Introduction to the

Pharmaceutlcal
Sciences

An Integrated Approach

SECOND EDITION

NITA K. PANDIT |
ROBERT P. SOLTIS

E- @Q\D ll.«EH: .
L _A_ow | PH=pKtlog s |88







\ |
SO
______Pharmaceutical Sciences

Pharmaceutical Sciences
An Integrated Approach

SECOND EDITION

Nita K. Pandit,
B.S. Pharm, PhD

Professor of Pharmaceutics

College of Pharmacy and Health Sciences
Drake University

Des Moines, lowa

Robert Soltis,
B.S. Pharm, PhD

Professor of Pharmacology

College of Pharmacy and Health Sciences
Drake University

Des Moines, lowa

(=) Wolters Kluwer Lippincott Williams & Wilkins
Health

Philadelphia + Baltimore « New York « London
Buenos Aires « Hong Kong « Sydney « Tokyo



Acquisitions Editor: David B. Troy

Product Manager: Jennifer Ajello
Developmental Editor: Laura Bonazzoli

Senior Marketing Manager: Joy Fisher-Williams
Designer: Teresa Mallon

Compositor: Aptara, Inc.

Second Edition

Copyright © 2011 Lippincott Williams & Wilkins, a Wolters Kluwer business

351 West Camden Street Two Commerce Square
Baltimore, MD 21201 2001 Market Street

Philadelphia, PA 19103
Printed in China

All rights reserved. This book is protected by copyright. No part of this book may be reproduced or
transmitted in any form or by any means, including as photocopies or scanned-in or other electronic
copies, or utilized by any information storage and retrieval system without written permission from
the copyright owner, except for brief quotations embodied in critical articles and reviews. Materials
appearing in this book prepared by individuals as part of their official duties as U.S. government
employees are not covered by the above-mentioned copyright. To request permission, please contact
Lippincott Williams & Wilkins at Two Commerce Square, 2001 Market Street, Philadelphia, PA 19103,
via email at permissions@lww.com, or via website at Iww.com (products and services).

987654321

978-1-60913-001-5

1-60913-001-4

Library of Congress Cataloging-in-Publication Data
available upon request

DISCLAIMER

Care has been taken to confirm the accuracy of the information present and to describe generally
accepted practices. However, the authors, editors, and publisher are not responsible for errors or
omissions or for any consequences from application of the information in this book and make no
warranty, expressed or implied, with respect to the currency, completeness, or accuracy of the contents
of the publication. Application of this information in a particular situation remains the professional
responsibility of the practitioner; the clinical treatments described and recommended may not be
considered absolute and universal recommendations.

The authors, editors, and publisher have exerted every effort to ensure that drug selection and dosage
set forth in this text are in accordance with the current recommendations and practice at the time of
publication. However, in view of ongoing research, changes in government regulations, and the constant
flow of information relating to drug therapy and drug reactions, the reader is urged to check the package
insert for each drug for any change in indications and dosage and for added warnings and precautions.
This is particularly important when the recommended agent is a new or infrequently employed drug.

Some drugs and medical devices presented in this publication have Food and Drug Administration
(FDA) clearance for limited use in restricted research settings. It is the responsibility of the health care
provider to ascertain the FDA status of each drug or device planned for use in their clinical practice.

To purchase additional copies of this book, call our customer service department at (800) 638-3030 or
fax orders to (301) 223-2320. International customers should call (301) 223-2300.

Visit Lippincott Williams & Wilkins on the Internet: http://www.lww.com. Lippincott Williams &
Wilkins customer service representatives are available from 8:30 am to 6:00 pm, EST.


http://www.lww.com
mailto:permissions@lww.com
http://lww.com

Think simple as my old master used to say, meaning reduce the whole of its parts to the

simplest terms, getting back to first principles.

his is the second edition of Introduc-

tion to the Pharmaceutical Sciences; the
first edition was published in 2007. Many
improvements have been made in the
second edition, the most important being
the addition of a distinguished coauthor,
Dr. Robert Soltis, a Drake colleague who
team-teaches the Introduction to the Phar-
maceutical Sciences course with me. His
expertise in pharmacology has greatly
improved many chapters in the book.

The philosophy of the second edition
remains unchanged. It is an introductory
book that provides a simple, integrated,
and coherent overview of pharmaceuti-
cal science concepts for the beginner or
nonspecialist. We introduce and explain
fundamental principles that underlie all
pharmaceutical science disciplines, reveal
the connections between them, and point
to their pharmaceutical and therapeutic
applications.

The integration of various disciplines
is particularly important to us and is
reflected in the new subtitle “An Inte-
grated Approach.” Pharmacists must be
able to integrate their knowledge of the
pharmaceutical and clinical sciences to
solve drug therapy problems. Pharma-
ceutical scientists in drug discovery and
development must have a broad under-
standing of the field as they participate in
interdisciplinary project teams.

The target audiences are first-year phar-
macy students, junior-level science under-
graduates, and other scientists new to
the pharmaceutical field. We assume that

—Frank Lloyd Wright

readers have at least 2 years of college-level
science and mathematics, with a basic
background in general chemistry, organic
chemistry, biology, and algebra. Some
knowledge of introductory biochemistry
and calculus is helpful but not required.
Physiological concepts are introduced as
needed.

In our experience, students who under-
stand the language of the pharmaceutical sci-
ences, the key concepts, and links between
these concepts are better able to appreci-
ate more advanced material in specialized
courses that come later. They are less likely
to treat each discipline as a silo and often
find connections that faculty miss!

The text could be used for a one-
semester or a full-year course, depending
on the desired depth of coverage. All topics
may not be necessary for a one-semester
course; selection of material could depend
on the course objectives and subsequent
curriculum. A full-year course may use the
entire book with detailed discussion and
additional readings as desired. For a phar-
macy student,an understanding of the basic
concepts in this book will be followed by
courses in pharmacology, pharmaceutics,
pharmacokinetics, and medicinal chemis-
try. For graduate students, this book will
provide a broad context in which to study
and investigate problems in their chosen
pharmaceutical specialty. Although this
book is written as a text, it will be valu-
able to scientists new to the pharmaceuti-
cal industry who need a simple overview
of the pharmaceutical sciences.
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It is important to state what this book
is not intended to be. It is not meant to
be an encyclopedia of the pharmaceutical
sciences, a “how-to” book for laboratory
researchers, or a book for the specialist
in one of the pharmaceutical science dis-
ciplines. Because we wish to emphasize
common concepts underlying this field,
discussion of special topics and details of
any one discipline are generally limited.
There are several other courses and excel-
lent books that fill these needs, and sug-
gestions are provided at the end of each
chapter.

We continue to aim for simplicity,
clarity, and brevity so that students will
actually read the book. Historical devel-
opment of theories and hypotheses has
been omitted. To provide coherence and
readability, material is not referenced
to primary literature; however, every
attempt has been made to ensure that
statements reflect generally accepted sci-
entific views. Need-to-know concepts are
emphasized; nice-to-know content and
material that will be taught later in phar-
macy curricula or that is not directly rel-
evant have been minimized.

Features

Every chapter has received critical atten-
tion and has been updated. A couple of
chapters were eliminated, while others
were combined to improve the flow. Like
the first edition, each chapter builds on
previous material, so we recommend that
the sequence in the book be followed for
best outcomes.

Practice Problems

Practice problems have been added to
more chapters, if appropriate. These ele-
ments help students to work with material
discussed and to develop their quantita-
tive and problem-solving skills. Solutions
are provided only to the instructor to
retain control over how to use the prob-
lems (homework, in-class discussion)
and when and how to reveal solutions
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to students. We hope that this feature
enhances student learning and problem-
solving abilities.

Cases

Cases at the end of many chapters are
an important new addition to the sec-
ond edition. Cases are multifaceted and
realistic scenarios that teach students
to apply their knowledge to solve prob-
lems. Some background information is
provided, and students are led through a
series of increasingly complex questions.
Clinical application of basic pharmaceuti-
cal science concepts is introduced wher-
ever appropriate. Cases in early chapters
are fairly short and increase in complex-
ity through the book, requiring students
to integrate knowledge from preceding
chapters. Instructors will be provided
with detailed answers and suggestions on
ways to expand the case discussions.

Key Concepts and Review
Questions

Key Concepts are summarized at the end
of each chapter so that readers know what
they should have learned from a particu-
lar chapter. A list of Review Questions is
provided at the end of each chapter. These
broad questions test understanding of the
concepts rather than the details.

Additional Reading

All chapters include a list of Additional
Reading at the end to which a reader can
turn for further information on a topic.
We hope that this text will make it
easier for faculty to develop and teach
a truly integrated course in the phar-
maceutical sciences. We would also like
to see this book used in other degree
programs so that students in chemis-
try, biology, or premedical programs can
appreciate the applications of pharma-
ceutical sciences and see this field as a
career opportunity. Lastly, we want to
emphasize that this book continues to
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be a “work in progress”; feedback from
readers is always welcome.

Resources for Instructors

Approved adopting instructors will be
given access to the following additional
resources:

* Answers to practice problems

* Answers to case study questions in the
text

* Additional integrated case studies not
included in the text

v

In addition, purchasers of the text can
access the searchable Full Text Online by
going to the Introduction to Pharmaceuti-
cal Sciences, second edition Web site at
https://thepoint.lww.com/Pandit2e.  See
the inside front cover of this text for more
details, including the passcode you will
need to gain access to the site.

Nita K. Pandit, PhD
Robert Soltis, PhD


https://thepoint.lww.com/Pandit2e
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As with any book, this text has ben-
efited from contributions of many
people. Students at Drake have been our
primary audience, and we thank them for
their suggestions in shaping the second
edition. We are also grateful to our col-
leagues at the Drake University College of
Pharmacy for their support and encour-
agement in this endeavor.

The second edition has also improved
as a result of feedback from our audi-

vi

ences outside Drake. Their input has
been valuable in making the book suit-
able not just to the needs of Drake stu-
dents but to students, teachers, and read-
ers elsewhere.

We particularly thank the wonderful
people at Lippincott Williams & Wilkins,
whose enthusiasm, commitment, profes-
sionalism, and patience made this a reward-
ing undertaking.
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he pharmaceutical sciences are a

group of interdisciplinary areas of
study that deal with the design, action,
delivery, disposition, and use of drugs.
This field draws on many areas of the
basic and applied sciences, such as chem-
istry (organic, physical, and analytical),
biology (anatomy and physiology, bio-
chemistry, molecular and cell biology),
mathematics, physics, and chemical engi-
neering, and applies their principles to
the study of drugs.

The pharmaceutical sciences may be
further subdivided into several special-
ties, for example:

e Pharmacology: study of the biochemi-
cal and physiological effects of drugs
on organismes.

e Pharmacodynamics: study of the cellu-
lar and molecular interactions of drugs
with their targets.

e Pharmaceutical toxicology: study of
the harmful or toxic effects of drugs.

e Pharmacokinetics: study of factors that
control the concentration—time rela-
tionship of drug at various sites in the
body:.

e Medicinal chemistry: study of drug
design to optimize pharmacokinetics and
pharmacodynamics, and synthesis of
new drugs.

Introduction

e Pharmaceutics: study and design of
drug formulation for optimum delivery,
stability, pharmacokinetics, and patient
acceptance.

e Pharmacogenomics: study of the influ-
ence of genetic variation on drug response
in patients.

As new discoveries advance and extend
the pharmaceutical sciences, subspecial-
ties continue to be added to this list. At
the same time, boundaries between these
specialty areas of pharmaceutical sciences
are beginning to blur. Many fundamental
concepts are common to all pharmaceuti-
cal sciences. In this book, we will focus
on these shared concepts to understand
their applicability to all aspects of phar-
maceutical research and drug therapy.

What Is a Drug?

Broadly, a drug is any substance used in the
diagnosis, treatment, or prevention of a dis-
ease. It may be a synthetic, semi-synthetic,
or naturally occurring compound or mix-
ture of compounds. Most drugs interact
with a part of the body to alter an exist-
ing physiological or biochemical process.
A drug can either decrease or increase an
existing function of an organ, tissue, or
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cell, but cannot impart a new function
to them. For example, drugs are avail-
able to decrease blood pressure, decrease
acid formation in the stomach, increase
urine production, and increase bone den-
sity. Some therapies, such as vaccines and
gene therapy, are not drugs in the tradi-
tional sense but are also used in manage-
ment of diseases.
An ideal drug is one that:

* Has a desirable pharmacological action

* Has no side effects

e Reaches its intended location in the
right concentration at the right time

e Remains at the site of action for the
necessary period of time

e Israpidly and completely removed from
the body when no longer needed.

All these goals cannot be achieved fully
when developing a new drug, but need to
be considered and optimized during the
research and development process. The suc-
cess of a new drug depends on how close it
comes to meeting these objectives.

How Do Drugs Work?

The site of action of a drug is the loca-
tion in the body where the drug performs
its desired function. For example, a drug
may act in the brain, heart, eye, or kidney.
Within the organ, the drug may act on a
particular component of the organ, such as
a certain type of cell. Drug action may be
extracellular, where the drug performs its
function outside the cell, or intracellular,
in which case the drug has to enter the cell
to work. Alternatively, the action may be
on the cell surface, at the cell membrane.
Drugs work by interacting with tar-
get molecules found at the site of action,
and altering their activity in a way that is
beneficial to health. Drug targets are usu-
ally biomolecules such as proteins, protein
complexes, or nucleic acids that play a role
in a particular disease process. In most
cases, the drug must temporarily attach
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(bind) to the target to exert its action. The
drug—target binding can either stimulate
the target or block the normal activity of the
target, resulting in a physiological effect. A
common type of drug target is a receptor,
generally a protein on the cell membrane,
that can bind with a specific molecule (such
as an endogenous compound or a drug) to
alter the cells behavior. The interactions
between a drug and its receptor and suc-
ceeding events that lead to pharmacological
action of the drug are broadly considered
the field of pharmacodynamics.

A simple analogy often used to describe
drug—target interactions is that of a lock
and key—the target is a lock on a door
that only a certain drug (the key) can
bind to and open, this is illustrated in
Figure 1.1. Ideally, the key should not fit
any other lock, and different keys should
not open this lock. Some keys may fit in
the lock, but not perfectly. Consequently,
these imperfect keys cannot open the
door. Yet, by fitting into the lock, imper-
fect keys prevent the original key from
fitting into the lock; they therefore block
the door from opening.

Using this analogy, the target is a molec-
ular lock that contains a “keyhole” with a
very specific and consistent size and shape.
This molecular keyhole is termed the active
site of the target and can interact with only
molecular keys of a complementary size,

<«

—>»Action

Receptor

Drug A binds to receptor

Drug B cannot bind to receptor
Figure 1.1. A simplified diagram illustrating
drug-receptor binding. Drug A has a structure
that is complementary to the receptor and
therefore can bind to it. The structure of Drug B
is not compatible with the receptor, and thus no
binding occurs.
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shape, and charge. The three-dimensional
shape of the drug molecule must fit exactly
into the structure of the target to activate
it. Therefore, just like locks and their keys,
the interactions between drugs and their
targets are highly specific.

In reality, most targets are not as rigid
as locks and the active site can somewhat
change its shape and size depending on
the environment. Most drugs, also, are
not as specific as a key. Thus target—drug
interactions are much more complex than
the simple lock-and-key analogy leads us
to believe. Few drugs interact exclusively
with their intended target. Many drugs
bind to more than one type of target and
influence physiological or biochemical
processes that were not targeted. This
leads to undesirable side effects of drugs,
or toxicity.

How Are Drugs Designed?

Drug design is the process of finding new
drugs based on the understanding of the
disease and the structure and function of a
biological target molecule involved in the
disease. Once these are known, chemical
compounds are synthesized with struc-
tures that allow them to bind to and alter
the behavior of the target. The structures
of these compounds are progressively
refined, often using computer-modeling,
to fit even better with the target. In addi-
tion to being able to bind to the target, a
drug must be able to pass through barriers
our body puts in its path. It must be able
to adequately withstand the body’s protec-
tive mechanisms that reject or decompose
it. Ultimately, the body should be able to
eliminate and remove the drug. This sys-
tematic approach to new drug discovery is
called rational drug design.

In the past, most drugs were discov-
ered through a search of natural sources
such as plants and microorganisms, or by
the synthesis of an extensive number of
compounds of varying structures. These
synthetic or natural compounds were
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then tested for various kinds of biological
activities in the laboratory. This type of
trial-and-error approach, called random
screening, resulted in the discovery and
development of many important drugs.
It still has a place in drug discovery and
is often used by pharmaceutical compa-
nies to identify lead compounds. These
lead compounds are then synthetically
modified to give new compounds with
improved properties.

Most drugs are small organic molecules
produced through chemical synthesis, but
biopharmaceutical drugs (also known as
biologics) produced through biological
processes are becoming increasingly more
common.

How Are Drugs Administered?

A drug can exert its intended action only
after reaching its intended target at the site
of action. This means a drug that acts on the
heart must reach appropriate target biomole-
cules in the heart, and a drug that acts on the
brain must reach its targets in the brain. It
is often inconvenient or impossible to apply
a drug directly at its site of action; instead,
drugs must be given at an administration
site far removed from the site of action. For
accuracy and convenience of dosing, the drug
is almost always incorporated into a dos-
age form or drug delivery system (such as
tablets, patches, inhalers). Delivery systems
can also be designed to provide controlled or
sustained release of the drug.

The method and form of administration
must consider the body’s protective barriers,
the drug’s physical and chemical properties,
clinical need, and patient acceptance. Most
drugs are given orally because patients pre-
fer this administration method. After oral
dosing, the drug must be released from the
delivery system and enter the bloodstream
(a process called absorption) so that it can
reach the site of action. Another common
but less convenient administration route is
by injection, which is usually reserved for
drugs that cannot be absorbed orally, or in
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[ Site of action J

[ Other sites ]

Absorption

Site of
administration
Distribution

Sites of metabolism

Metabolism l

Metabolites

NN

Drug

Bloodstream

letribution
Sites of excretion

lExcretion

Excreted drug and
metabolites

Figure 1.2. A schematic representation of drug absorption and drug disposition processes that

follow drug administration.

situations where a patient cannot take an
oral medication.

How Are Drugs Transported
in the Body?

