifiers and Stabilizers
As discussed previously, HPMC is a non-ionic polymer and hence the polymer

hydration and gel formation of its matrix is essentially independent of pH of a
typical dissolution media used. However, when drugs with pH-dependent aqueous
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solubility (weak acids or bases) are formulated in HPMC matrices, they may
exhibit pH-dependent drug release. Formulating ER matrices of such drugs may
lead to lower drug release due to exposure of the dosage form to increasing pH
media of the GI tract (from pH 1.2 to 7) [57]. Formulating pH-independent ER
matrices for such drugs would not only ensure adequate release throughout the
physiological pH, but also lower intra- and inter-patient variability [58, 59].
Development of such pH-independent matrices for weakly basic drugs has been
shown with the incorporation of acidic excipients (weak acids or salts of strong
acids) that lower the micro-environmental pH within the gel layer and thus maintain
high local solubility of the drug independent of the external release media [60—66].
Two types of acidic excipients have been used. The first category is “small mole-
cules” or non-polymeric pH modifiers such as adipic, citric, malic, succinic, tar-
taric, ascorbic or fumaric acid and salts of strong acids such as L-cysteine
hydrochloride and glycine hydrochloride. The second category is “large mole-
cules” or polymeric pH modifiers such as sodium alginate, Carbopol and enteric
polymers. The extent of micro-environmental control of pH is dependant on the
ionization constant and solubility of the release modifier. In general, the higher the
pK, of the acid, the higher the micro-environmental pH. In addition to control of
the micro-environmental pH, the polymeric pH modifiers may also alter the gel
strength and erosion rate of the matrix and therefore the release rate of the drug
[60, 64]. The combination of these two opposing effects could also contribute to
pH-independent release profiles.

Similar to basic drugs, development of pH-independent ER matrices for weakly
acidic drugs is possible with incorporation of non-polymeric bases/salts of strong
bases and polymeric pH modifiers [67—70]. The examples of basic excipients are
sodium, potassium or magnesium salts of (bi)carbonate, phosphate or hydroxide,
magnesium oxide, 2-amino-2-methyl-1,3-propanediol (AMPD) and Eudragit®
E100.

The effectiveness of this approach often depends on the properties of the drug
and the release-modifying agent as well as the ratio of the drug to release-modifying
excipient. In matrix systems, a small molecule pH modifier (such as tartaric acid or
citric acid) that is water soluble can leach out of viscous gel layer fairly quickly,
resulting in a limited change of pH in the gel layer over an extended duration of the
drug release. Thus, it is important to design a system that retains the release-modi-
fying agent in a delivery device suitable for the extended period of release.
Polymeric pH modifiers are a better choice in such situations as they have higher
molecular weights and provide longer residence times in the matrix. However, the
magnitude of pH modulation provided by the polymeric pH modifiers is not
expected to be comparable to that provided by non-polymeric acids, and in some
cases it might be necessary to include an additional “small molecule” pH modifier
in the matrix formulation.

pH modifiers are also used for improving the stability of active pharmaceutical
ingredients in the matrix composition. Bupropion hydrochloride, for example, is an
antidepressant drug that undergoes degradation in an alkaline environment. To
formulate an acceptable ER solid dosage form, the use of weak acids or salts of
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strong acids as stabilizers in the formulation (tartaric acid, citric acid, ascorbic acid,
L-cysteine hydrochloride and glycine hydrochloride) has been suggested in the
literature [71]. These stabilizers provide an acidic environment surrounding the active
drug that prevents its decomposition [71].