The term drug disposition refers to dis-
tribution, metabolism, and elimination
of drugs after entering the bloodstream.
After absorption, circulating blood car-
ries the drug throughout the body in a
process called distribution. How much
drug reaches each tissue, and how long
it remains in the tissue, depends on the
properties of each drug and of the tissue.

After the drug has carried out its
intended action, the body must be able to
inactivate and eliminate the drug by nor-
mal physiological processes. Enzymes in
the body break down drugs (by a process
called metabolism or biotransformation)
and convert them into inactive products.
Drugs and their breakdown products are
removed from the body in waste fluids
such as urine (by a process termed excre-
tion). The acronym ADME (using the
first letters from the words absorption,
distribution, metabolism, and excretion)

describes the absorption and disposition
behavior of a drug in the body. Figure 1.2
shows a simple representation of these
processes.

How Are Drugs Used
Clinically in Patients?

The study of the therapeutic uses and
effects of drugs in patients is called phar-
macotherapeutics. The focus of pharma-
cotherapy is the patient, not the drug or
the disease. Drugs do not behave in the
same way in all individuals, and patient-
to-patient variability in drug response is
very common. Therapeutic variability
may be caused by differences in patient
body size and composition, age, disease,
environmental factors, and genetic influ-
ences. It may also be attributable to drug
interactions that result from two drugs
competing for the same mechanisms
during a pharmacodynamic or an ADME
process. A thorough understanding of
pharmaceutical sciences is essential in
providing appropriate pharmacotherapy,
and in anticipating and avoiding drug
interactions.
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How Do Genetic Factors
Affect Drug Therapy?

An important challenge for pharmaceuti-
cal and clinical sciences is to understand
why individuals respond differently to drug
therapy, and then to design drugs consider-
ing this variability. The field of pharmacog-
enomics promises to illuminate many dif-
ficult questions about the nature of disease
and drug therapy that have been unanswer-
able so far. It is the study of how genetic
inheritance affects an individual’s response
to drugs. Greater knowledge of genes and
their proteins will help pharmaceutical sci-
entists to understand the cause of disease
and design better drugs. Many pharmaceuti-
cal companies are now taking a pharmacog-
enomic approach in drug research to come
up with drugs that have consistent and pre-
dictable behavior in defined patient popula-
tions. Knowledge of genes and proteins and
of their functions will also allow scientists
to “fix” a genetic defect and cure diseases as
an alternative to drug treatment.

How Are New Drugs
Developed and Approved
for Marketing?

The U.S. Food and Drug Administration
(FDA) is the government agency that
regulates marketed drug products and
approves marketing of new drug prod-
ucts. The FDA defines a drug product as a
finished dosage form (e.g., tablet, capsule,
or solution) that contains the drug (called
the drug substance or active ingredient)
in a particular strength, generally in asso-
ciation with one or more other ingredi-
ents. The FDA considers the different
strengths and dosage forms of a drug as
separate and distinct drug products.

The process of new drug develop-
ment and discovery is long, complex,
and risky. Typically, it takes an average
of 10 years for a drug to make it to phar-
macy shelves after its first discovery.
The major steps in this discovery, devel-
opment, and approval process are sum-
marized in Figure 1.3.

L Conduct preclinical research J

File investigational new drug
(IND) application with FDA

— T

Perform Perform Establish
clinical toxicology manufacturing and
trials testing control procedures

File new drug application (NDA)
with FDA

—

drug

Market
product

Continue
post-marketing

surveillance of product

Figure 1.3. A schematic representation of the new drug development, approval, and marketing process.
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Concluding Remarks

The pharmaceutical sciences comprise a
broad range of interconnected disciplines
whose main goal is to design safe and
effective drug products for patients based
on an understanding of drug action and
disposition.

In this book, we will gain an understand-
ing of the fundamental concepts of the phar-
maceutical sciences. Early chapters will lay
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out the first principles, derived from the
basic sciences, on which the pharmaceu-
tical sciences are founded. A thorough
knowledge of these principles will set
the groundwork for the remainder of the
book. Subsequent chapters will examine
the application of these principles to drug
delivery, drug disposition, and drug action,
and finally to pharmacotherapy and new
drug development, using an interdisciplin-
ary and integrated approach.



Drug Chemistry

If you want to understand

function, study structure

—Francis Crick

Chapter 2 Drugs and Their Targets
Chapter 3 Ionization of Drugs

Chapter 4  Solubility and Lipophilicity



Drugs and Their Targets

In the overview presented in Chapter 1,
a drug was broadly defined as any sub-
stance used in the diagnosis, treatment,
or prevention of a disease. In this chapter,
we will consider the actions of drugs from
the perspective of the drug as a chemical
or molecule. In order for a drug to pro-
duce its beneficial effects, it must accom-
plish two major tasks: (1) travel to its site
of action and (2) interact with its target
which is often another molecule found
in the body. The chemistry of these mol-
ecules dictates how well the drug achieves
these steps and subsequently how effective
it will be. At times, the characteristics of
the molecule needed to accomplish both
actions are in opposition to one another.
When a drug is administered, it will
encounter many biological systems that
represent barriers and potential targets.

* Anatomical barriers—membranes that
prevent passage of the drug from its
site of administration to its intended
site of action.

e Chemical barriers—bodily fluids whose
pH and aqueous content vary and may
affect the solubility and ionization of
the drug.

* Biochemical barriers and targets—trans-
porters, enzymes, and receptors that
bind the drug resulting in movement of

the drug into or out of a cell, destruc-
tion of the drug or production of a tar-
get response or unintended response.

In order to get a drug to work opti-
mally, that is, get to its site of action and
interact with its target without unin-
tended effects, the structure of the drug
molecule may need to be altered so that it
can get past barriers or act appropriately
at the target. The structural and chemical
properties and how they may influence
drug action include the following:

* Physicochemical properties such as sol-
ubility, partition coefficient, and ioniza-
tion can influence how well the drug is
absorbed from the gastrointestinal tract
and where it travels in the body.

* Chemical properties such as resonance
structure and inductive effects may
play a role in the drug’s ability to bind
to targets and other proteins.

e Stereochemistry takes into account the
shape and size of the molecule and can
influence how the drug interacts with
targets and whether it can produce the
appropriate target response.

In the drug discovery process, a balance
will often times need to be struck between
those characteristics of the molecule that
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allow the drug to get to its site of action
and those characteristics that allow it to
produce the desired effect. As a result,
most drugs on the market were not ini-
tially discovered in their final form but
went through a process of experimenta-
tion and modification to make the best
possible therapeutic agent. The starting
point is identification of a substance that
possesses the desired target response and
then the molecule is altered to address
any unfavorable properties such as toxic-
ity, problems with one or more absorption,
distribution, metabolism, and excretion
(ADME) processes, or an unusually com-
plex or expensive manufacturing process.
Therefore, the initial compound may be
modified to enhance the desired activity
and to eliminate or minimize unwanted
properties. The following sections of this
chapter will discuss the basics of how a
drug produces a desired target response
and then examine ways in which the drug
can be altered to address potential prob-
lems but still retain the desired actions.
Chapters 12 and 13 will examine in greater
detail the actions of drugs at their targets.

Targets and Biological
Activity

Recall the simple analogy of the lock and
key presented in Chapter 1; a drug must fit
with or into its target in order to produce a
target response. This concept is known as
complementarity. The drug and the target
must have three-dimensional shapes that
allow them to fit together in a comple-
mentary fashion. The target response then
occurs as a result of this binding or inter-
action between the drug and its target.
The vast majority of drug targets are
proteins made by the body. Exceptions
include antibiotics and antiviral medi-
cations that bind to proteins made by
microorganisms. Drugs will bind to a
specific site or pocket within the protein
to alter the activity of the protein. The
function that the protein normally carries
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out determines what ultimately happens
when the drug binds to it. One of the most
important concepts regarding drug action
is that a drug cannot create or confer a
new biological function. That is, a drug
can only increase or decrease the normal
function of its target. For example, the
pain and inflammation associated with
an injury is caused by the synthesis and
release of several substances. Ibuprofen
(Motrin®), a nonsteroidal anti-inflammatory
agent, inhibits the enzyme associated with
the synthesis of those substances. The
drug is not conferring a new function; it
is preventing something from occurring
by inhibiting the actions of a target pro-
tein. Therefore, to understand the action
of drugs, you will first need to understand
the actions and functions of proteins.

Proteins—What Are They?

Proteins play a multitude of roles includ-
ing regulating the activation of genes,
relaying signals within and between cells,
and driving metabolic processes. Proteins
are required for the structure, function,
and regulation of the body’s cells, tis-
sues, and organs. For cells and tissues to
remain healthy they must be able to make
proteins, and the proteins they make must
be able to function correctly. Changes in
the composition or the amount of critical
proteins can lead to disease.

Drug—protein interactions play a vital
role in almost all aspects of a drug’s behav-
ior and function. Many of today’s drugs
work by fitting into pockets, channels, or
pores in proteins. Furthermore, drugs are
transported, metabolized, and excreted
with the help of proteins. Thus, proteins
can be the intended targets for drug actions
and drugs can be the targets for certain
protein actions.

Thestructure of aprotein can be divided
into four levels of complexity: primary,
secondary, tertiary, and quaternary (Fig.
2.1). The primary structure is represented
by the sequence of amino acids that make
up the protein. The secondary structure
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is determined by hydrogen bonding
occurring between nearby amino acids
to form «-helices and B-sheets. The
tertiary structure represents a highly
organized, three-dimensional shape
with a distinct inside and outside. The
three-dimensional shape also creates
several pockets or binding sites (also
called active sites) where molecules of
appropriate structure may bind. Many
proteins self-associate into assemblies
composed of two to six individual poly-
peptide chains or subunits; this repre-
sents the quaternary structure of proteins.
For example, the acetylcholine receptor,
amembrane protein of critical importance
in skeletal muscle contraction, has five
distinct subunits that form a channel in
the membrane of the muscle cell for entry
of sodium ions. Only one final folded
structure of the protein is functional.

In general, drugs act by interacting
with four types of regulatory protein tar-
gets (Fig. 2.2):

* Receptor proteins: Receptors receive
and process signals from other cells.
An example of a drug that targets
receptors is the antiallergy drug cetiriz-
ine (Zyrtec®), which interacts with and
blocks the histamine H, receptor.

e Ion channel proteins: Channel pro-
teins control passage of solutes and
ions into and out of cells. The local
anesthetic procaine (Novocain®) binds
to and blocks sodium ion channel

<
<

Figure 2.1. An illustration depicting the four
levels of protein structure. Note that that the
primary and secondary structures do not have
a unique binding site. Such a site is created
when the protein folds in a specific way or as-
sembles with other protein subunits. Panel D
depicts the longitudinal view of the acetylcho-
line receptor—ion channel complex with one
of the five subunits removed. The remaining
subunits are shown creating an internal chan-
nel. Spans of a-helices with slightly bowed
structures form the perimeter of the channel.
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Figure 2.2. Types of protein targets that can
interact with drugs.

proteins to prevent transmission of
pain signals.

* Enzymes: Enzymes catalyze biochemical
and metabolic reactions. The drug cele-
coxib (Celebrex®) binds to and inhibits
the COX2 (cyclooxygenase 2) enzyme to
prevent synthesis of substances associ-
ated with pain and inflammation.

 Transporters: Transporters bring mate-
rials into and out of a cell. Fluoxetine
(Prozac®) inhibits the serotonin trans-
porter in the brain, an effect that triggers
a series of changes in cells that ultimately
leads to relief of depression.
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Protein-Ligand Interactions

The proteins that are typically chosen for
drug targets perform their cellular func-
tions by interacting with chemical mes-
senger molecules called ligands. A ligand
is an ion or a molecule that binds to the
protein to form a complex. This com-
plex ultimately causes a target response.
Ligands may be endogenous (already
present in the body), or introduced into
the body as drugs; examples of endog-
enous ligands include neurotransmitters
and hormones. Most drugs are designed
to take the place of endogenous ligands
in exerting their action. For example,
morphine uses the same receptors in the
brain used by endorphins, compounds
produced by the body to control pain.

The primary concept behind protein—
ligand binding is that of complementarity,
or “fit,” between the ligand and the active
site on the protein. The ligand must fit
into a very specific site on the protein in
order to produce a response. This match-
ing between a protein and ligand depends
not only on their shape but also the
attraction between them. Weak, revers-
ible bonds must bring and hold the com-
plex together. Complementary shape and
orientation of functional groups allow
hydrogen bond donors to line up with
acceptors, hydrophobic groups to posi-
tion with other hydrophobic groups, and
positive charges to be adjacent to negative
charges (Fig. 2.3).

HO H H\ H
N
HO L\~ | CHs
O\H
Hydrophobic lonic
interaction interaction
H-bond

Figure 2.3. Illustration depicting how func-
tional groups of a drug molecule may align with
complementary functional groups of specific
amino acids in a protein to form a binding site.
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Binding to the Target

Given that there are endogenous ligands
for many of the targets of interest for drug
development, we have a starting point
from which to determine the chemical
and physical characteristics that a drug
must have in order to bind to a target.
The pharmacophore represents the sim-
plest structure that will bind to the tar-
get. However, most drug molecules are
more complex than the pharmacophore
because we also need to address the issues
associated with overcoming barriers or
potential toxicities. The general concept
of drug structure has various components
(Fig. 2.4). Vector groups play a vital role
in directing the drug to its site of action
and may also aid in minimizing toxicity
but may not be involved in binding to the
target. Vector groups may be classified
further as carrier groups and vulnerable
groups. Carrier groups control ionization
and lipophilicity of the molecule and con-
sequently influence absorption, distribu-
tion, and excretion of the drug. Vulnerable
groups are susceptible to enzymatic action
and are responsible for determining the
drug’s metabolism.

Pharmacophore

The pharmacophore describes the fea-
tures of the molecule that interact with

Vulnerable
group

© Vector

Carrier
group : groups

Pharmacophore

Figure 2.4. Typical components of the general
structure of a drug candidate. The pharmacoph-
ore is needed for binding to the target and pro-
ducing a biological response. The vector groups
define the physicochemical properties of the
molecule; the carrier groups control absorption,
distribution, and excretion; vulnerable groups
determine metabolism.
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the target protein or receptor; a change in
this portion of the molecule will alter bio-
logical activity. The pharmacophore and
the target must have physicochemical and
stereochemical complementarity. That is,
their size, shape and charges must allow
them to fit together. Several parts of the
molecule can together make up the phar-
macophore. As we will see in the following
text, altering a portion of the pharma-
cophore can alter the ability of the drug to
bind to a particular receptor or alter the
biological response it produces because
different targets or receptors have differ-
ent three-dimensional shapes.

Once the pharmacophore is estab-
lished, several analogs are synthesized.
An analog is a compound with the same
or similar pharmacophore as the lead, but
with differences in other parts of the mol-
ecule. If analogs differ in structure by a
simple and constant increase in one part
of the molecule (such as the length of an
alkyl chain), they are part of a homolo-
gous series. The objective of making ana-
logs is to retain pharmacological activity
but to minimize or eliminate unwanted
properties. Analogs are then tested in the
laboratory to select the compound that
will proceed to animal testing and ulti-
mately into human clinical trials.

Complementarity

The two types of complementarity for us
to consider are physicochemical comple-
mentarity, i.e., the presence of several
physicochemical bonding interactions
between the two molecules, and steric
complementarity, i.e., whether the shape
of the ligand fits the shape of the active
site. Both determine the strength of the
type of interaction.

Physicochemical Complementarity

Covalent bonds are not routinely formed
between a protein and ligand during nor-
mal cellular processes. Therefore, sev-
eral types of weaker noncovalent bonds
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are necessary to attract and keep the two
molecules together as a complex. In most
cases, the initial attraction between the
protein and the ligand is provided by a
long-range force such as an ionic inter-
action between opposite charges on the
protein binding site and the ligand. As
the ligand approaches the protein, short-
range forces such as hydrogen bonds pro-
vide additional attractive and orienting
forces. Finally, van der Waals forces and
hydrophobic interactions come into play
to further orient and stabilize the com-
plex. Thus, most protein-ligand interac-
tions rely on many different molecular
forces to form the final complex. Of the
various physicochemical interactions
involved in protein-ligand binding, ionic
and hydrophobic interactions are prob-
ably the most important.

Because the initial interaction between
a ligand and protein is often ionic, the
ionization state of weak acid and base
drugs is very important. Charged atoms
(from ionized amino acids) often line the
protein active site, imparting a localized
charge in specific regions of the pocket.
Opposite charges on the active site and
ligand will attract each other, beginning
the process of forming the complex. Elec-
trostatic complementarity is important in
preventing inappropriate molecules from
binding to the active site, as the ligand
must contain correctly placed comple-
mentary charged atoms for the interac-
tion to occur.

Another critical force for ligand-protein
binding is hydrophobic interaction. Nearly
two-thirds of the body is water, and this
aqueous environment surrounds all our
cells. For a ligand and protein to interact,
there must be a driving force that com-
pels the ligand to leave water and bind
to the protein; hydrophobic portions of
the ligand are able to accomplish this.
Thus the lipophilicity of the ligand is also
an important factor in protein-ligand
binding.

Consider the pharmacophore for two
distinct proteins, alpha (a)- and beta (3)-
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Figure 2.5. Pharmacophore for drugs acting at
alpha- and beta-adrenergic receptors.

adrenergic receptors (Fig. 2.5). These
receptors are located on several differ-
ent tissues and organs and each receptor,
when activated, produces different effects
at these sites. In this example, we have
divided the structure of the molecule into
four distinct regions labeled A, B, C, and
D and will examine how each region plays
a role in binding.

Region A—The Amine Function. At
physiological pH (7.4), the amine func-
tion is predominantly protonated (carries
a positive charge) and is capable of form-
ing an ionic bond to a negative site on the
target protein. The anionic or negative
site on the receptor is a carboxylic acid.
Ionic bond formation is absolutely criti-
cal for a receptor binding.