Effect of Salts and Electrolytes

In general, as the concentration of ions in a polymer solution increases, polymer
hydration or solubility decreases [72]. The amount of water available to hydrate the
polymer is reduced because more water molecules are required to keep the ions in
solution. Moreover, the types of ions in solution affect polymer hydration to vary-
ing degrees. The susceptibility of cellulose ethers to ionic effects follows the lyo-
tropic series of the ions (chloride < tartarate < phosphates and potassium < sodium)
[73]. Changes in the hydration state of a polymer in solution are manifested prima-
rily by changes in solution viscosity and turbidity or cloud point [55]. At low ionic
strengths, the polymer hydration is unaffected, but higher ionic strengths may lead
to a loss of gel integrity of the matrix. The extent of this influence depends on the
polymer type and lyotropic series of the ions. The effect of electrolytes or salts is
important only in cases where high concentrations of salts or electrolytes are
present as tablet components or as constituents of dissolution media. In-vivo condi-
tions, however, have fairly low ionic strength (ionic strength of gastrointestinal
fluids, p = 0.01-0.15) to affect the polymer hydration and have significant impact
on release rate [74].

2.5.4 Method of Manufacture

Hydrophilic matrix tablets are manufactured using traditional tablet manufacturing
methods of direct compression (DC), wet granulation or dry granulation (roller
compaction or slugging) depending on formulation properties or on manufacturer’s
preference.

HPMC polymers generally have very good compressibility and results in tablets
with high mechanical strength [75]. It has been reported that high molecular weight
grades of HPMC may undergo less plastic flow than the low molecular weight grades
and thus require higher pressures to deform [76]. In a matrix formulation, the inclu-
sion of DC excipients and other ingredients may render the formulation for direct
compression with acceptable mechanical properties of the tablets.

Aqueous wet granulation is generally achieved using a spray system to avoid
formation of a lumpy mass [77]. Addition of a binder may not be necessary as
HPMC itself has excellent binder properties when hydrated. Over-granulation or
high concentration of a binder beyond the optimal level could adversely affect the
compressibility of the granules. To reduce the formation of a lumpy mass during
granulation and improve process efficiency, a novel foam granulation technology
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has recently been introduced [78]. In this method, using a simple foam apparatus,
air is incorporated into a solution of conventional water-soluble polymeric binder
such as a low viscosity grade HPMC to generate foam. Application of such foam
for granulation results in an increased surface area and volume of polymeric
binder and therefore improves the distribution of water/binder system throughout
the powder bed.

The effect of compression force on drug release from hydrophilic matrices is
minimal when tablets are made with sufficient strength and optimum levels of poly-
mers are used [48]. One could relate variation in compression forces to a change in
the porosity of the tablets. However, as the porosity of the hydrated matrix is inde-
pendent of the initial porosity, the compression force is expected to have little influ-
ence on drug release rate [79]. Once a sufficient tablet hardness suitable for
processing and handling is achieved, tablet hardness would have little further effect
on drug release profile. To ensure consistent porosity and avoid entrapment of air
within the dry tablet core, a pre-compression step may have to be considered in the
manufacture of matrices.

Compression speed has been reported to adversely affect the tensile strength of
the tablets and lower compression speed has been suggested for obtaining a product
with better mechanical quality [80-82]. A robust formulation, which is insensitive
to changes in the manufacturing processes such as over-granulation effect or varia-
ble tablet hardness, may be obtained by reducing the amount of intragranular
HPMC and replacing it as an extragranular component [83].

2.5.5 Characteristic of Dosage Form

Variation in tablet shape and size may cause changes in surface area available for
drug release and hence influences drug release profiles from HPMC matrices.
A constant surface area to volume ratio (S/V) of different size and shape tablets
for a HPMC formulation would lead to similar drug release profiles [84]. The size
of the tablet may also dictate the polymer level requirement. Smaller tablets
have been reported to require higher polymer content because of their higher
surface area to volume ratio and thus shorter diffusion pathways [85]. Siepmann
et al. have reported a model which calculates the size and shape of hydrophilic
matrices required to achieve a particular release rate [85]. Variation in the
aspect ratio (radius/height) of the tablets leading to an optimal shape can be
calculated to achieve a desired release profile. One technology proposed for
modifying the matrix surface area to volume ratio was by physical restriction of
the swelling of hydrophilic matrix by partially coating the matrix with insoluble
polymers or multi-layered tablets (Geomatrix® technology) [86, 87]. The other
technology which demonstrates the advantages of modulated S/V is Dome Matrix®
technology [88]. The unique shape of this Matrix technology was designed to
allow possible addition (stacking) of several of these systems to produce different
geometric designs.
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2.5.6 Presence of Coating