Region A—The R Group. As the size of
the R group is increased, o receptor bind-
ing decreases and there is a correspond-
ing increase in B receptor binding. For
example, if R is changed from a hydrogen
to an isopropyl group, the overall effect is
to change the drug from one that can bind
o and B receptors to one that binds only
to 3 receptors. The size of the R group on
the amine and the ability of the amine to
ionize dictates binding to the o or 3 recep-
tor. By increasing the size of the R group,
hydrophobic binding increases. Hydro-
phobic binding is most important for
B receptor binding and activation, whereas
ionic bonding is most important for o
receptor binding and activation. Clini-
cally, useful B agonists such as albuterol
(Proventil®) will usually have an isopro-
pyl or t-butyl group on the amine group.
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Region D—The Catechol Function. The
catechol group represents another hydro-
phobic region of the molecule and is
attracted to the hydrophobic region of the
active or binding site. Removing either of
the hydroxyl groups or replacing the phe-
nyl ring with a less hydrophobic group
diminishes the ability of the molecule to
bind to a and B receptors.

Region B—The o Carbon. Inserting
a methyl group at this position will
decrease o and f receptor binding and
activation. The methyl group produces
steric hindrance to ionic bond formation
and hydrophobic bonding. That is, the
methyl group physically interferes with
the ability of the amine to bind to its com-
plementary site on the target or receptor.
Also notable is that the presence of this «
methyl group produces steric hindrance
to the binding of the drug to enzymes in
the liver responsible for metabolism and
inactivation of this drug.

Steric Complementarity

Although physicochemical complementa-
rity is important for the initial attraction
between ligand and protein, the ligand
must also have stereochemical comple-
mentarity to sustain the ligand—protein
complex. This means that the ligand must
have a defined three-dimensional shape
and size that fits well with the active site.
Below is a brief review of the basic con-
cepts of stereochemistry as they pertain
to stereochemical complementarity in
protein-ligand binding. Undergraduate
textbooks in chemistry are good resources
for a more thorough discussion of stereo-
chemistry.

Stereoisomers are molecules that have
the same molecular formula and sequence
of bonds but different spatial arrange-
ments; the only difference between them
is the three-dimensional orientation of
atoms or functional groups in space.
Despite having identical chemical formu-
las and bonding, stereoisomers can have
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dramatically different chemical, physical,
and biological properties. There are two
main types of stereoisomers of interest
in understanding stereocomplementarity:
enantiomers and geometric isomers.

Enantiomers and Chirality. Chirality is
the geometric property of a rigid object
(like a molecule or drug) not being super-
imposable with its mirror image. A mol-
ecule that cannot be superimposed on
its mirror image is said to be chiral (the
Greek word for “handed”). This is in con-
trast to achiral molecules, which can be
superimposed on their mirror images.

Chirality is analogous to our right and
left hands—they are mirror images but
are not superimposable. The two mirror
images of a chiral molecule are termed
enantiomers. Like hands, enantiomers
come in pairs. Chirality usually occurs
when a compound contains at least one
asymmetric or chiral center in its struc-
ture. A chiral center is an atom at which
the interchange of any two substituents
attached to it creates a new stereoisomer.
Various nomenclature systems have been
used for enantiomers, the most common
ones designate the two forms in the pair
as L- and p-, or as r- and s-.

Chirality is a property found in many
biologically important molecules such as
amino acids, carbohydrates, and lipids.
For example, the natural amino acids
share a common stereochemistry, they
are all L-amino acids. Our bodies use only
p-sugars; DNA and RNA are made up
of p-sugars, resulting in a right-handed
DNA double helix. Consequently, most
cellular targets are chiral and can recog-
nize differences between enantiomers of
a chiral ligand. Our receptors, such as the
taste receptors in our tongue, can distin-
guish between stereoisomers of a ligand,;
for example, one isomer of leucine tastes
sweet and the other tastes bitter. Chemi-
cals with different enantiomeric forms
can smell different also. One isomer of
limonene smells of oranges, the other of
lemons.
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Figure 2.6. Binding of two hypothetical enantiomers of a drug to a receptor active site. The active
enantiomer has a three-dimensional structure that allows drug domain A to interact with active
site domain a, B to interact with b, and C to interact with c. All three binding interactions are
necessary. In contrast, the inactive enantiomer cannot be aligned to have the same three interac-
tions with the binding site simultaneously. The difference in three-dimensional structure allows the
active enantiomer to bind and have a biological effect, whereas this is not possible for the inactive

enantiomer.

Enantiomeric pairs have identical
physicochemical properties, such as boil-
ing point, melting point, density, and
solubility. Enantiomers, however, can
have marked differences in their interac-
tion with proteins such as enzymes and
receptors, and can behave very differ-
ently in biological systems as a result of
their different three-dimensional shape.
Figure 2.6 illustrates the binding of two
hypothetical enantiomers of a drug to a
receptor active site. In other words, the R
enantiomer of a drug will not necessarily

R (-)—catecholamine

HO
HO
H H\ +',H
- \CHg
O\H
Hydrophobic lonic
interaction interaction
H-bond

behave the same way as the S enantiomer
of the same drug when taken by a patient.
In essence, the two enantiomers of a chi-
ral drug should be considered different
drugs. The ability of biomolecules to dis-
tinguish between the various steric forms
of a ligand or drug is called chiral recog-
nition or chiral discrimination.

Region C—The Chiral Center. The
carbon in region C has a chiral center
(Fig. 2.7). The R isomer can present the
hydroxyl in an orientation that allows it

S (+)—catecholamine

HO
HO
OH H\ +,,H
-~ \CH3
H
Hydrophobic lonic
interaction interaction
H-bond

Figure 2.7. Illustration depicting how the orientation of the chiral center allows the R isomer to
form three bonds to the active site on the receptor and the S isomer to form only two bonds.
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to form a hydrogen bond with the target.
This provides for greater attraction to the
binding site and allows formation of a
more stable drug-receptor complex. The
R isomer is 25 times more potent than the
S isomer. That is, the amount needed to
produce an effect with the R isomer is 25
times less than that needed to produce an
effect with the S isomer. The S isomer is
equipotent to an identical molecule lack-
ing the hydroxyl group in region C.

Geometric Isomers. Geometric isomers
(or cis—trans isomerism) occur because of
restricted rotation around a bond such as
a carbon—carbon double bond, or in a ring
such as cyclohexane. The cis and trans con-
figurations are not mirror images of each
other, and the two forms show significant
differences in their physicochemical proper-
ties, such as ionization and lipophilicity, and
in their biological activity:

Geometric cis and (trans isomers can
be isolated as pure substances, and mix-
tures of isomers are not commonly seen.
However, the two trans isomers in a cyclic
compound can exist as an enantiomeric
pair. Differences in biological activity
between cis and trans isomers may, there-
fore, be caused by either nonspecific
physicochemical effects or stereoselectiv-
ity of receptor binding. Figure 2.8 illus-
trates geometric isomerism and how geo-
metric isomers can bind differently to a
target protein.

Racemic Mixtures. A racemic mixture
or racemate is a sample of a compound
that contains all its possible stereoisomers
in equal proportions. Thus, for a com-
pound with one chiral center, a racemate
has the two enantiomers in a 1:1 ratio.
Enantiomers in a racemic mixture are dif-
ficult to separate from each other as pure
stereoisomers because they have the same
physicochemical properties. For this rea-
son, the majority of synthetic drugs were
produced as racemic mixtures for many
years, and the properties of the individ-
ual stereoisomers were not known. More

ParT I/ DRUG CHEMISTRY

HsC CHs H CHs
H H HaC H
cis trans
CHs CHs CHs CHs
A cis trans trans

I

o B o B
B

Figure 2.8. A. Geometric isomerism as a result
of cis—trans orientation across a double bond

or in a ring. B. Binding of geometric isomers to
a target. On the left, the trans isomer does not
have the B group in proper configuration for
effective binding. On the right, the cis isomer
has both the functional groups in a favorable
orientation for binding to the receptor.

than 500 currently useful drugs are race-
mic mixtures containing an active drug
and its enantiomer in equal proportions.
It is now clear that stereoisomers can
have significantly different biological
properties, and that a single stereoisomer
is often therapeutically superior to a race-
mic mixture. The isomer with the desired
activity is called the eutomer and the one
without the desired activity or with an
undesired activity is the distomer. Meth-
ods to produce single isomers on a com-
mercial scale are available, making the
use of single isomer drugs possible.
Chirality now plays a major role in
the development of new pharmaceuti-
cals; approximately 30% of marketed
drugs are sold as a single isomeric form.
The anti-inflammatory drug naproxen is
marketed as the S isomer, because the R
form is a liver toxin. Similarly, L-DOPA
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has anti-Parkinsonian activity, whereas
p-DOPA exhibits none of the desired
anti-Parkinsonian activity and can cause
granulocytopenia (loss of white blood
cells that leaves patients prone to infec-
tions). There are other examples such as
penicillamine, used to treat arthritis, in
which the S enantiomer is active while the
R form is extremely toxic. The (S, S) form
of the antituberculosis drug ethambutol is
active while the (R, R) form causes optical
neuritis that can lead to blindness.

An example of cis—trans isomerism in
drugs is found in trans-diethylstilbestrol,
which has estrogenic activity, and cis-dieth-
ylstilbestrol, which has only 7% of the estro-
genic activity of trans-diethylstilbestrol.

Physicochemical Properties
of Drugs

After identifying the basic structural
requirements for a drug to bind to the tar-
get, structural changes are often needed
to circumvent other problems or, in some
cases, to further enhance biological activity.
Issues such as solubility, ability to distribute
to appropriate areas of the body, suscepti-
bility to metabolism, enhancing potency or
reducing toxicity may need to be addressed.
The challenge, therefore, is to make changes
that improve one property of the drug with-
out changing other properties.

Bioisosterism

Chemical isosterism is the similarity in
physicochemical properties of ions, com-
pounds, or elements because of similari-
ties in their electronic structures. This
concept was first introduced for atoms:
elements in the same vertical row of the
periodic table have similar outer shells of
electrons, giving them the same electronic
properties. In these rows, atoms with
the same size and mass also have simi-
lar physicochemical properties. A simi-
lar trend is seen for neighboring atoms
in horizontal rows of the periodic table.
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Thus, if one atom or group of atoms in a
molecule is replaced with its isostere, the
physicochemical properties of the com-
pound do not change significantly. Chem-
ical isosteric equivalents can be used to
synthesize different compounds with the
same physicochemical properties.
Bioisosterism is the application of
isosterism to biological systems and
guides molecular modification of drugs
to produce desired changes in either the
drug’s physicochemical properties or bio-
logical actions. The underlying principle
is that if a modified compound is to inter-
act with the same target as the pharma-
cophore, then the modification cannot be
too drastic. Small structural changes may
be achieved by replacing specific atoms or
groups of atoms with their bioisosteres.
The reasons for making bioisosteric mod-
ifications is to synthesize similar com-
pounds that (1) retain biological activity,
but have improved physicochemical prop-
erties and better pharmacokinetic behav-
ior or (2) retain these physicochemical
properties while enhancing or refining
the biological effects. This approach is
widely used in the synthesis of improved
drugs based on the pharmacophore.

Bioisosteric Equivalents

Bioisosteric equivalents may be subdi-
vided into categories such that atoms or
functional groups within a category are
interchangeable with one another.

1. Atoms or groups of atoms that have
the same number of total electrons.
The following are considered bioiso-
steres because each has a total of eight
electrons: O, NH, and CH,. The phar-
macophore for agents with antiseizure
activity is shown in Figure 2.9A. The
biological activity is retained if X =
either O, NH or CH,.

2. Atoms having the same number of elec-
trons in the outer most shell. Halogens
are in the same vertical row as hydro-
gen and are, therefore, isosteric. In the
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Figure 2.9. A. Pharmacophore for drugs pos-
sessing antiseizure activity. B. Chemical struc-
tures of ethyl ether and desflurane. Both agents
can cause general anesthesia. C. Three different
heterocyclics that have similar shapes and sizes.

case of inhalation anesthetics (Fig.
2.9B), substituting fluorine atoms for
hydrogen retains the biological activity
of inducing sleep and also provides the
benefits of decreasing the flammabil-
ity and increasing the potency of these
agents compared to nonhalogenated
hydrocarbons such as ethyl ether.

3. Atoms and groups of atoms having the
same size and shape. The hydrogen
atom is similar in size to fluorine atom;
chlorine atom is similar in size to CFs.
The benzene ring is bioisosteric with
pyridine and thiophene ring systems
because the C = C bond is similar in
size and presents bond angles similar
to and C = N bond and the sulfur atom
(Fig. 2.90).

Bioisosteric Applications

In drug development, chemists will make
bioisosteric modifications to a pharma-
cophore or to a drug currently on the
market to produce a new drug that inter-
acts with a newly identified target or to
improve upon an established drug. Below
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are examples of bioisosteric changes that
alter the physicochemical properties of
the drug or its actions at a target.

Lipid Solubility: Propranolol and pin-
dolol are B-adrenergic receptor blockers
used in the treatment of cardiovascular
disease (Fig. 2.10A). Propranolol has high
lipid solubility and gains access to the
brain, a characteristic that is not always
needed to treat cardiovascular diseases
in certain patients. Pindolol, because of
a bioisosteric modification to the ring
structure, is less lipid soluble and does
not enter the brain to the same extent
as propranolol and therefore has fewer
effects in the central nervous system.

Enzyme Inhibition: The compound
para-aminobenzoic acid (PABA) is essen-
tial for the growth of bacteria; it is a sub-
strate for the enzyme dihydropteroate syn-
thetase and is required for the synthesis
of folic acid. Sulfacetamide (Fig. 2.10B),
an antibiotic used to treat bacterial infec-
tions, is structurally similar to PABA and
can bind to the same site on the enzyme
as PABA. Sulfacetamide, however, is not a
substrate or perfect match for the enzyme
and acts to inhibit the enzyme and pre-
vent the synthesis of folic acid.

Receptor Blockade: Histamine is the
endogenous ligand for histamine recep-
tors located in the GI tract. When his-
tamine binds to the receptor, it elicits a
change in the receptor to cause release
of gastric acid. The ring system in the H,
blocker ranitidine is bioisosteric to the
ring system in histamine which allows
them to bind to the same target but other
elements of ranitidine’s structure do not
allow it to activate the receptor (Fig.
2.10C). Therefore, ranitidine’s action is to
bind to the target and thereby prevent his-
tamine from acting at the target to cause
acid release.

Receptor Selectivity: The pharmacophore
shown in Figure 2.10D, as discussed earlier,
can activate o and {3 receptors. Clonidine,
while appearing structurally different from
the pharmacophore, fulfills the steric and
electronic requirements of the receptor.
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Figure 2.10. Examples of bioisosteres. In each pair of drugs, the compounds on the right are drugs

designed using bioisosteric modifications.

Other features of the molecule (substituting
Cl atoms for hydroxyls and the addition of
an imidazole ring) limit the drugs ability to
bind to all o and {3 receptors; it selectively
binds to a small subset of receptors desig-
nated as a, receptors.

Lipophilic-Hydrophilic Balance

To be a successful drug, a compound has
to be somewhat soluble in polar environ-
ments such as water, and also in nonpo-
lar environments such as lipids. Aqueous

solubility is necessary because most of the
body is made up of water; thus a drug must
dissolve in these aqueous environments to
enter and travel through the body. Lipid
solubility is needed because cells and tis-
sues contain lipids, and most drugs need
to first dissolve in these lipids to reach
the site of action. Therefore, most drug
molecules have a combination of hydro-
philic (water-loving) and lipophilic (lipid-
loving) properties.

The effect of various chemical substit-
uents on lipophilicity and hydrophilicity
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has been extensively studied and docu-
mented. If a potential drug compound is
too high or too low with regard to lipo-
philicity or hydrophilicity, chemists often
attempt to modify its chemical structure
by adding or removing appropriate sub-
stituents to change these properties in
a predictable manner. The changes may
occur on the vector group, which does
not alter the pharmacophore, or they
may be made as a bioisosteric substitu-
tion on the pharmacophore. The intent
in either case is to change the lipophilic—
hydrophilic balance without altering the
drug’s ability to interact with the target.
Table 2.1 shows examples of substituents
that influence the lipophilicity or hydro-
philicity of compounds. The concepts of
lipophilicity and partition coefficient are
discussed in more detail in Chapter 4.

lonization

Ionization is the ability of a molecule to
gain or lose electrons and thereby acquire
a negative or positive charge. Ionization
of a drug can be critical to its ability to
bind to a target and is also an important
factor in absorption and distribution of a
drug. Two of the most common ionizable
functional groups found in drugs are car-
boxylic acids and aliphatic amines.

TABLE 2.1. Substituents

That Influence the Lipophilic-
Hydrophilic Balance

Substituent Structure
Substituents that increase lipophilicity

Alkyl —CHs, -CH,—, and so on
Aryl —CgHs
Sulfur-containing —S—, —=SCH;

groups

Halogens —Cl,—Br, -
Substituents that decrease lipophilicity
Hydroxyl —OH

Carboxyl -COOH

Carbonyl -C#0

Amino —NH,, -NH-R

Ether —0-
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0 0
R—C—OH —=—" R-C-0:~ + H*
A

(@) O~
R—gjiz):‘ —_— R—é=0
B

Figure 2.11. A. Ionization of the general
structure of a carboxylic acid. B. Resonance
structures of a carboxylic acid.

When a carboxylic acid is placed in
an aqueous solution, it will dissociate to
form an anion and a proton. The ioniza-
tion (formation of the anion) is enhanced
by resonance stabilization of the anion
(Fig. 2.11). The structure of a drug can
influence the degree of ionization. That is,
by altering the substituents located near
the carboxylic acid, we can influence how
much of the anion is formed in aqueous
solution. This, in turn, can influence how
well the drug binds to its target if ioniza-
tion or charge is important to binding.

Substituents that are electron with-
drawing (also referred to as electronega-
tive groups or having negative inductive
effects) will enhance the degree of ioniza-
tion of carboxylic acids. Electron with-
drawing groups pull electrons toward
themselves making ionization more likely
because the bond (the shared pair of elec-
trons between O and H) is pulled toward
the oxygen. In contrast, substituents that
are electron repelling will decrease the
degree of ionization of carboxylic acids.
These groups tend to push the electrons
away from themselves and force the elec-
tron pair toward the hydrogen atom mak-
ing it more available to the hydrogen and
less likely for the hydrogen to dissociate
from the carboxyl group.