Application of film coatings to tablet formulations is a common practice in the phar-
maceutical industry. Tablets are coated for a variety of reasons such as improving the
stability of the formulation, taste masking, enhancing the aesthetic appearance, iden-
tification and branding, improving the packaging process or modifying drug release
profile. Coating of hydrophilic matrices with water-soluble polymers such as Opadry®
or low-viscosity HPMC generally does not alter drug release profiles [89, 90].
Coating with water-insoluble polymers such as ethylcellulose with or without perme-
ability modifiers (e.g., low viscosity grades of HPMC or Opadry) may be used for
modulating the drug release profile from HPMC matrices [91, 92].

2.5.7 Modulation of Drug Release from HPMC
Hydrophilic Matrices

Drug release profiles from HPMC hydrophilic matrices are generally first-order for
highly soluble drugs or zero-order for practically insoluble drugs, with the release
exponent, n (Eq. 1) ranging from 0.5 to 0.8. In most cases, the choice of polymer,
filler type and their levels would determine the release kinetics of drugs. Various
other strategies have been investigated to further modulate drug release from these
matrices, including use of other polymers, e.g. ethylcellulose [92], enteric polymers
[93], hydrophobic materials [91, 92], other ionic or non-ionic hydrophilic polymers
[25, 45], polysaccharides [29, 94, 95] (Table 11.2); restriction of the swelling char-
acteristics of the HPMC matrices [86]; use of compression coating with hydrophilic
polymers [96] or insoluble film coating [92] and multi-layer tablets and dosage
shape [85].

As shown in this chapter, formulating HPMC matrices can be a complex proc-
ess; critical factors being drug solubility, dosage level, rate-controlling polymer
and excipient choice. In order to help the pharmaceutical scientists with a starting
formula for hydrophilic matrix tablets, Colorcon, Inc. has developed a predictive
formulation service called HyperStart® [97]. This system is based on mathematical
models and relationships, validated with extensive experimental data. Use of the
HyperStart formulation service may help to simplify the formulation and develop-
ment process and reduce the time to market.

2.6 Case Studies: Formulation of Hydrophilic Matrices

In this section, practical examples demonstrating the formulation and process devel-
opment of extended-release matrices are presented. Verapamil hydrochloride (HCI)
(soluble), metformin HCI (freely soluble), carbamazepine (practically insoluble)
and venlafaxine HCI (freely soluble) extended-release matrix formulations are used
to illustrate the different formulation and manufacturing principles (direct com-
pression and wet granulation).
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2.6.1 Verapamil Hydrochloride Extended-Release Matrices
(240 mg ER tablets) [98]

Verapamil HCl is a high-dose, soluble drug (1 in 20 parts of water), and extended-
release tablet formulations of Verapamil HCl have been studied and marketed.
Isoptin® SR (Abbott Laboratories) utilizes hydrophilic polymers as the release-
controlling agent [99], while Covera HS® (Pfizer Inc.) utilizes an osmotic pump
tablet formulation [100] based on a controlled onset extended release platform. The
objective of this study was to develop an 8-h extended release, HPMC matrix
formulation of Verapamil HC1 240 mg with a release profile that meets the require-
ments of “Verapamil HC] Extended Release Tablets” (method III, USP 28/NF 23).
The formulation composition and procedure proposed by the HyperStart service
for manufacturing of the tablets are depicted in Table 11.5. This is an example of
wet granulation method to overcome the poor compressibility and flow of a high-
dose, high-solubility drug. The dissolution results show that the formulation met
the release profile requirements set by USP 28/NF 23 (Fig. 11.3.).