When an amine is placed in an aque-
ous solution, it has a free pair of electrons
that allows it to bind to a proton and
form a cation (Fig. 2.12). As seen with
the carboxylic acids, certain substituents
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i\ ¥
N-R _—— H:l}l*—R
R R

Figure 2.12. Ionization of the general structure
of an aliphatic amine.

near the amine function can influence
the degree of ionization. The effect of
these substituents on the ionization of
amines, however, is opposite to that of
carboxylic acids. That is, electron repel-
ling groups increase the degree of ioniza-
tion of amines by pushing the electrons
away from themselves and toward the
amine making the free pair of electrons
more available to bind with a proton to
form a cation. Electron withdrawing
groups pull the electrons toward them-
selves and away from the amine making
the electrons less available to bind with a
proton. As a result, electron withdrawing
groups decrease the degree of ionization
of amines. Examples of electron with-
drawing groups are halogens, aromatic
ring systems and nitro groups. Electron
repelling groups include alkyls and non-
aromatic ring systems. Quantitative mea-
sures and factors affecting ionization are
discussed in more detail in Chapter 3.

Structure-Activity
Relationships

A structure—activity relationship (SAR) is
the relationship of the molecular structure
of a compound with a biological property.
The basic assumption behind these rela-
tionships is that different structures must
give different activities or different degrees
of the same activity. Relationships between
structure and behavior can be found from
a drug’s pharmaceutical properties (solu-
bility, stability, dissolution), its pharma-
cokinetic properties (absorption, distri-
bution, metabolism, and excretion), or its
pharmacodynamic properties (interaction
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between drug and target). These correla-
tions may be qualitative (simple SAR) or
quantitative (quantitative SAR, or QSAR).
In general, they are a set of rules that pre-
dict whether a compound will be active,
and to what extent. SARs can then be used
to predict which analogs will have the
most desirable properties.

Qualitative predictions are based on a
comparison of the properties of one or more
analogs with the compound of interest. For
example, terms such as “similarly active,”
“less active,” or “more active” would be
used in a qualitative SAR assessment for the
biological activity of a series of analogs com-
pared with the lead compound. An example
is the SAR for analogs of the antipsychotic
drug chlorpromazine (Fig. 2.13).

Quantitative predictions, on the other
hand, are usually in the form of an equa-
tion that relates some property of the com-
pound to specific structural features of
the compound. They also give some esti-
mation of the degree of biological activ-
ity expected. Researchers have attempted
for many years to develop drugs based
on QSAR, and there have been numerous
attempts to mathematically correlate drug
structure with biological activity. Many
parameters enter into the development

L,

I
L

Figure 2.13. The structure—activity relation-
ship (SAR) of the antipsychotic chlorproma-
zine. Three carbon atoms must separate the ring
nitrogen from the side chain nitrogen for opti-
mal antipsychotic. If two carbon atoms separate
the two nitrogens, then antihistamine action
predominates. The substituent at position X
must be an electron withdrawing group such as
a halogen or CF;. If X is replaced by H, there is
a drastic reduction in activity. If X is moved to
another position, activity is lost. If R” = hydroxyl
or heterocyclic, then all activity is lost.
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Molecular Properties
Molecular weight
Molecular volume

Molecular surface area
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Physicochemical Properties
Lipophilicity
pKa
Hydrogren bonding ability
Steric properties

Quantitative
Structure—Activity
Relationship

Biological Properties
Efficacy
Permeability
Affinity
Absorption
Metabolism
Toxicity

~

v,

Figure 2.14. An illustration of the concept of QSARs. The relationship is established by correlating
molecular or physicochemical properties of a drug with its biological or pharmacological behavior.

of a QSAR as illustrated in Figure 2.14.
Classic QSAR analyses consider only
two-dimensional structures, whereas the
newer three-dimensional QSAR approach
is much more complex and takes into
account three-dimensional properties.
Equations have been developed to
correlate activity with physicochemical
properties such as partition coefficient,
pK., hydrogen bonding ability, or other
structural features such as steric effects
and electronic properties of the drug.
These properties may be determined
experimentally, but are increasingly being
calculated by computational methods.

Developing a QSAR is difficult. Mol-
ecules are typically flexible, and it is pos-
sible to compute many possibly useful
properties that might relate to activity.
For the method to work efficiently, com-
pounds selected to define the equation
should be diverse. Once the relationship is
defined, it can be used to aid in prediction
of new or unknown molecules. QSAR has
been surpassed by rational drug design as
a technique for lead identification, but it
continues to be an important tool for lead
modification and optimization to predict
structures that have better ADME proper-
ties than the lead compound.

Key Concepts

* Proteins perform their biological
function by binding to endog-
enous compounds called ligands.

e Drugs work by binding to tar-
gets, usually receptor or enzyme
proteins, and thus influencing
protein-ligand binding in some
way.

¢ The binding of a ligand or drug to
target sites requires physicochemi-
cal and steric complementarity.

e Principles of bioisosterism and
SAR are used to modify the struc-
ture of the pharmacophore to
provide suitable physicochemical
properties and biological activity.
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Review Questions

1.
2.

3.

o

What is meant by the term drug target?

What are some major functions of proteins and how does a drug’s actions
relate to these functions?

Explain the concept of pharmacophores. What are vector groups and how
do they relate to the pharmacophore?

What is meant by complementarity? Discuss the two types of complemen-
tarity.

Explain why chiral recognition is important in the binding of small molecule
ligands to targets.

What is a racemic mixture? Discuss the advantages and disadvantages of
using single isomers of drugs instead of racemic mixtures.

Explain the term bioisosterism. What is the intent of or what is to be gained
from using bioisosteric equivalents?

Why is ionization important for protein-ligand interactions?

Explain how SARs can predict the biological activity of a compound.

Practice Problems

. How many optical isomers are possible for the following compounds?

a. 2-pentanol

b. 2,8-dimethyl-5-nonanol

Is cis—trans isomerism possible for either of the following compounds? Do
either of them have optical isomers?

a. 1,2,3-trichlororcyclopropane

b.

. Write the structural formula for phenylephrine. What structural modifi-

cations can be made to this compound to increase its ability to bind to
B-receptors?

Design a hypothetical receptor site for the compound shown below. Your
answer should include a diagram that shows chemical links between the
compound and the receptor with all bonds labeled. You may assume the
ionizable groups are in the ionized state.

OH
N o)
7
CH—C —0—CH,;~CH—CH,—N{_
CH,—CH,— C—NH —CH,—CH,— COOH
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5. Label the acidic protons on the compound below and identify the one with
the greatest degree of ionization.

OH COOH

6. The structures below are classified as benzodiazepines, drugs used to treat
anxiety and insomnia. Structure | represents the pharmacophore for this
chemical class. Changing the lipophilicity of the molecule can alter the
ability of the drug to enter the brain and therefore, how fast the drug can
produce its effects.

a. For structures Il, lll, and IV, compare each to structure | and determine
which of the pair is more lipophilic.
b. Which of the changes would be considered bioisosteric?

CHg CHg
| o | s
N\§ N
cl —N cl —N
I I
CF3 CHg
| o | o
N N
OH
cl —N cl —N
(] ; (]
1 Y

7. A team of pharmacologists and medicinal chemists were working to identify
the pharmacophore for a newly identified target. Initial experiments led to
a partially characterized pharmacophore shown below.

Ry R,

X — CH—(CH,);— CH—COOH
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Additional experiments using the principles of SARs provided the following

information.
X R, (CH), R, Activity
Phenyl H n=2 H +
Thiophene H n=2 H +
Cyclohexane H n=2 H -
Phenyl OH n=2 H +
Phenyl OH n=2 H +
Phenyl OH n=2 H +
Phenyl OH n=3 H +
Phenyl OH n=3 CH; -
Phenyl OH m=3 cl ++
Phenyl OH n=4 H -
Phenyl OH n=4 CH3 -
Phenyl OH N=4 Cl +

a. Using the information in the table above, identify the structural require-
ments for activity and draw a more specific pharmacophore for this tar-

get. Explain your rationale.

b. Are there additional structures you would need to test to make a more
informed decision? If so, which series?
¢. Can you make a case for testing enantiomers?

Additional Readings
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lonization of Drugs

s discussed in Chapter 2, a drug’s

behavior and action are ultimately
determined by its chemical structure. The
structure determines its physicochemi-
cal properties, which in turn play a major
role in physical, chemical, and biological
performance. A critical physicochemical
property is ionization: a process by which
a neutral molecule gains or loses a proton
and thereby acquires a positive or nega-
tive electrical charge. The charged species
formed are called ions.

Electrolytes and
Nonelectrolytes

Ions can conduct an electrical current,
and so substances that form ions in solu-
tion are called electrolytes. One way
of classifying compounds is based on
whether, and how much, they ionize in
aqueous solutions.

A nonelectrolyte is a compound that
does not ionize when dissolved in water,
and exists solely as the neutral, uncharged
species. Common examples of such com-
pounds are ethanol, dextrose, and some
steroids. Many drug compounds do not
ionize under physiological conditions
and are considered to be nonelectrolytes.
Compounds with the following func-
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tional groups do not generally ionize in
aqueous solution:

* Alcohols and sugars
e Ethers

e Esters

e Ketones

e Aldehydes

e Most amides

Figure 3.1 shows the structures of com-
mon nonelectrolyte functional groups
found in drug molecules.

A strong electrolyte ionizes completely
when dissolved in water, and exists solely
in the form of positive and negative ions
in solution. An example is NaCl, which
ionizes to form Na" and Cl~ in aqueous
solution. A few drugs are strong electro-
lytes; examples are KCl (as a potassium
supplement) and Li,CO; (in the treatment
of manic depression).

A weak electrolyte is ionizable, but
ionizes partially; a fraction of dissolved
molecules remain un-ionized, while oth-
ers acquire a positive or negative charge.
Simple examples of weak electrolytes are
acetic acid and ammonia. Many drugs and
other pharmaceutically important com-
pounds are weak electrolytes. We focus
on the ionization of weak electrolytes in
this chapter.
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R—OH Alcohols
R C//O
-
\ORg Esters
R;—O0—R» Ethers
Pe)
v
R—-C Aldehydes
AN
H
(@)
Rl—ICIZ—Rz Ketones
n
Ry—C—NR,Rs Amides

Figure 3.1. Structures of some common non-
electrolyte functional groups.

Importance of lonization of
Weak Electrolytes

The properties of ionized (charged) and
un-ionized (uncharged) forms of a drug
or biologically active compound are dra-
matically different from each other, even
though the only change in structure is the
gain or loss of a proton, and the presence
or absence of a charge. The charged and
uncharged forms will be absorbed and dis-
tributed differently, will bind to receptors
differently, and may be metabolized and
eliminated differently. Thus, for a drug
that can ionize, the proportion of ionized
and un-ionized forms in the body is criti-
cal in determining its behavior. lonization
of drugs in the drug product is also impor-
tant, influencing route of administration
and shelf life of the drug product.
Indomethacin, an oral anti-inflam-
matory drug, provides a good example
of the importance of ionization in drug
design. On administration, indometha-
cin (a weak electrolyte) must first dis-
solve in aqueous contents of the gas-
trointestinal tract. The ionized form of
the drug dissolves more rapidly and to a
greater extent than the un-ionized form.
To enter the bloodstream, however, it
needs to cross lipophilic cell barriers,
which requires at least some molecules
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to be in the un-ionized form in the intes-
tines. Once indomethacin has reached
its site of action, only the ionized form
binds to the receptor. Thus, both ionized
and un-ionized forms are important for
different aspects of ADME (absorption,
distribution, metabolism, excretion) and
pharmacodynamics of indomethacin.

Water as a Solvent

According to the Bronsted—Lowry theory
of acids and bases, an acid is a compound
that can donate a proton and a base is one
that can accept a proton. Therefore, there
has to be another compound present to
receive the proton from the acid, or to pro-
vide a proton to the base. In almost all sit-
uations we will deal with, this other com-
pound is water, the solvent and medium
for all living organisms. Water is also a
reactant in many pharmaceutical reactions
of interest. In addition, water is critical in
determining the configuration of proteins
and other biological macromolecules that
are important in drug action.

Water is a remarkable solvent because it
can behave as both an acid and a base. Com-
pounds with this dual property are said to
be amphoteric and are often called ampho-
lytes. The water molecule possesses a dipole
(two electric charges of equal magnitude but
opposite sign, separated by a small distance),
giving it the ability to accept or donate a
positively charged proton. Water accepts a
proton in the following equilibrium:

H' +H,0 = H,0" (Eq.3.1)

The species H;O" is called the hydro-
nium ion. Water can also donate a proton
as follows:

H,0=H'+OH (Eq.3.2)

The ionization product constant of water
is K,, given by the following equation:

K, =[H"][OH] (Eq 33)



28

This relationship says that the prod-
uct of protons and hydroxide ions in an
aqueous solution is always constant. The
value of K, at 25°C is 107,

Concept of pH

The pH value is a convenient way to
express the acidity of a solution and is
defined as follows:
pH =—log[H"] (Eq. 34
The symbol p is an operator that con-
verts a number into its negative logarithm.
The pH scale has a range from 0 to 14.
Seven is considered neutral pH where the
concentration of hydrogen ions is equal
to the concentration of hydroxide ions.
A solution pH below 7 means that the
solution is acidic and the concentration
of hydrogen ions exceeds the concentra-
tion of hydroxide ions. If the concentra-
tion of hydroxide ions is greater than that
of hydrogen ions, the solution is basic or
alkaline and has a pH greater than 7.

pH of Pharmaceutical Systems

The pH of body fluids ranges between 1 and
approximately 8. The stomach is the most
acidic region of the body with a pH that
varies between 1 and 3. The normal pH of
intestinal fluids is approximately 6 to 7. The
pH of blood is 7.4, which corresponds to
a [H*] of approximately 40 nM. This value
can only vary from 37 to 43 nM without
serious metabolic consequences. Local pH
in various tissues depends on composi-
tion and function of each tissue, and rarely
exceeds 8. Thus, a drug can be expected to
encounter physiological environments that
vary between pH 1 and 8, which makes ion-
ization in this pH range of greatest interest.
If a drug does not have a functional group
that ionizes in this pH region, it behaves as
a nonelectrolyte and remains un-ionized
over the entire physiological pH range.
From a formulation perspective, it is
important to control pH of a product to
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minimize drug degradation, to improve
patient comfort and compliance, or to
improve delivery. Dosage forms, particu-
larly liquids (such as solutions, suspen-
sions, and emulsions), may have pH val-
ues outside the pH 1 to 8 range. Higher pH
values of pharmaceutical liquids are often
required to make the drug more soluble, or
to maintain good stability and an adequate
shelf life. Thus, in these situations, ioniza-
tion behavior over a wider pH range has to
be understood and considered.

Strong Acids and Bases

Let us first examine the behavior of strong
acids and bases, so that we can distinguish
them from weak acids and bases. Strong
acids such as HCI and H,SO, dissociate
completely in water and exist entirely in
their ionized form, making them strong
electrolytes.

HCl—>H' +Cl-  (Eq. 3.5

H,S0, — 2H"+503*  (Eq. 3.6)

The H* ion formed will react with a
water molecule to produce the hydronium
ion (see Eq. 3.1), although for convenience
we usually do not write the complete reac-
tion. Thus, when a strong acid is added
to water, hydrogen ion concentration in
solution increases and pH decreases.

Because a strong acid dissociates com-
pletely, the molar concentration of H* is
equal to the molar concentration of acid
added for a monoprotic acid (HCI), and
twice the molar acid concentration for a
diprotic acid (H,SO,).

Similarly, a strong base like NaOH dis-
sociates completely in water and exists
entirely in its ionized form:

NaOH — Na® +OH™ (Eq. 3.7)
The actual base here is hydroxide ion,

OH~, which will react with H" in water
(in the reverse reaction shown in Eq. 3.2).
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Consequently, the concentration of H* will
decrease and the solution pH will increase.
The molar decrease in H* concentration
will be equal to the molar concentration of
NaOH added.

Although strong acids and bases are
often used in pharmaceutical products
to adjust the pH of liquids, there are no
strong acids or strong base drugs.

Weak Acids and Bases

Many drugs can be classified as weak
acids or weak bases. Like strong acids and
bases, these compounds can also dissoci-
ate in water and donate or accept protons.
The main difference is that weak acids
and bases are only partially dissociated in
water because of their diminished ability
to donate or accept protons.

When a weak acid is added to water,
solution pH decreases, but only a fraction
of acid molecules dissociate to donate
protons to water. The rest of the weak
acid molecules remain un-ionized. There-
fore, weak acids exist in solution in two
forms—the uncharged, un-ionized spe-
cies and negatively charged ions. Simi-
larly, when a weak base is dissolved in
water, only a fraction of molecules accept
protons. Weak bases also exist in solution
in two forms—the uncharged, un-ionized
species and positively charged ions.

Typical weak acids have the following
functionalities:

e Carboxylic acids
e Sulfonic acids

e Phenols

e Thiols

e Imides

Figure 3.2 shows the structures of
weak acid functional groups.

Most weak bases fall into the following
categories:

e Aliphatic amines (primary, secondary,
or tertiary)
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Aliphatic carboxylic acids

Aromatic carboxylic acids

Phenols

0
(0] :?— R Sulfonic acids
OH
R—SH Thiols
1l 1 Imides

Figure 3.2. Structures of some common weak
acid functional groups.

e Aromatic amines (primary, secondary,
or tertiary)
e N-heterocycles (pyridine, imidazole)

Figure 3.3 shows the general structures
of weak base functional groups.

A few drug compounds are quaternary
ammonium salts—analogues of ammonium

R —NH, Primary amines
Ris N Second [
R, econdary amines
||?1
Rz—ll\l Tertiary amines
Rs3
R NH»
Anilines
R{Z
- | Pyridines
N
R N .
\ / Imidazoles

Figure 3.3. Structures of some common weak
base functional groups.
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+,R2
Ri— ’?‘ -Rs X
Rs

Quaternary ammonium salts

Figure 3.4. General structure of quaternary
ammonium salts.

salts in which all four hydrogens of the
ammonium cation are substituted for with
alkyl, aryl, or aralkyl groups (Fig. 3.4). Qua-
ternary ammonium compounds are strong
electrolytes, neither acidic nor basic, and
dissociate completely in water. Examples of
drugs that are quaternary ammonium salts
are ipratropium bromide (Atrovent®) and
trospium chloride (Sanctura®).

lonization of Weak Acids
and Bases

Weak Acids

Consider the ionization of a weak acid such
as acetylsalicylic acid, or aspirin, which
has one carboxylic acid group. Its dissocia-
tion can be represented by the equilibrium
shown in Figure 3.5. In this equilibrium,
acetylsalicylic acid is a weak acid because
it donates a proton, and the acetylsalicy-
late ion is a weak base because it accepts a
proton. An acid and base that can be repre-
sented by an equilibrium in which the two
species differ only by a proton is called a
conjugate acid—base pair.