2.6.2 Carbamazepine Extended-Release Matrices (200 mg tablets) [101]

Although carbamazepine presents formulation challenges due to its inherent poor
compressibility, high dose and low water solubility (1 in 10,000), extended-release

Table 11.5 Hydrophilic matrix formulation for verapamil HCI (240 mg)

Quantity per 10,000

Ingredient %o wIw Quantity per tablet (mg) tablets® (g)

Verapamil HCI1 47.80 240.00 2,400.00

HPMC (Methocel K100 29.90 150.00 1,500.00
LV CR)

HPMC (Methocel 0.40 2.00 20.00
E5LV)

Lactose (Fast Flo® NF) 20.90 105.00 1,050.00

Colloidal silicon dioxide 0.50 2.50 25.00
(Cab-0O-Sil® M-5)

Magnesium stearate NF 0.50 2.50 25.00

Purified water q.s. q.s. q.s.

Total 100.00 502.00 5,020.00

q.s. quantity sufficient, *Calculated quantity for better understanding to reader

Verapamil HCI and spray-dried lactose were blended in a Hobart mixer for 5min. This blend was
then granulated with 2% (w/w) aqueous solution of Methocel ES. The wet mass was dried in an
oven at 40°C for 10h. The resulting granules were passed through a 16-mesh screen (1.18 mm)
and blended with Methocel K100LV and colloidal silicon dioxide in a twin shell blender (Patterson
Kelley, USA) for 10 min. Magnesium stearate was added to the mixture and blended for an addi-
tional 3 min. The blend was then compressed on an instrumented rotary tablet press using 11-mm
standard concave tooling.
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Fig. 11.3 Drug release profile of verapamil HCI (240mg) extended release matrix tablets in simulated
gastric (0-2h) and intestinal fluid (2-8h) without enzymes (900mL), using USP apparatus II at 50rpm

tablet formulations of carbamazepine have been studied and marketed [102]. This
case study is an example of a 24-h extended release of Carbamazepine (200 mg)
using a Methocel matrix formulation proposed by HyperStart (Table 11.6) with a
drug release profile within the USP acceptance criteria. The formulation compo-
sition and procedure for manufacturing tablets are shown in Table 11.6. A wet
granulation method has been used to improve compressibility and flow properties
of the formulation. Moreover, a surfactant has been included in the formulation
to improve wettability and solubility of carbamazepine within the formulation.
Figure 11.4 shows the dissolution profile for this formulation, which meets the
USP requirements.

2.6.3 Metformin Hydrochloride Extended-Release Matrices
(500 mg tablets) [103]

Metformin HCI presents formulation challenges due to its poor inherent compress-
ibility, high dose and high water solubility (4 in 1 part at 25°C). The objective of
this case study was to develop a 12-h slow release HPMC matrix formulation of
Metformin HCI 500 mg with a release profile similar to the marketed brand product
Glucophage® XR (Bristol Myers Squibb). The formulation composition and proce-
dure for manufacturing tablets are shown in Table 11.7. The dissolution results
show that the use of Methocel matrices alone resulted in an extended drug release
formulation of a highly water-soluble drug (Fig. 11.5).
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Table 11.6 Hydrophilic matrix formulation for carbamazepine (200 mg)

Quantity Quantity per 10,000

Ingredient % wWIw per tablet (mg) tablets® (g)
Carbamazepine 57.14 200.00 2,000.00
HPMC (Methocel K100LV CR) 30.00 105.00 1,050.00
Microcrystalline cellulose

(Avicel® PH102) 10.95 38.32 383.20
HPMC (Methocel E3LV)P 0.16 0.56 5.60
Sodium lauryl sulphate* 0.50 1.75 17.50
Fumed silica (Aerosil® 200) 1.00 3.50 35.00
Magnesium stearate 0.25 0.87 8.70
Purified water qg.s. q.s. q.s.
Total 100.00 350.00 3,500.00

Calculated quantity for better understanding to reader, "Methocel E3LV was used as a wet granu-
lation binder, ‘Sodium lauryl sulphate (SLS), a surfactant, was used within the binder solution to
improve carbamazepine solubility.