K, is called the acid dissociation con-
stant. A simplified way of representing
dissociation of any weak acid, denoted as
HA for convenience, is as follows:

AT HY

HA (Eq. 3.8)

0O=—=0

OCOCH,
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where A~ is the conjugate base of the acid
HA.

Weak Bases

The ionization of the weak base benzo-
caine with one amino group is shown in
Figure 3.6. A simplified way of represent-
ing ionization equilibrium for any base B
is as follows:
B+H" =BH'  (Eq.3.9)
Here, BH" is the conjugate acid of the
base B. By convention, we write Equation
3.9 in the reverse form:

BH' ——B+H* (Eq.3.10)

The equilibrium is now expressed as
the dissociation of the conjugate acid of
the weak base, with K, as the correspond-
ing acid dissociation constant.

Generalizations

In summary, the dissociation equilibria for
acidic forms of conjugate acid—base pairs of
a weak acid or base are written as follows:

HA=——A"+H* (Eq. 3.11)

BH' ——=B+H* (Eq. 3.12)

Note that the charge is on the conju-
gate base form (A”) of an un-ionized
weak acid HA, and on the conjugate acid
form (BH") of a weak un-ionized base
B. Because ions behave differently from
uncharged molecules, we are interested

0O=—=0

OCOCH,

Figure 3.5. Ionization of the weak acid, acetylsalicylic acid (aspirin) in aqueous solution.
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+ HT ——

COOC,Hs

COOC,Hs

Figure 3.6. Ionization of the weak base benzocaine in aqueous solution.

in what proportion of a weak acid or weak
base is un-ionized or ionized in a given
situation; this will help us understand and
predict its behavior.

Strength of Weak Acids
and Bases

The law of mass action describes the dis-
sociation of a weak acid and of the conju-
gate acid of a weak base. It states that at
equilibrium the product of the concentra-
tions on one side of an equation, when
divided by the product of concentrations
on the other side of the equation, is a con-
stant regardless of the individual concen-
trations. Therefore, for a weak acid:

1T A—
WAk Ea313)
[HA]

A large value of K, means that the acid
favors giving up protons and dissociates
extensively. Consequently, the reverse
reaction is not favored; the conjugate
base A~ is stable and does not have a high
propensity to accept protons. The larger
the K,, the stronger the acid HA, and the
weaker its conjugate base A~. Therefore,
K, is a property of the conjugate acid-
base pair and gives us information about
the strengths of both forms.

Similarly, we can define K, for the con-
jugate acid of a weak base as:

[H')[B _

K, (Eq. 3.14)
[BH']

The larger the value of K,, the more
BH* dissociates to donate protons. There-

fore, the larger the K,, the stronger the
conjugate acid BH" is, and the weaker the
base B.

pK, Value

The negative logarithm of K, is referred to as
the pK,, giving the following relationship:
pK. =—-1logK, (Eq. 3.15)

The symbol p is an operator that con-
verts a number into its negative logarithm.
This manipulation makes pK, smaller as
K, gets larger. In other words, weak acids
(or conjugate acids of weak bases) with a
large K, have a small pK,, whereas weak
acids with a small K, have a large pK.,.

The pK, value itself does not tell us
whether a drug is a weak acid or base.
For example, if a drug has a pK, value
of 5, it could be either a weak acid or a
weak base. One way to tell is to examine
the structure of the molecule and identify
functional groups that are known to be
acidic or basic. Another way is to see the
types of salts that the compound forms;
we shall discuss this below.

The pK, is a convenient parameter for
comparing the strengths of acids or bases.
The lower the pK, of a compound, the
stronger is the acidic form of the con-
jugate acid-base pair. As an example, a
weak acid with a pK, of 3 is a stronger
acid than a weak acid with a pK, of 4.
Conversely, the higher the pK, of a com-
pound, the stronger is the basic form of
the conjugate acid—base pair. A weak base
of pK, 8 is a stronger base than a weak
base of pK, 7.
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TABLE 3.1. The Relative Strengths of Some Conjugate Acid-Base Pairs

Conjugate Acid Conjugate Base pK,
C¢HsCOOH (benzoic acid) CeHsCOO- (benzoate ion) 4.20
CH5COOH (acetic acid) CH5;COO- (acetate ion) 476
C¢HsNH5+ (anilinium ion) CgHsNH, (aniline) 4.70
NH,* (@mmonium ion) NH; (ammonia) 9.25
CH5NH;+ (methylammonium ion) CH;NH, (methylamine) 10.6

Acetic acid and benzoic acid are weak acids. Ammonia, methylamine, and aniline are weak bases. Benzoic acid, with a
lower pK,, is a stronger acid than acetic acid. Conversely, acetate ion, with a higher pK, is a stronger base than benzoate
ion. Methylamine, with the highest pK,, is a stronger base than ammonia, which is in turn much stronger than aniline.
Conversely, anilinium ion is @ much stronger acid than ammonium ion, which is stronger than methylammonium ion.
Acetic acid and anilinium ion have about the same strength as weak acids, with anilinium ion being a slightly stronger

acid because its pK, is lower.

Each ionizable group on a drug mol-
ecule has a pK, value that conveys its
relative strength as a conjugate acid—base
pair. Remember that pK, is always defined
for the conjugate acid donating a proton.
Therefore, for weak acids, pK, is defined
for the un-ionized acid donating a pro-
ton to form the negatively charged con-
jugate base. However, the pK, of a weak
base is defined for its positively charged
conjugate acid donating a proton to give
the un-ionized base. Table 3.1 shows the
relative strengths of some conjugate acid—
base pairs. Table 3.2 lists the pK, ranges
for various types of weak acids and bases,

TABLE 3.2. pK, Ranges of Weak
Acids and Weak Bases

Weak Acids

Type of Compound pK, Range
Carboxylic acids (RCOOH) 2-6
Sulfonic acids (RSO;H) -11to01
Phenols (ArOH) 7-11

Thiols (RSH) 7-10
Imides (—CONHCO—) 8-11
Sulfonamides (RNHSO,R) 6-8

Weak Bases

Type of Compound pK, Range
Aliphatic amines 8-11
Anilines 3-5
Pyridines 4-6
Saturated nitrogen heterocycles ~ 9-11

while Table 3.3 shows the pK, values of
some common weak acid (HA) and weak
base (BH") drugs.

Salts of Weak Acids
and Bases

Weak acid and base drugs are frequently
available as their salts. For example, the
weak acid drug naproxen is also available as
its sodium salt, sodium naproxen. The weak
base drug clonidine is also available in its
salt form, clonidine hydrochloride. The salt
of aweak acid is usually obtained by reacting
it with a strong base such as NaOH, which
gives the sodium salt. The salt of a weak
base is obtained by reacting it with a strong

TABLE 3.3. pK, Values of Some
Weak Acid and Weak Base Drugs

__PK, Values
Drug HA BH*
Penicillin G 2.8
Aspirin 3.5
Warfarin 5.1
Phenytoin 8.3
Phenothiazine 2.5
Oxycodone 8.5
Scopolamine 7.6
Morphine 8.0

Note that for bases, the pK, value reflects that of the
conjugate acid (BH*) form.
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acid such as HCI, which gives the hydro-
chloride salt. Some drug salts are also made
by combining weak acids with weak bases.
An example is chlorpheniramine maleate, a
salt of the weak base drug chlorpheniramine
with a weak acid, maleic acid.

Salt names can give us information
about whether a drug in its un-ionized
form is a weak acid or base. Weak un-
ionized acids form salts with strong bases,
such as NaOH, KOH, and Ca(OH),, to
give sodium, potassium, or calcium salts
of the weak acid. Conversely, weak un-
ionized bases form salts with strong acids
such as HCl, H,SO,, and HNO;, to give
hydrochloride, sulfate, or nitrate salts.

Salts themselves are strong electrolytes,
in that they dissociate completely into
their constituent ions in water. However,
the ions generated do not remain com-
pletely ionized if one of the components
of the salt is a weak acid or base.

Consider the hydrochloride salt of a
weak base (e.g., RNH;*Cl", also written as
RNH, HCI), which dissociates completely
to release the conjugate acid BH*:

BH'Cl- - BH* +Cl”~  (Eq. 3.16)

The conjugate acid BH* is a weak acid, so
it dissociates further as dictated by its pK:

BH* =B+H" (Eq.3.17)

Making a weak base drug into a salt
does not change its pK,.

Salts of weak acids will behave analo-
gously. For example, the sodium salt of
a weak acid (RCOO™Na*) will dissociate
completely in water, and then participate
in an acid-base equilibrium according to
its pK,. Making a weak acid drug into a
salt does not change its pK,.

Na*A~ - Na"+A~ (Eq.3.18)

A"+H'=HA (Eq 3.19)

Therefore, salts of weak acids and bases
behave like weak electrolytes, in that the
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proportion of ionized and un-ionized
forms of the weak acid or base is deter-
mined in part by the pK,.

Pharmaceutical companies often develop
the salt form of a drug rather than the
original weak acid or base form for sev-
eral reasons. Salts can be more readily
crystallized into stable, easy to manufac-
ture crystals. They dissolve faster in aque-
ous solutions, are more stable on storage,
and are easier to handle during process-
ing. In particular, salts of amine drugs are
preferred over the weak base form. Many
amines are volatile and unstable, and
have a short shelf life as solids. Stability
and shelf life improve dramatically if an
amine is converted to the hydrochloride
salt, for example.

lonization and pH

We saw that weak electrolytes (weak
acids and weak bases and their salts) can
exist as both the ionized and un-ionized
forms in aqueous solution. The relative
concentrations of the ionized and un-
ionized forms depend not only on the pK,
of the weak acid or base, but also on the
pH of the aqueous solution in which it is
dissolved.

The Henderson-Hasselbalch
Equation

Equations 3.13 or 3.14 can be used to find
the relationship between pK,, pH, and
concentration of drug in its acid and base
forms. Taking logarithms of both sides of
the equations, and rearranging appropri-
ately, gives the Henderson—Hasselbalch
equation. Whether we start with Equa-
tion 3.13 or 3.14, we get:

pH = pK, + log _[bas;]

: (Eq. 3.20)
[aci

where [base] is the concentration of the
basic form of the drug, and [acid] is the
concentration of the acidic form of the
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drug. It is very important to remember
that for a weak acid drug, [acid] is the
concentration of the un-ionized HA and
[base] is the concentration of the ion A~
while, for a weak base, [acid] is the con-
centration of the ion BH* and [base] is the
concentration of the un-ionized B.

The Henderson-Hasselbalch equation
may be written in various forms, obtained
by rearranging Equation 3.20 in different
ways, as shown below.

pH = pK, —log 299l (g 31
[base]

pK, = pH+log lacid] (Eq. 3.22)
[base]

pK, = pH—-log [ba.se] (Eq. 3.23)
[acid]

All of these equations give the same infor-
mation.

The Henderson—Hasselbalch equation
allows us to calculate the ratio between
acidic and basic forms of a drug if pK, of
the drug and pH of the solution are known.
From this ratio we can determine the frac-
tion or percentage of drug that is in its acidic
or basic form in various pH environments.

Buffered Solutions

A buffered solution is one that resists
changes in its pH when small amounts of
acid or base are added, or when the solu-
tion is diluted. Buffer solutions contain an
acid to react with added OH™ and a base
to react with added H*. These can be any
weak acid—weak base pair, but are usually
a conjugate acid—conjugate base pair. The
pH of the buffer depends on the pK, of
the buffering substance and on the rela-
tive concentrations of conjugate acid and
base, and can be calculated using the Hen-
derson—Hasselbalch equation.

Acidic buffer solutions (pH <7) are
commonly made from a weak acid and one
of its salts—often a sodium salt. An exam-
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ple is a solution of acetic acid (pK, = 4.75)
and sodium acetate. If the solution contains
equimolar concentrations of the acid and
salt, it will have a pH of 4.75. The following
equilibrium describes this system:

CH,COOH ——=CH,COO™ +H"
(Eq. 3.24)

If additional hydrogen ions are added
to this solution, they are consumed in the
reaction with CH;COO", and the equilib-
rium shifts to the left. If additional hydrox-
ide ions enter, they react with CH;COOH,
producing CH;COO", and shift the equi-
librium to the right. In this way, the [H']
and thus the pH of the solution remain
constant.

An alkaline buffer solution (pH >7) is
commonly made from a weak base and
one of its salts. An example is a solution
of ammonia (pK, = 9.25) and ammonium
chloride. If these are mixed in equimolar
proportions, the solution has a pH of 9.25.

Buffer Capacity

The ability of a buffer to maintain constant
pH is known as its buffer capacity. It is
defined as the amount of acid or base that
can be added to a given volume of the buf-
fer solution before pH changes to an appre-
ciable degree. A buffer system is most use-
ful at a solution pH at or close to its pK,,
because there are adequate concentrations
of both the conjugate acid and base forms
of the buffer to neutralize added acid or
base. Thus, the most effective buffers (with
a large buffer capacity) contain the acid
and base in large and equal amounts. Phar-
maceutical formulations are often buffered
to control pH and thus help to minimize
drug degradation, improve patient com-
fort and compliance, or allow delivery of a
sufficient drug dose.

Biological Buffers

The pH of body fluids can vary from 8 in
pancreatic fluid to 1 in the stomach. The
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average pH of blood is 7.4, and of cells is
7.0 to 7.3. Although there is great varia-
tion in pH between fluids in the body,
there is little variation within each sys-
tem. For example, blood pH only var-
ies between 7.35 and 7.45 in a healthy
individual. Proteins are the most impor-
tant buffers in the body, because their
amino and carboxylic acid groups act
as proton acceptors or donors as hydro-
gen ions are added or removed from the
environment.

The phosphate buffer system is also
important in maintaining pH of intracel-
lular fluid. This buffer system consists of
dihydrogen phosphate ions (H,PO;) as
proton donor (acid) and hydrogen phos-
phate ions (HPOZ}") as proton acceptor
(base). These two ions are in equilibrium
with each other as indicated by the equa-
tion below:

H,PO; = HPO; +H"
(Eq. 3.25)

If additional hydrogen ions enter,
they are consumed in the reaction with
HPO7, and if additional hydroxide ions
enter, they react with H,PO;, producing
HPOj". Thus, the pH of cellular fluid is
kept constant.
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pH-lonization Profiles

When an acidic or basic drug or its salt
is added to a properly buffered solution,
the pH of the solution does not change.
Rather, the concentrations of un-ionized
and ionized drug adjust appropriately to
obey the Henderson—Hasselbalch equa-
tion. The percentage of drug ionized and
un-ionized is of interest because charged
and uncharged drug molecules behave
and react differently in drug products as
well as in the body. Remember that for
weak acids (and their salts), the conjugate
base carries a negative charge, whereas for
weak bases (and their salts), it is the con-
jugate acid that carries a positive charge.
Once we know how much of the drug
is ionized and un-ionized in the fluid
of interest, e.g., a drug product, blood,
urine, tissue, or cell, we can explain or
anticipate some of the drug’s behavior, as
we will learn in the following chapters.
Figure 3.7 shows the percentage of
lacid] and [base] forms as a function of
pH for a weak acid of pK, = 4. Figure 3.8
shows a similar profile for a weak base of
pK. = 8. These graphs are based on the
Henderson-Hasselbalch equation, which
allows us to calculate the ratio of [acid]/
[base] at any pH value if we know the
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Figure 3.7. Percentage of un-ionized [HA] and ionized [A~] forms as a function of pH for a weak
acid with pK, = 4. At pH = pK,, the weak acid is 50% ionized and 50% un-ionized.
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Figure 3.8. Percentage of un-ionized [B] and ionized [BH*] forms as a function of pH for a weak
base with pK, = 8. At pH = pK,, the weak base is 50% ionized and 50% un-ionized.

pK.. From this ratio, the percentage (or
fraction) of each form can be determined.
For example, if [acid]/[base] = 0.1, then
the fraction of the acid form = 0.1/(1 +
0.1) =0.0909 (or 9.09%).

A more direct way of calculating the frac-
tion (f) of ionized and un-ionized forms is
using the following equations, derived from
the Henderson—Hasselbalch equation:

For a weak acid HA:

10" Eq.3.26
UESTEFSTE
1077
fA’ = W (Eq 327)
For a weak base B:
107PH
fo = T (Eq. 3.28)
—-pKa
fy=—20 (Eq. 3.29)

T 107 110K

The corresponding percentages may be
calculated by multiplying the fractions by
100.

Table 3.4 shows how the degree of
ionization of a weak acid or weak base
changes with the relative values of pH

and pK,. Overall, the following general-
izations can be made:

* A weak acid will be more ionized
(negatively charged) when the pH is

TABLE 3.4. Dependence of
Percent lonization on the pH

and the pK, of a Weak Acid or

Weak Base

Percentage Percentage

(Conjugate (Conjugate
pH-pK, Acid Form) Base Form)
-4 99.99 0.01
-3 99.9 0.10
-2 99.0 1.00
=1 90.9 9.10
-0.8 86.3 13.7
-0.6 79.9 20.1
-0.4 71.5 28.5
-0.2 61.3 38.7
0 50.0 50.0
0.2 38.7 61.3
0.4 28.5 71.5
0.6 20.1 79.9
0.8 13.7 86.3
1 9.10 90.9
2 1.00 99.0
3 0.10 99.9
4 0.01 99.99
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above its pK,, whereas a weak base will
be more ionized (positively charged)
when the pH is below its pK,.

* Small changes in pH (within 2 pH
units) near the pK, of the compound
result in large changes in the percent-
age ionized and un-ionized.

* Changes in pH away (more than 2 pH
units) from the pK, of the compound
result in small changes in the degree of
ionization.

* A weak acid is almost completely un-
ionized when the pH is 4 units below
its pK,, and completely ionized when
the pH is 4 units above its pK,.

* A weak base is almost completely un-
ionized when the pH is 4 units above
its pK,, and completely ionized when
the pH is 4 units below its pK,.

lonization in Unbuffered
Solutions

lonization of weak electrolyte drugs in an
unbuffered solution (e.g., pure water) is
more complex, because pH does not remain
constant as the drug dissolves. Consider a
weak acid, such as RCOOH, and its basic
sodium salt, RCOO™Na". When RCOOH
is dissolved in water, we are adding an
acid to water and the pH will decrease. If
RCOONa is dissolved in water, we are add-
ing a base (RCOO") to water and the pH
will increase. In both the cases, equilibrium
will be established between the acid and
conjugate base forms in accordance with
the Henderson—Hasselbalch equation. The
proportion of ionized or un-ionized drug
in each case will depend on pK, of the weak
acid, and the final solution pH. Thus, the
fraction ionized or un-ionized in these two
cases will be different because the final pH
of the two solutions will be different.
Similarly, if we add a weak base (RNH,)
to water the pH will increase, and if we
dissolve the acidic salt of the weak base
(e.g., a salt such as RNH;*Cl, also writ-
ten as RNH,"HC]) in water, the pH will
decrease. In both the cases, there will be
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equilibrium between RNH;" and RNH, in
solution, but the relative amounts of ion-
ized and un-ionized drug will be different
in the two solutions, because the final pH
of the two solutions will be different.

To determine the proportion of ionized
to un-ionized forms in these situations, it
is important to determine how the pH will
change when a weak acid or weak base is
added to water, or any unbuffered solution.

pH of Unbuffered Solutions

The pH of an unbuffered solution contain-
ing a weak acid or base depends on the pK,
of the weak acid or base, and its concen-
tration in solution. Consider the example
of a weak acid HA added to water. An
approximate expression relating the [H*]
concentration with the pK, and concen-
tration is obtained using the assumption
that [H'] is much less than the total con-
centration of the acid [HA], (i.e., the acid
is “very weak”). It can be used, however,
to estimate the hydrogen ion concentra-
tion in the solution of the weak acid.

[H'] = JK,[HA],

where [HA], is the total concentration
of weak acid added to the solution. This
equation can also be written to directly
give the pH:

(Eq. 3.30)

pH = PKa_loglHAL = 5 5y

2 2

This equation shows that a large K,
(small pK,) and a large HA concentration
result in a more acidic solution. When a
salt of a weak base is added to water, it is
similar to adding a weak acid to water, and
the pH will be given by Equation 3.31.

Similarly, the [H*] of a solution after a
base B is added to water is approximated
by the following equation:

[H']=
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where [B], is the total concentration of
base added, and K, is 107** at 25°C. This
equation can be modified to give the pH
of the solution:

_PKy , PK, , loglBl,
2 2 2

(Eq. 3.33)

pH

pK,, (-log K,) is 14 at 25°C. This expres-
sion also gives the acidity of a solution
made with the salt of a weak acid.

Once the pH of an unbuffered solution
is calculated, the Henderson—Hasselbalch
equation can be used to determine the
fraction of a weak acid or weak base drug
ionized or un-ionized at that pH. Again,
note that these fractions will depend on
how much drug was dissolved.

Compounds with Multiple
lonizable Groups

Many drugs and natural substances con-
tain several ionizable groups in the same
molecule, resulting in complex ionization
patterns. Although a detailed discussion
of such compounds is outside the scope
of this book, let us examine them briefly.

Amphoteric Compounds

A compound with both acidic and basic
groups on the same molecule is called an
amphoteric compound or an ampholyte,
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and has a pK, for each ionizable group.
Such compounds can behave as both weak
acids and weak bases in aqueous solution.

Consider an ampholyte with one weak
acid group HA and one weak base group
B. Its ionization can be divided into two
general cases as shown in Figure 3.9.

In both the cases, the ionization scheme
involves a positively charged species at
low pH, a net neutral species at interme-
diate pH, and a negatively charged species
at high pH. The difference is that ordinary
ampholytes form true neutral species at
intermediate pH, whereas zwitterionic
ampholytes form zwitterions, defined as a
molecule with both a positive and a nega-
tive charge. Zwitterions have a net charge
of zero, are electrically neutral, and behave
as nonelectrolytes. The pH where the net
charge is zero is known as the molecule’s
isoelectric point, and is the mean of the
two pK, values: pK s and pK, gy

Whether an amphoteric compound is
ordinary or zwitterionic depends on the
values of the two pK.s; in other word, on
whether HA or BH* dissociates first as pH
is increased from low to high.

e Ordinary ampholytes: If the pK, of the
acidic group, pK,ma), is higher than
that of the basic group, pK,gsu,, the
first group that loses its proton as the
pH is increased is BH', and the neutral
species has no charge.

o Zwitterionic ampholytes: If the pK, of
the acidic group, pK,uy), is lower than
that of the basic group, pK,gus), the first

Ka@h*+ Ka
(HAYBHY) ~— e (HA)(B) ~——2= (A9)(B)

Ordinary ampholytes

KaHa)

Ka@H™)

(HA)BH") ~<——"= (A)(BH") ~——== (A)(B)

Zwitterionic ampholytes

Figure 3.9. Ionization schemes for ampholytes.
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Ka1 Ka2
+ +
HN \)k = N \)L =
OH O
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HZN\)‘L —
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Figure 3.10. Ionization scheme of the amino acid glycine, a zwitterionic ampholyte.

group that loses its proton as the pH is
increased is the acidic group, and the
neutral species is a zwitterion. The most
common examples are amino acids.

For illustration, consider the amino acid
glycine whose ionization is described by
two equilibria as shown in Figure 3.10.

K, is the acid dissociation constant
for the carboxylic acid and K,, is the acid
dissociation constant for the protonated
amine. The pK, of the acid is 2.34 and that
of the protonated amine is 9.34. Thus,
glycine exists as a zwitterion at interme-
diate pHs. The isolelectric point of gly-
cine is 5.84. Since the two pK,s are well
separated, glycine exists completely in the
zwitterionic form at and around its iso-
electric point. However, many drugs have
pK, values that are close enough to each
other that they overlap, making acid—base
calculations more complicated.

Polyprotic Acids and Bases

Amphoteric compounds have one acidic
and one basic group. Compounds that
have more than one acidic group and can
donate more than one proton are called
polyprotic acids. Analogously, bases that
can accept more than one proton are
called polyprotic bases. Polyprotic acids
and bases also have multiple pK, values,
one for each ionizable group. The ion-
ization of these compounds occurs in a
successive manner. If the pK,s are widely
separated (e.g., by at least 4 pH units)
they can be treated individually to cal-
culate the fraction ionized or un-ionized.

A familiar polyprotic acid is phosphoric
acid with three ionizable protons and
three pK, values (pK,, = 2.15, pK,,= 7.2,
pK,; = 12.15). These three values are sep-
arated well enough that we can treat each
one independently. However, many poly-
protic acid and base drugs have overlap-
ping pK, values; i.e., the pK,s are closer
than 4 units. The ionization profiles of
such drugs are complex, and outside the
scope of our discussion. Table 3.5 lists the
observed pK, values of some amphoteric
and polyprotic drugs.

TABLE 3.5. pK, Values of Some
Amphoteric and Polyprotic Drugs

pK, Values
Drug HA BH*
Amphoteric Drugs
Amphotericin B 5.5 10.0
Apomorphine 8.9 7.0
Ampicillin 2.5 7.2
Baclofen 5.4 9.5
Ciprofloxacin 6.0 8.8
Enalapril 3.0 5.5
Lorazepam 11.5 1.3
Nystatin 8.9 5.1
Pyridoxine 8.9 5.0
Rifampin 1.7 7.9
Polyprotic Drugs
Brompheniramine 3.6,9.8
Fluorouracil 8.0, 13.0
Doxorubicin 8.2,10.2
Hydrochlorothiazide 7.0,9.2
Novobiocin 4.3,9.1
Prochlorperazine 3.7, 8.1
Quinidine 42,79
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Key Concepts

In this chapter, we have considered * The pK, value of a weak acid or

one important physicochemical base is a measure of its strength.

property of a drug, ionization. ¢ The extent of ionization of a
weak electrolyte depends on its
pK, and the pH of the medium,
and can be calculated using the
Henderson—Hasselbalch equation.

e Weak acid—weak base systems are
useful as buffers, and are most
effective at a pH near the pK, of
the system.

e When dissolved in water, a strong
electrolyte dissociates completely,
a weak electrolyte dissociates par-
tially, and a nonelectrolyte does
not dissociate.

e Many drugs are weak electrolytes
(weak acids, weak bases or their
salts).

Review Questions

-

w N

s

v

o

N

%

. Compare and contrast the ionization behavior of nonelectrolytes, weak elec-

trolytes, and strong electrolytes when they are dissolved in water.

Describe what is meant by weak acid, weak base, strong acid, and strong base.
List the functional groups that have weak acid, weak base, and nonelectro-
lyte properties in the physiological pH range.

Explain what is meant by conjugate acid-base pair. Which form of the pair,
the conjugate acid or conjugate base, is charged for a weak acid? A weak
base? Is this charge positive or negative?

How do the equilibrium acid dissociation constant, K,, and the pK, give you
information about the strength of a weak acid or base?

Explain the difference between a buffered and an unbuffered solution.
How does the pH of an unbuffered solution change when an acid or base is
added to it? When a salt of a weak acid or weak base is added to it?
Discuss the use of the Henderson--Hasselbalch equation in making buffers
and in determining percentage of drugs ionized at different pH values.
Explain what is meant by an amphoteric compound. How do ordinary
ampholytes differ from zwitterionic ampholytes?

Practice Problems

1.

w N

The K, for the dissociation of acetic acid is 1.74 x 10->. What is its pK,?
(pK, =-log K, =4.76)
The pK, of propranolol (Inderal®) is 9.5. What is its K,?

. Glyburide (Micronase®) is a weak acid drug used in the treatment of diabe-

tes. It has a pK, =6.8.

a. What is the K, of glyburide?

b. Which form of the conjugate acid-base pair is charged, and what charge
(positive or negative) does it bear?

¢. What percentage of glyburide is ionized in the small intestines (pH = 6)?
In the blood (pH =7.4)?



CHAPTER 3 / TONIZATION OF DRUGS 41

4. Naproxen (Aleve®) is an anti-inflammatory drug with a molecular weight of
230 and a pK, = 4.2. It has the following structure:

CHg

OH

H3CO

a. Is naproxen a weak acid or a weak base?

b. At what buffer pH will the concentration of the conjugate acid and conju-
gate base be equal?

¢. When naproxen is added to an unbuffered solution, will the pH of the
solution go up or down? Why?

d. What fraction of naproxen is ionized in a buffer at pH 3 and a buffer at
pH 6?

e. In a 25 mg/mL solution of naproxen in a pH 6 buffer, what is the molar
concentration of the drug in its ionized and un-ionized forms?

f. Naproxen is also available as its sodium salt. When naproxen sodium is
added to an unbuffered solution, will the pH of the solution go up or
down? Why?

5. Cimetidine (Tagamet®) is a drug used to treat duodenal ulcers to reduce
excessive secretion of gastric acid. The drug has a pK, = 6.8 and is also avail-
able as its hydrochloride salt.

a. Is cimetidine a weak acid or a weak base?

b. What fraction of cimetidine is un-ionized in the stomach (pH = 1), small
intestines (pH = 6), and blood (pH =7.4)?

¢. When cimetidine hydrochloride is added to an unbuffered solution, will
the pH of the solution go up or down? Why?

Additional Readings
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Solubility and Lipophilicity

/

Solubility is the property of a com-
pound (solute) that enables it to
dissolve in a liquid (solvent) to form a
homogeneous solution. In Chapter 2,
you were introduced to the concept that
most drug molecules have a combination
of hydrophilic (water-loving) and lipo-
philic (lipid-loving) properties. There-
fore, drug structures are often optimized
to make compounds somewhat soluble
in polar environments such as water,
and in nonpolar environments such as
lipids.

The solubility properties of a drug are
also important when it comes to design-
ing a liquid dosage form, such as an inject-
able or ophthalmic solution. The solvent
chosen must be able to dissolve the drug
at an appropriate concentration for con-
venient dosing to the patient.

Solubility Principles

Solubility is an equilibrium relationship
between the solid and dissolved states
of a solute at saturation. The numerical
value of solubility is the concentration
(expressed as mole/L or mg/mL, etc.) of a
saturated solution of the solute, in a given
solvent, under a fixed set of conditions
(temperature, pressure, pH, etc.).
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Equilibrium solubility of a solute in a
solvent is the net result of solute—solute,
solvent—solvent and solute-solvent inter-
actions. The process by which a solid sol-
ute dissolves in a solvent can be broken
down into three steps and is illustrated
in Figure 4.1. Although these steps occur
simultaneously and not in sequence, it
is useful to break them up as shown to
understand the role of each interaction.

e Step 1: Removal of a solute molecule
from solid solute; requires energy to
break solute—solute bonds.

* Step 2: Separation of solvent molecules
to create cavity for solute; requires
energy to break solvent—solvent bonds
(hydrogen bonds in the case of water).

e Step 3: Insertion of solute molecule
into the cavity created in the solvent;
releases energy due to formation of
new solute—solvent bonds.

The energy needed in step 1 depends
on the solid-state structure of the solute,
and the intermolecular attractive forces
holding solute molecules together. A sol-
ute whose molecules are very tightly held
in the solid state will not dissolve readily
regardless of the solvent. Thus, the solid
state structure of a compound plays a role
in its solubility.
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Step 1

Formation of solute-solvent
interactions

Figure 4.1. The process by which a solid solute
dissolves in a solvent can be broken down into
three steps as shown.

The energy required for step 2 will
depend on the size and shape of the
cavity that needs to be created in the
solvent to accommodate the solute
molecule, and the strength of solvent—
solvent bonds. For water, this requires
breaking hydrogen bonds between
water molecules.

In order for a solute to go into solu-
tion, the energy released in step 3 must
compensate for energy needed for steps
1 and 2. This is where the attractive
forces between the solute and the sol-
vent come into play; strong and numer-
ous solute—solvent interactions will
favor solubility.

The solute’s molecular size also affects
solubility. The larger the molecule (higher
its molecular weight), the less soluble the
substance is, in general. Larger molecules
are more difficult to surround with sol-
vent molecules during the solvation step.
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Solid-state Structure
of the Drug

Solubility depends partly on the solid-state
structure of the solute, because it repre-
sents an equilibrium condition between
the solute in the solid and solution phases.
Many drug substances can exist in more
than one solid form with different spatial
arrangement of molecules or ions, and
thus different intermolecular forces.

Crystalline and Amorphous Drugs

Most drugs are crystalline, in which mol-
ecules or ions are arranged in a regular,
repetitive pattern called a crystal lattice.
Crystalline solids show a definite melting
point, converting rather sharply from solid
to liquid state over a narrow temperature
range. The melting point is an indication of
the strength of the crystal lattice; the stron-
ger the lattice, the higher the melting point.

A few drugs are amorphous, with dis-
ordered arrangements of molecules and
no distinguishable crystal lattice. These
materials do not have a characteristic
melting temperature but soften over a
very wide temperature range, generally
lower than the melting points of the crys-
talline forms of the same compound.

A given drug may exist in several crys-
talline forms as well as in an amorphous
form. For example, chloramphenicol-3-
palmitate, a broad-spectrum antibiotic, is
known to exist in one amorphous form and
at least three different crystalline forms.
The crystal lattice of a drug has to be dis-
rupted (step 1, Fig. 4.1) before the drug
can dissolve. If the molecules of a drug are
held together tightly in the crystal lattice,
the driving force for the drug to dissolve is
lower. Hence, crystalline drugs have lower
intrinsic  solubility compared with the
same drug in its amorphous form.

A practical illustration of the impor-
tance of the solid state structure of the
drug is found in insulin, which is avail-
able in both amorphous and crystalline
forms. The amorphous form has a higher
solubility, dissolves faster, and enters the
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bloodstream rapidly after injection. Thus,
it is used when a rapid lowering of blood
glucose is needed. The crystalline form
has a lower solubility, slower dissolution
rate, and enters the blood more gradually.
It, therefore, is most appropriate in situa-
tions where a slower but more prolonged
effect on blood glucose is desired.

Polymorphs

A drug can be crystallized in more than
one crystal form; this property is known as
polymorphism, and the individual crystal
forms are called polymorphs. Different
polymorphs arise from differences in the
crystallization process during manufac-
ture of the drug. Polymorphs, although
chemically identical, generally have dif-
ferent crystal lattice energies, melting
points, and solubilities. The polymorph
with the lowest melting point usually has
the highest solubility. Many pharmaceu-
ticals, such as the barbiturates, sulfon-
amides, and steroids, exhibit extensive
polymorphism.

The different aqueous solubilities of
polymorphic forms of a given drug may
lead to differences in the rate at which
the drug is absorbed into the body after
administration. The desire to achieve fast
absorption may point to the use of the
lower melting polymorph, or an amor-
phous form, in a drug product. These
forms, however, have a tendency to crys-
tallize into the stable, lower solubility
form at any stage of the “life cycle” of a
pharmaceutical product, i.e., during man-
ufacturing, packaging, distribution, and
storage, leading to unexpected changes
in behavior. The polymorphic behavior of
drugs is a major concern of the pharma-
ceutical industry because it has consider-
able implications on formulation design
and therapeutic performance.

A classic example of the importance
of polymorphism is the drug ritonavir
(Norvir®), a protease inhibitor used to
treat patients infected with HIV-1. Dur-
ing early development, ritonavir was
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thought to exist in only one crystalline
form. This form, now called Form I, was
poorly absorbed after oral administration,
requiring formulation as a soft-gelatin cap-
sule filled with an ethanol-water solution
of drug. Two years after marketing, several
batches of Norvir® capsules were found to
be dissolving much slower than expected.
Evaluation of failed batches revealed that
a second polymorphic form of ritonavir
(Form II) had precipitated in the capsules
during storage. Form Il was only half as sol-
uble as Form I, resulting in the lower rate
of dissolution observed. To ensure continu-
ous supply of this life-saving drug, an oral
suspension had to be developed until the
issue of polymorphic forms was resolved.
Substantial time and effort went into iden-
tifying and correcting the polymorphism
problem, and a new soft-gelatin capsule
with Form II was subsequently developed
and introduced onto the market.