Carbamazepine and 50% of Methocel K100LV CR were loaded in a fluid bed granulator (Glatt
GPCG 1) and granulated using an aqueous solution of Methocel E3 LV containing sodium lauryl
sulfate with a spray rate of 18 g/min and atomizing air pressure of 1.5 bar. The resulting granules
were screened using a mesh (no. 25), loaded to Turbula mixer, and the remaining quantity of
Methocel K100LV CR, fumed silica and microcrystalline cellulose was added. The mixture was
blended for 5 min. Lubricant (magnesium stearate) was added and blending was performed for an
additional 1 min. The blend was then compressed on an instrumented rotary tablet press using
9-mm standard concave tooling.

Note: Processing conditions in fluid bed granulation could vary depending on the quantity of total
composition and type of fluid bed machine utilized
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Fig. 11.4 Drug release profile of carbamazepine (200mg) extended release matrix tablets in
water (900mL) using USP apparatus I at 100rpm
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Table 11.7 Metformin HCI extended release matrix formulation (500 mg tablets)

Quantity per

Ingredient % wIw Quantity per tablet (mg) 10,000 tablets® (g)
Metformin 50.00 500.00 5,000.00
HPMC (Methocel K100M CR) 30.00 300.00 3,000.00
Microcrystalline cellulose 19.00 190.00 1,900.00
(Avicel PH102)
Fumed silica (Aerosil 200) 0.50 5.00 50.00
Magnesium stearate 0.50 5.00 50.00
Total 100.00 1,000.00 10,000.00

aCalculated quantity for better understanding to reader

Microcrystalline cellulose and fumed silica were screened using a mesh (no. 50). All ingredients
except magnesium stearate were mixed in Turbula mixer for 5 min. Magnesium stearate was added
and the mixture was blended for an additional 2min. The blend was compressed on an instru-
mented rotary tablet press using 7.0 x 18.0mm caplet tooling.
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Fig. 11.5 Drug release profile of metformin HCI (500mg) extended release matrix tablets in
water (1000mL) using USP apparatus II at 100rpm

2.6.4 Venlafaxine Hydrochloride Extended-Release Matrices
(37.5mg tablets) [92]

Highly water-soluble drugs formulated with HPMC matrices may be characterized
with an initial burst effect. The purpose of this study was to modulate drug release of
a highly water-soluble active, venlafaxine HCI, from HPMC matrices without an initial
burst effect. In this case study, aqueous ethylcellulose dispersion (Surelease®) was used
to coat the matrix to suppress the initial burst. The formulation composition and pro-
cedure for manufacturing tablets are shown in Table 11.8. The dissolution results
show that using Surelease as an insoluble coating resulted in an extended drug release
formulation of venlafaxine HCl without the typical initial burst effect (Fig. 11.6).
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Table 11.8 Venlafaxine HCI matrix formulation (37.5 mg tablets)

Quantity per Quantity per 10,000
Ingredient %o wiw tablet (mg) tablets® (g)
Venlafaxine HCI 12.50 37.50 375.00
Starch 1500 25.00 75.00 750.00
HPMC (Methocel K15M CR) 30.00 90.00 900.00
Microcrystalline cellulose 31.50 94.50 945.00
(Avicel PH102)
Magnesium stearate 0.50 1.50 15.00
Fumed silica (Aerosil 200) 0.50 1.50 15.00
Total 100.00 300.00 3,000.00
Coating of formulation
Aqueous dispersion of q.s. q.s.

ethylcellulose (Surelease)

2Calculated quantity for better understanding to reader

Venlafaxine HCI, Methocel K15M CR and microcrystalline cellulose were blended for 10min.
Lubricant (magnesium stearate) and glidant (fumed silica) were added and blending was per-
formed for an additional 5min. The blend was compressed on an instrumented rotary tablet press
using 10mm standard concave tooling. Tablets were then coated with a diluted (15% w/v solids)
aqueous dispersion of ethylcellulose (Surelease) to a 4% weight gain using a side vented coating
machine (O’Hara Lab coat-I).
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Fig. 11.6 Drug release profile of venlafaxine HCI (37.5mg) extended release matrix tablets in
water (900 mL) using USP apparatus I at 100rpm
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3 Notes

—

. Drug solubility and dose are the most important factors to consider in the formulation of
HPMC ER matrices. Use of an appropriate viscosity grade will enable a formulation scien-
tist to design matrices based on diffusion, erosion or diffusion and erosion mechanisms. For
water-soluble drugs, high viscosity grades of HPMC (Methocel K4M CR, KI15M CR or
K100M CR) tend to generate consistent diffusion-controlled systems (n approaching ~0.45).
For drugs with poor water solubility, low viscosity grades of HPMC (Methocel K100LV
CR and E50LV) are recommended where erosion is the predominant release mechanism (n ~
0.9). Depending on drug solubility, it may be necessary to blend polymers of different viscosi-
ties to obtain intermediate viscosity grades of HPMC and achieve desired release kinetics.

2. Polymer level is also the major drug release rate controlling factor in HPMC matrices.
Depending on dosage form, size and desired release rate, the typical use level can vary
from ~20 to 50% (w/w) [19]. For obtaining a robust formulation with consistent perform-
ance and which is insensitive to minor variations in raw materials or manufacturing proc-
esses, usage level of 230% (w/w) is generally recommended.

3. Particle size of the HPMC is another important factor. The finer the particle size, the faster
the rate of hydration of the polymer and hence better the control of dug release [53]. In
ER hydrophilic matrices, it is generally recommended to use fine particle size grades of
the polymer (e.g. Methocel K Premium CR grades have more than 90% of particles below
149 um or no. 100 mesh).

4. Hydrophilic HPMC matrices are manufactured using traditional manufacturing methods
such as direct compression (DC), wet granulation or dry granulation (roller compaction
or slugging). The choice of the method depends on the formulation properties or on the
manufacturer’s preference, or both.

5. The effect of compression force on drug release from hydrophilic matrices is minimal
when tablets have enough hardness (to withstand handling) and optimum levels of poly-
mers are used [48]. To ensure consistent quality of the tablets, a pre-compression step
may have to be considered in the manufacture of hydrophilic matrices.

6. In a wet granulation process, inclusion of a portion of the HPMC as inter-granular and a
portion as extra-granular may be beneficial.

7. Smaller tablets have been reported to require higher polymer contents because of their
higher surface area to volume ratio and thus shorter diffusion pathways.

8. Coating of hydrophilic matrices with water-soluble polymers such as Opadry or low-vis-
cosity HPMC generally does not alter drug release profiles. Coating with water-insoluble
polymers such as ethylcellulose may be used for modulating the drug release profile from
HPMC matrices.

9. Further modification and fine tuning of drug release from HPMC matrices may be achieved
by the use of other non-ionic/ionic polymers, water-insoluble polymers, polysaccharides or
hydrophobic excipients.

10. In order to help pharmaceutical scientists with a starting formula for hydrophilic matrix tablets

predictive mathematical models such as HyperStart® has been developed [97]. Use of this

service will simplify the development process and reduce the time to market.

Methocel™ and Polyox™ are trademarks of the Dow Chemical Company. Carbopol® and
Eudragit® are registered trademarks of Lubrizol Advanced Materials, Inc., and Roehm
GMBH Ltd respectively. Surelease®, Starch 1500®, Opadry® and HyperStart® are registered
trademarks of BPSI Holdings LLC. Fast Flo®, Cab-O-Sil® and Avicel® are registered trade-
marks of Foremost Farms USA, Cabot Corporation, and FMC Corporation respectively.
Geomatrix® is a registered trademark of SkyePharma PLC.
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