The Solvent

In order to dissolve in a solvent, the sol-
ute molecule needs functional groups
that can favorably interact and bond with
solvent molecules. Compounds are more
likely to dissolve in solvents with similar
chemical properties to themselves, a rule
of thumb often expressed in the maxim
‘like dissolves like.’

Solvent Polarity

Pharmaceutical solvents may be classified
as polar, nonpolar or semipolar. Mole-
cules with large dipole moments and high
dielectric constants are considered polar.
Those with low dipole moments and small
dielectric constants are classified as non-
polar, and semipolar solvents fall some-
where in between. The water molecule
has a large dipole moment which makes
it a polar solvent. Examples of nonpolar
solvents are hydrocarbons, oils and lip-
ids. In general, solvents that are miscible
with water are polar or semipolar, while
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those that are not miscible with water are
nonpolar.

Water as a Solvent

Water is the most important solvent for
us to consider. It is a polar solvent that
can interact with many types of func-
tional groups by forming temporary (non-
covalent) bonds. Molecules that can inter-
act with water in this way are considered
polar, or hydrophilic. The primary inter-
actions that allow solutes to dissolve in
water are ones we have discussed earlier,
and are listed here.

e Jon—dipole interaction: lon—dipole bonds
are formed between an ion and an
uncharged polar molecule with a per-
manent dipole moment, like water.
This interaction is very strong and
makes water an excellent solvent for
ions.

e Van der Waals Forces: The attractive
forces between electrically neutral
molecules are collectively called van
der Waals forces. These intermolecular
forces are quite weak, and operate only
when molecules are fairly close to each
other.

e Dipole—dipole interaction: Polar mole-
cules with permanent dipole moments
but no charge can interact with each
other at close distances. Thus, water can
interact with drug molecules that have
dipoles, even if they are not charged.
This interaction is usually weaker than
the ion—dipole bond.

e Dipole-induced dipole interaction: A polar
molecule with a permanent dipole can
temporarily induce a dipole in a non-
polar molecule, resulting in an attrac-
tive force that brings the two molecules
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together. Thus, water can induce a
dipole in a nonpolar drug molecule.
Obviously, this interaction is very weak
and does not contribute significantly to
water solubility.

* Hydrogen bonds: Hydrogen bonds con-
tribute significantly to aqueous solu-
bility of drugs because water is both
a H-bond donor and acceptor. Once
one H-bond forms, the probability of a
second one forming may be increased,
leading to an increased probability of a
third forming, and so on. This can lead
to a very strong and stable interaction,
even though it is made up of individu-
ally weak hydrogen bonds.

Ions are very hydrophilic because of
the strong ion-dipole interaction. Com-
pounds that can form several hydrogen
bonds with water are also very hydro-
philic. The polarity ranking of various
functional groups is shown in Figure 4.2.
In general, hydrophilic compounds dis-
solve readily in water.

If the solute has several polar func-
tional groups, aqueous solubility will
be high because energy released when
these groups are solvated more than
compensates for energy needed in step 2
(Fig. 4.1). Conversely, water cannot dis-
solve hydrocarbons because the attrac-
tion between water and the hydrocar-
bon is much less than that between two
water molecules. In general, it is the
balance between polar and nonpolar
groups on the solute that determines the
overall balance between steps 2 and 3.
As the number of nonpolar groups on a
molecule increases (e.g., as alkyl groups
are added), aqueous solubility decreases.
Drug molecules are complex and most
contain several functional groups. It is

Amide > Acid > Alcohol > Ketone ~ Aldehyde > Amine > Ester > Ether > Alkane

Figure 4.2. Order of polarity of common functional groups found on drug molecules, starting with
the most polar (amide) and ending with the most nonpolar (alkane).
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the relative proportion of polar and non-
polar parts of a compound that deter-
mines its overall polarity.

Nonpolar Solvents

A nonpolar solvent is one whose mol-
ecules do not have a dipole moment,
and which has a low dielectric constant.
Nonpolar solvents, such as hydrocar-
bons and lipids, can use only weak van
der Waals forces to interact with solutes.
These forces are not strong enough to
overcome the polar and/or ionic forces
that hold electrolyte and weak electrolyte
solid solutes together. Consequently, non-
polar solvents are poor solvents for strong
electrolytes and ions because they cannot
reduce attractive forces between ions.
These solvents also cannot break covalent
bonds to make weak electrolytes ionize.
However, nonpolar solutes that are held
together by weak van der Waals forces
in the solid state are able to dissolve in
nonpolar solvents quite well because of
induced dipole interactions.

Molecules that do not have appropri-
ate functional groups to interact with
water are considered hydrophobic or
nonpolar. In the ranking of functional
groups above, ethers and esters are some-
what hydrophobic, with alkanes being
the most hydrophobic. Hydrophobic
compounds will not dissolve in water to
any significant extent, and will actually
repel water. This phenomenon is called
the hydrophobic effect, the tendency of
nonpolar groups or nonpolar compounds
to cluster so as to shield themselves from
contact with water.

Nonpolar compounds will not dissolve
in water but may dissolve in non-polar sol-
vents, such as hydrocarbons, oils, and lip-
ids. Compounds that dissolve in nonpolar
solvents are termed lipophilic. A hydro-
phobic compound is usually lipophilic,
but it is possible for a compound to be
both hydrophobic and lipophobic, i.e., it
does not dissolve in either polar or non-
polar solvents.
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Semipolar Solvents

Certain pharmaceutical solvents have
properties that fall somewhere between
water and lipids. Such solvents, e.g. alco-
hols and ketones, are miscible with both
water and with some lipids. In pharma-
ceutical products, these liquids are used
as cosolvents, along with water, to dis-
solve nonpolar drugs. They may also be
used to make oils and water miscible with
one another.

Water Solubility

When a drug product is administered to
the body, it usually encounters an aque-
ous environment in which the drug must
dissolve. For example, an orally adminis-
tered drug must dissolve in gastric fluids.
If a drug is not sufficiently water soluble
and has trouble dissolving, all of it may
not be available to the body. Thus, ade-
quate aqueous solubility is a very impor-
tant property for a drug.

Intrinsic Aqueous Solubility

For simplicity, first consider a nonelec-
trolyte drug dissolved in water. Its aque-
ous solubility is the concentration of a
saturated solution of the compound in
water at a given temperature. In a satu-
rated solution, the solid form of the drug
is in equilibrium with drug in solution,
as follows:
Drugsolid \:\ Drugsolulion (Eq 41)
This means further addition of solid
drug will not change the solution concen-
tration because no more can dissolve. The
equilibrium constant K is given by

:M

(Eq. 4.2)
[Drugloria

The numerator of Equation 4.2 is the
concentration of drug dissolved in the
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saturated solution. The denominator is,
by convention, set equal to 1. The con-
stant K is called the intrinsic solubility
(Sp) of the nonelectrolyte drug in water
at the temperature of the experiment; in
other words, S, is the concentration of
the saturated solution of drug, as shown
in Equation 4.3:
SO =K= [Drug]solution (Eq 43)
Intrinsic water solubility depends on
the drugs chemical and solid-state struc-
tures, and on the temperature. The intrin-
sic solubility of most compounds increases
as temperature increases, so solubility is
always stated along with the temperature
of measurement. The temperatures of
interest for pharmaceutical application are
normal body temperature (37°C) and con-
trolled room temperature (15-30°C).

Solubility of Weak Acids
and Bases

lIonization of weak acids and bases in
water complicates the solubility equa-
tion. For drugs that ionize, observed sol-
ubility depends not only on the intrinsic
solubility of the un-ionized drug but on
the extent of ionization as well. In gen-
eral, aqueous solubility of ions is much
greater than solubility of the correspond-
ing un-ionized form, because of the abil-
ity of water to form additional ion—dipole
bonds with ionized drug. Therefore, it is
the intrinsic solubility (solubility of the
un-ionized form) that limits the overall
solubility of a weak electrolyte.

When a solid weak electrolyte drug
(weak acid or weak base) is added to an
aqueous medium, it will dissolve to the
extent of the intrinsic solubility of the
un-ionized form. The dissolved drug will
ionize in accordance with the Henderson—
Hasselbalch equation and pH of the aque-
ous medium. As the drug ionizes, more
solid drug will dissolve to maintain a
saturated solution of the un-ionized form
of drug. This process will continue until
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both the solubility equilibrium and ion-
ization equilibrium are satisfied.

We can write the following equations to
describe how a weak acid or weak base dis-
solves and ionizes in a buffered solution:

HAsolid = HAsolutitm \:\ H+ +A” (Eq 44)

Bsolid = Bsolulion + H+ = BH+ (Eq 45)

The saturated solutions of weak acids
and bases will contain some ionized
and some un-ionized forms of the drug,
depending on the pH of the buffer. The
observed solubility, S,, therefore, is the
total concentration of drug (ionized and
un-ionized) in solution, as shown by the
following equations:

Weak acid: S, = [HAluion +[A7] (Eq. 4.6)

Weak base:S; = [Blsoruion + [BH'] (Eq. 4.7)

The concentration of un-ionized drug
in the saturated solution is always equal
to the intrinsic solubility of the drug, S,.
Therefore, we can rewrite Equations 4.6
and 4.7 as follows:

Weak acid:S; = Sogia) +[A7]  (Eq. 4.8)

Weak base:S, = Sy +[BH'] (Eq. 4.9)

Knowing the concentration of the un-
ionized form, the pK, of the drug, and
the pH of the medium, allows us to cal-
culate the concentration of the ionized
forms using the Henderson—Hasselbalch
equation. After incorporating these rela-
tionships into Equations 4.8 and 4.9,
simplifying and converting into a more
convenient logarithmic form, we get the
following general equations:

Weak acid: S, = S,(1+10PHPK))
(Eq. 4.10)

Weak base: S, = Sy (1 +10PKPH))
(Eq. 4.11)
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These equations can be used to calculate
the total solubility of a drug at any pH if
the pK, and intrinsic solubility are known.
Conversely, if pK, and total solubility at a
given pH are known, the intrinsic solu-
bility may be calculated. By inspection of
Equations 4.10 and 4.11, we can see that
the total solubility of a weak acid or base
changes (increases or decreases) by a fac-
tor of 10 for every 1 unit change in pH.

pH-Solubility Profiles

Figure 4.3 shows a graphical representa-
tion of the pH-solubility profiles for a weak
acid and a weak base. The graphs show
that if the pH of the solution allows ioniza-
tion of a weak electrolyte drug, total solu-
bility will be greater than intrinsic solubil-
ity. As the degree of ionization increases,
total solubility of the drug also increases.
If the pH of the solution keeps the drug
essentially un-ionized, total solubility is
equal to intrinsic solubility of the drug. A
weak base will show higher solubility at a
low pH and a lower solubility at a high pH.
A weak acid will show a higher solubility
at a high pH and a lower solubility at a low
pH. The terms “low” and “high” are always
relative to the pK, of the drug.

Solubility of Drug Salts

Many weak acid and weak base drugs are
available as their salts. The physical prop-
erties of salts (crystal structure, melting
point, and so forth) are usually very differ-
ent from those of their parent weak acid or
weak base. However, salt formation does
not change the pK, or the intrinsic solu-
bility of a weak acid or weak base. There-
fore, in a buffered solution, total solubility
of a weak acid and its salt (or a weak base
and its salt) is usually the same and will be
represented by the pH-solubility profiles
shown in Figure 4.3.

Solubility in Unbuffered Solutions

We have seen that when weak acids, bases,
or their salts are dissolved in an unbuffered
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solution, the pH of the solution changes.
When a weak acid is dissolved in water
to make a saturated solution, the pH of
the solution becomes lower than the pK,
of the acid, resulting in a low solubility.
Conversely, when a salt of a weak acid is
dissolved in water to make a saturated
solution, the solution pH increases above
the pK,, resulting in a higher solubility.
Analogous behavior is seen with weak
bases and their salts.

One may generalize and say that solu-
tions of salts in unbuffered solutions pro-
mote a pH that is on the ionized side of the
pK, of the drug. Therefore, salts appear
to have a higher solubility in water than
their parent weak acid or base, primarily
due to a change in solution pH. If the pH
of the solution were to be measured, the
total solubility of a weak electrolyte or its
salt will be as shown in Figure 4.3.

Solubility Product of Salts

Equations 4.8 and 4.9 predict that total
solubility will increase infinitely as extent
of ionization increases. However, the solu-
bility of the ionized form of drug is actu-
ally limited by the type and concentration
of the counter-ions present in solution. For
example, for a completely ionized weak
acid in solution, solubility is generally
higher if the counter-ions in solution are
Na*, rather than Ca*-. In other words, the
calcium salt of the weak acid may be less
soluble than the sodium salt. In the solid
state, salts exist as ionic crystals with ions
occupying crystal lattice points. In general,
more stable lattices are formed by cations
and anions that are relatively close in size,
thus making such salts less soluble.

Thus, at pH values where the weak
acid is almost completely ionized, the
total solubility is determined by the type
of salt (e.g., Na or Ca) that can be formed
in solution. A more stable, less soluble
salt may precipitate out in this situation
if the concentration of counter-ions is
large enough. The solubility of salts is
characterized by a special constant called
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Figure 4.3. The pH-solubility profiles for a weak acid and a weak base. Graph A shows the total
solubility as a function of pH for a weak acid of pK, = 4. Graph B shows the total solubility as a
function of pH for a weak base of pK, = 6. Both compounds have an intrinsic solubility of

1 mg/mlL.
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the solubility product (K,,), defined as the
equilibrium constant of the dissociation
reaction of the salt in a saturated solu-
tion. A discussion of solubility product is
outside the scope of this book. The main
point to note is that salts of weak acids
and bases with different counter-ions will
have different solubilities at pHs where
the drug is predominantly ionized.

Lipophilicity

In Chapter 2, we learned that drugs need
to be somewhat lipophilic to bind to their
targets and to cross cell membranes. In
fact, a compound must have an appropri-
ate balance of hydrophilic and lipophilic
properties for it to be a successful drug.
Thus, medicinal chemists design the
chemical structure of a drug to make sure
the molecule is somewhat compatible with
both aqueous and lipid environments.

Rather than characterizing lipophilicity
or lipid solubility per se, a more important
consideration is the relative affinity of a
drug for lipid and aqueous environments.
In other words, we are most interested in
the ability of a drug to dissolve in a lipid
phase when an aqueous phase is present,
and vice versa, because this mimics typi-
cal situations found in the body.

The Partition Coefficient

The balance between lipophilicity and
hydrophilicity of a compound in its

n-octanol

Water

Add drug 0% ©
_—

%o
°
00®
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un-ionized, nonelectrolyte form is charac-
terized by a parameter called its partition
coefficient P. In other words, P is a mea-
sure of relative affinity of the compound
for lipids as compared to water. In the
laboratory, P is determined by measuring
the relative solubility of a compound in
water and in a lipid. Although biologi-
cal lipids (e.g., phospholipids) would be
most appropriate, in practice we use a
model nonpolar solvent for convenience.
The choice of nonpolar solvent has been
subject to much debate. The most com-
monly used solvent is n-octanol, and
extensive data are available for parti-
tioning of thousands of drugs between
octanol and water. Other solvents used
more recently include chloroform and
isopropyl myristate, but octanol contin-
ues to be the standard nonpolar solvent
for characterizing P.

Water and octanol are immiscible with
each other. Determination of P involves
placing these solvents in contact with one
other and adding the compound of inter-
est to this two-phase system. Molecules of
the compound will dissolve and distrib-
ute between the two solvents, or phases,
until equilibrium is reached, as illustrated
in Figure 4.4. After the system is at equi-
librium, concentrations of the compound
in each phase are measured.

If the compound is more hydrophilic
than lipophilic, its concentration in water
will be higher, whereas if it is more lipo-
philic than hydrophilic, its concentration
in octanol will be higher. Denoting C, as

Figure 4.4. Partitioning of a drug compound between octanol and water. In this example, more
drug is in the octanol phase than in the aqueous phase at equilibrium.
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the concentration in octanol and C, as
the concentration in water, the partition
coefficient (P) is defined as

Co

p=—=2
Cyw

(Eq. 4.12)

Thus, P provides a measure of the rela-
tive affinity of a compound for octanol and
water. A compound with P = 1 has equal
affinity for octanol and water. A P value
greater than one implies the compound is
lipophilic; the larger the value of P, the
greater its lipophilicity. A P value less
than one implies a compound is hydro-
philic; the smaller the value, the lower its
lipophilicity. In general, the amount of
compound added during the experiment
has no effect on the measured P.

Remember that partition coefficient is
defined only for the un-ionized form of a
drug. For a weak electrolyte, this means
that P is measured at a pH at which the
compound is entirely un-ionized. In this
respect, partition coefficient is analogous
to the intrinsic solubility of a compound;
both are dependent on the chemical struc-
ture of the drug, but without the compli-
cation of ionization. Later, we will exam-
ine the effect of ionization of a compound
on its partitioning behavior.

The Log P Value

Partition coefficient is often stated as a
logarithmic value (log P) for convenience.
The log P of thousands of drugs and
potential drugs has been measured over
the years. We can make some generaliza-
tions about the viability of a compound as
a drug based on this large data set.

A compound with log P <0 (or P < 1)
is usually considered too hydrophilic to be
a suitable drug candidate, particularly if it
must cross lipophilic biological membranes
to reach its site of action. At the other
extreme, compounds with log P > 3.5 (or
P > 3000) are usually too lipophilic to be
good drugs because they tend to be poorly
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soluble in aqueous biological fluids, or
tend to concentrate in lipid environments.
However, some successful drugs have log P
values that lie outside the desirable range
of 0 <log P < 3.5, showing that the body is
more complex than simple physicochemi-
cal approximations make it out to be. Nev-
ertheless, the partition coefficient is still
useful as a simple in vitro parameter to help
predict the behavior of a drug in the body,
and select a promising drug candidate from
a large pool of compounds.

Apparent Partition Coefficient

The definition of partition coefficient
applies to only the un-ionized form of the
compound. lonization of an electrolyte
complicates partitioning behavior. The
apparent partition coefficient (P,,,) of a
compound is defined as the ratio of the
sum of the concentrations of all forms of
the compound (ionized plus un-ionized)
between octanol and the aqueous phase,
and is given by

—_ (Cl )0 + (Cu )o

= Eqg. 4.13
= (o + (o

Here, C, and C, are the concentrations
of the ionized and un-ionized forms,
respectively. Weak acids and bases ion-
ize to some extent in water, depending
on their pK, and the pH of the aqueous
phase. Electrolytes cannot ionize in lip-
ids or octanol because these nonpolar
solvents cannot stabilize ionic charge. In
other words, the ionized form of a drug
can be present in the aqueous phase, but
cannot partition into octanol. Therefore,
C; ~ 0 and Equation 4.13 can be simpli-
fied as follows:

C
P, =—" — (Eq 414
"GO,
When the influence of pH on partition-

ing is studied, a buffer is used to maintain
the pH of the aqueous phase at the desired
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value. Two equilibrium conditions have
to be satisfied in these situations:

* The ratio of ionized to un-ionized drug
in the aqueous phase must obey the
Henderson—Hasselbalch equation.

e The un-ionized form has to partition
between the two phases as governed by
its partition coefficient.

Consequently, ionization in the aque-
ous phase decreases the amount of un-
ionized form available to distribute into
octanol.

If the buffered aqueous phase pH
causes practically all the drug to be in its
un-ionized form, then C; = 0 and Equa-
tion 4.14 can be written as follows:

Papp = CO =P (Eq 415)
(Cudw
Therefore, the apparent partition

coefficient P,,, is equal to the partition
coefficient P when the drug is com-
pletely un-ionized. Performing a par-
tition coefficient measurement at an
aqueous pH at which ionization is neg-
ligible is one way of determining the P
of weak acid and base drugs. Figures 4.5
and 4.6 illustrate partitioning equilibria
of a weak acid and weak base between
octanol and a buffer.

If the aqueous phase pH allows some
drug molecules to ionize, P, < P. In
such cases, P,,, can be related to P if the
fraction () of drug ionized in the aque-
ous phase is known. The value of a is
easily determined using the Henderson—
Hasselbalch equation if pK, of the drug
and pH of the aqueous phase are known.
Inasmuch as only un-ionized drug can
partition into octanol

p= Papp (Eq. 4.16)

(-

This equation applies if a < 1. If pH is
such that the entire drug is ionized and
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HAq
n-octanol phase
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Aqueous phase

HA, =———>H* + A-

Figure 4.5. Equilibrium distribution of a weak
acid between octanol and water. The extent of
ionization in the aqueous phase depends on
the pK, of the acid and the pH of the aqueous
phase. Only the un-ionized form HA (partition
coefficient = P) can distribute into n-octanol.
This system must obey the following relation-
ships at equilibrium:

[HAI,

log——= = pK, —pH
[A7],
HAL _,
[HA],

The apparent partition coefficient P, of
the weak acid between octanol and aqueous

phases is given by

[HA],
[HA], + [AT],

app

Bo

n-octanol phase
[=]

Aqueous phase

K
BH+:aH+ + BW

Figure 4.6. Equilibrium distribution of a weak
base between octanol and water. The extent of
ionization in the aqueous phase depends on
the pK, of the base and the pH of the aqueous
solution. Only the un-ionized form B (partition
coefficient = P) can distribute into n-octanol.
The following relationships must be obeyed by
this system at equilibrium:
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The apparent partition coefficient P,,, of the
weak base between octanol and aqueous

phases is given by
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o = 1, then there is no un-ionized drug
in the aqueous phase to distribute into
octanol, and P,,, = 0.

A more convenient way of calculating
P,,, when the pH and pK, are known is by

using the following equations:

. _ p
Weak acid: Papp = W
(Eq. 4.17)
Weak base: P,;,, = P
ea ase: app — 1+10(PK;\—PH)
(Eq. 4.18)

Therefore, a drug with a large partition
coefficient may be so extensively ionized
in aqueous body fluids that very little drug
is able to cross into the lipid phase. The
apparent partition coefficient of the drug
will be close to zero under these condi-
tions. This concept is important because
biological membranes contain lipids, and
the ability of drugs to penetrate into these
membranes will depend not only on the P
and pK, of the drug but also on the pH of
surrounding fluids.

Importance of Partition
Coefficient

The apparent partition coefficient of a
drug has a strong influence on the ADME
behavior of a drug. For rapid and complete
dissolution, a drug must be sufficiently
hydrophilic. For efficient absorption, the
drug needs to cross lipid membranes of
cells. If it is too lipophilic, it will accumu-
late in the lipid membranes and will not
partition out again. Therefore, the appar-
ent partition coefficient controls the rate
of absorption and distribution of a drug.
Distribution patterns, in turn, play a role
in how rapidly a drug is metabolized and
excreted.

The hydrophobic effect, or the affinity
ofhydrophobic compounds for each other,
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is an important driving force for binding
of drugs to proteins and for drug-target
interactions. However, very lipophilic
drugs also tend to be more toxic. Thus,
an appropriate balance of hydrophilic
and lipophilic properties is important for
almost all aspects of a drugs disposition
and action.

Amphiphilicity

As we have discussed, compounds that
have both hydrophilic and lipophilic
groups on the molecule can dissolve to
some extent in both lipids and in water.
The relative affinity for water and lipid
is characterized by the partition coef-
ficient of the molecule. Some molecules
have their hydrophilic functional groups
located at one end of the molecule and
their hydrophobic functional groups at
the other end. Such molecules, which
have distinct hydrophilic and lipophilic
regions, are amphipathic and are called
amphiphiles. Examples of amphiphiles
include soaps and detergents, fatty acids,
and phospholipids. Some drugs also
show amphiphilic properties; examples
are amiodarone (Cordarone®), imip-
ramine (Tofranil®), and promethazine
(Phenergan®).

The lipophilic group (called the tail)
in amphiphilic compounds is typically a
long chain hydrocarbon moiety, such as
—CH,(CH,),~, with n > 4. The hydro-
philic or polar group (called the head) can
be one or more of the following:

e Uncharged, such as an alcohol or gly-
col.

* Anionic, such as a phosphate, sulfate,
carboxylate or sulfonate.

e Cationic, such as a protonated amine,
or quaternary ammonium group.

Again, the relative proportion of hydro-
phobic and hydrophilic groups deter-
mines whether the amphiphile is more
soluble in water or lipids.
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Effect on Surface Tension

Rather than simply partitioning between
lipids and water, amphiphiles are able
to orient themselves at the lipid—water
interface such that the tails are in the
lipid and the head groups are in the aque-
ous phase, forming a monolayer at the
interface. This property of amphiphiles is
useful in stabilizing emulsions of oil and
water, and amphiphilic compounds are
often used as inert ingredients (excipi-
ents) in pharmaceutical products.

Amphiphiles, when dissolved in water,
can also form monolayers at the air—water
interface. This spontaneous behavior occurs
because the head groups are attracted to
water, whereas the tails are repelled and
try to remove themselves from water,
toward air. This behavior, driven by the
exclusion of nonpolar sections or resi-
dues of a molecule from water, is called a
hydrophobic interaction. Orientation of
an amphiphile at the air—-water interface
results in lowering of the surface tension
of water. We see an application of this
behavior in the sudsing of soaps solutions
and the formation of foams. In Chapter 2,
we saw that such hydrophobic interac-
tions between the nonpolar groups of a
drug and its target are also important in
protein—ligand binding.

Monolayers of an amphiphile can
also form at the interface between an
amphiphile solution and a hydropho-
bic solid. Thus, amphiphiles are used as
wetting agents, allowing water to main-
tain contact with a hydrophobic solid.
Amphiphilic excipients are used in many
suspensions and solid dosage forms.
Monolayer formation of amphiphiles is
illustrated in Figure 4.7.

Micelle Formation

Monolayer formation is possible at fairly
low concentrations of the amphiphile. At
higher concentrations, amphiphiles can
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— Hydrophobic é&
tail K
- Micelle
Amphiphilic
molecule

Air
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Monolayer
Figure 4.7. Organization of amphiphilic mol-
ecules into monolayers, bilayers, micelles, and
liposomes (not to scale).

also form unique, organized structures
when exposed to water, as illustrated in
Figure 4.7. Hydrophobic bonding may
cause some amphiphiles to aggregate into
structures known as micelles, in which
the hydrophobic tails are in the interior,
away from water, and polar heads form
the outer surface. By gathering hydro-
phobic groups together in the center of
the micelle, disruption of the hydrogen-
bonded structure of liquid water is mini-
mized. Polar head groups extend into the
surrounding water where they can par-
ticipate in hydrogen bonding. Micelles,
which can be made up of 50 or more
molecules, are often spherical in shape,
but may also assume cylindrical or other
shapes.

Certain amphiphilic molecules orga-
nize into stable sheet-like structures
called bilayers more readily than they
form micelles; e.g. phospholipids that
form the lipid bilayer of cell membranes.
Bilayers can also form small vesicle-like
structures termed vesicles or liposomes,
which have been used as specialized drug
delivery systems.
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Key Concepts

Hydrophilicity Versus
Lipophilicity of Drugs

e Agqueous solubility is a measure of
hydrophilicity, and partition coef-
ficient is a measure of lipophilic-
ity of a drug.

* A high partition coefficient often
goes hand-in-hand with poor
intrinsic solubility; i.e., functional
groups that enhance water
solubility make a drug less lipid
soluble, and vice versa.

* lonization behavior of a drug
molecule has a strong impact on
total water solubility and appar-
ent partition coefficient.

General Principles of Aqueous
Drug Solubility

e The intrinsic solubility depends on
the polarity of the drug molecule
and the structure of the solid
state.

* Intrinsic solubility does not
depend on pH of the aqueous
medium.

Solubility of Weak Acid Drugs

e Total solubility increases as pH
increases (and the drug ionizes).

* The lowest solubility will be
reached at pH values about 3
units below the pK,; this will be
the intrinsic solubility of the weak
acid.

Solubility of Weak Base Drugs

e Total solubility increases as pH
decreases (and the drug ionizes).

* The lowest solubility will be
reached at pH values 3 units
above the pK,; this will be the
intrinsic solubility of the weak
base.

Solubility of Salts of Weak Acids
and Bases

e Solubility of salts in buffered solu-
tions is the same as the solubility
of the parent weak acid or base.

e Solubility of salts in unbuffered
solutions is higher than the cor-
responding weak acid or base
because the pH changes to favor
ionization of the drug.

General Principles for
Partitioning of Drugs

e The partition coefficient of a drug
depends on its chemical structure.

e The partition coefficient is
defined for the un-ionized drug
and does not vary with pH.

e The apparent partition coefficient
of weak acids and bases changes
with pH of the aqueous phase.

e The apparent partition coefficient
of a weak acid decreases as pH
increases.

e The apparent partition coefficient
of a weak base decreases as pH
decreases.

Review Questions

1. Why does a drug need to have both hydrophilic and lipophilic properties?
2. What determines the intrinsic solubility of a weak acid or weak base?
3. What is polymorphism? How does it affect intrinsic solubility?
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10.
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. Describe the change in total solubility of a weak acid and weak base as the

pH decreases below the pK..

. Describe the change in total solubility of a weak acid and weak base as the

pH increases above the pK,.
Why do salts of weak acids and bases appear to have a higher water solu-
bility than the parent acid or base?

. What is meant by the partition coefficient of a compound? How is it mea-

sured?

. What is meant by log P? What is the approximate range of desirable log

P values for a drug? What is the problem if the log P value is outside this
range?

. Describe the change in apparent partition coefficient of a weak acid and

weak base as the pH decreases below the pK,.
Describe the change in apparent partition coefficient of a weak acid and
weak base as the pH increases above the pK..

Practice Problems

1.

Consult the information about naproxen given in Problem 4 of Chapter 2.

a. A saturated solution of naproxen is made in a buffer at pH 3, and a
buffer at pH 6. Which solution will have a higher concentration, and
why?

b. If the intrinsic solubility of naproxen is 0.0001 M, calculate the total solu-
bility when naproxen is dissolved in a buffer of pH 4.2. Express the solubil-
ity in units of mg/mL.

. Consult the information about cimetidine given in Problem 5 of Chapter 2.

a. Is cimetidine more soluble in stomach fluids or in small intestinal fluids?

b. Cimetidine and cimetidine hydrochloride are allowed to dissolve in water
(unbuffered) until the solutions are saturated. Which solution will have a
higher concentration? Why?

¢. Cimetidine and cimetidine hydrochloride are allowed to dissolve in a pH 7
buffer until the solutions are saturated. Which solution will have a higher
concentration? Why?

A new drug is a sodium salt of a carboxylic acid. It has a molecular weight

=150, a pK, =5, and an intrinsic solubility = 0.002 M. What is the maximum

concentration of drug that can be dissolved in a buffer at pH 6? Give the

concentration in both molar and mg/mL units.

. A partition coefficient experiment was carried out with a nonelectrolyte drug.

Drug was added to an n-octanol-water system that contained 100 mL of each

solvent and allowed to equilibrate. At equilibrium, the concentration of drug

in the octanol phase was 0.52 M and in the aqueous phase was 0.33 M.

a. What is the partition coefficient of the drug?

b. What is the log P?

¢. Will the partition coefficient change if the pH of the aqueous phase is
changed?

Diphenhydramine (Benadryl®) is an antihistamine and has the following

structure:
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The n-octanol-water partition coefficient of diphenhydramine is 3500, and

its pK, =9.0.

a. What is the log P value of diphenhydramine? Would you call this drug
more hydrophilic or lipophilic?

b. Will the apparent partition coefficient of diphenhydramine be greater at
pH 7 or at pH 9?7 Calculate the apparent partition coefficient at pH 7 and
at pH 9.

¢. Will the aqueous solubility of diphenhydramine be greater in a buffer of
pH 7 or a buffer of pH 9?

d. If you wanted to make a salt of diphenhydramine, would you react it with
an acid or a base?

6. Warfarin (Coumadin®) is an anticoagulant drug. It is a weak acid with a
pK,=5.1and alog P=0.9.

a. Calculate the partition coefficient of warfarin.

b. Will warfarin be more ionized at pH 2 or pH 7? Calculate the fraction
ionized at each of these pH values.

¢. Will the apparent partition coefficient be higher at pH 2 or at pH 7? Cal-
culate these apparent partition coefficient values.

d. If 100 mg of warfarin is added to an n-octanol-buffer experiment, calcu-
late the total milligrams in the octanol phase and in the buffer phase at
pH 2 and at pH 7.

e. Will warfarin be more water soluble at pH 2 or pH 7?

Additional Readings

Amiji M, Sandmann BJ. Applied Physical Martin AN, Bustamante P. Physical
Pharmacy, 1st ed. McGraw-Hill/Appleton Pharmacy—Physical Chemical Principles
& Lange, 2003. in the Pharmaceutical Sciences, 4th ed.

Florence AT, Attwood D. Physicochemical Lippincott Williams & Wilkins, 1993.
Principles of Pharmacy, 4th ed. Pharma- Sinko, PJ. Martin’s Physical Pharmacy
ceutical Press, 2006. and Pharmaceutical Sciences, 5th ed.

Lippincott Williams & Wilkins, 2006.



Drug Delivery

Nothing can be more incorrect
than the assumption one

sometimes meets with, that

physics has one method,

chemistry another, and
biology a third.

—Thomas Henry Huxley

Chapter 5 Transport Across Biological Barriers
Chapter 6 Drug Absorption

Chapter 7 Drug Delivery Systems



Transport Across Biological Barriers

Achemical compound is not a drug
unless it affects the human body in
some way. In earlier chapters, we exam-
ined important physicochemical proper-
ties of drugs and gained an understanding
of how drugs interact with their targets
to exert a biological response. For most
drugs, the targets are some distance away
from the site of administration. The effec-
tiveness of a drug, at least in part, depends
on how much and how rapidly it reaches
its site of action. Thousands of compounds
may show biological activity in test tubes,
but few are viable drugs because most can-
not withstand our body’s biological barri-
ers and reach their targets.

In this chapter, we will examine the
different mechanisms by which drug mol-
ecules (and other molecules in the body)
move in and out of cells, and travel from
tissue to tissue. In subsequent chapters,
we will integrate this biological informa-
tion with the drug’s physicochemical and
kinetic properties to gain insight into drug
action and behavior.

The cell is the smallest fundamental
structural and functional unit in our body.
Everything between the cell membrane
and the nucleus is the cytoplasm. It is com-
posed of the cytosol (primarily water with
dissolved salts, nutrients, gases, enzymes,
and proteins), components of the cytoskel-

eton, and various organelles (such as ribo-
somes, endoplasmic reticulum, and Golgi
apparatus). The cytosol is often called
the intracellular fluid, separated from the
extracellular fluid (the aqueous region
outside the cell) by the cell membrane.
The target for a drug may be inside the cell,
somewhere in or on the cell membrane or
in the extracellular fluid. Depending on its
size, structure and physicochemical prop-
erties, a drug may or may not be able to
enter a particular cell.

Cells are often arranged into groups
called tissues, representing the next level
of organization in the body. Cells in a tis-
sue have similar structural and functional
characteristics and, together, can impart
additional properties. The four main types
of tissues are muscle tissue, nervous tissue,
connective tissue, and epithelial tissue. The
latter is of particular interest to us, because
it functions as the barrier that controls
movement of drugs into, within, and out of
the body. Such multicellular tissue barriers
are often called functional membranes.

A drug may have to cross several types of
epithelial tissues to reach its site of action,
and eventually, its target. For example,
when a drug is administered orally, it must
cross the intestinal lining before it can enter
the bloodstream. From the bloodstream,
the drug must leave capillaries through the
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capillary wall and enter various organs and
tissues, including the site of action. Many
endogenous ligands must also travel from
their site of synthesis to reach their targets;
this may involve crossing the capillary wall
and other tissues. Depending on its size,
structure, and physicochemical properties,
a molecule may or may not be able to cross
a particular functional membrane.

In this chapter, we will first learn
about the different mechanisms by which
a molecule can cross the cell membrane.
Then we will use these concepts to fur-
ther explore how a molecule can cross a
functional membrane such as an epithe-
lial membrane.

Transport Across the
Cell Membrane

The cell membrane or plasma membrane
is the outermost layer of a cell. Its major
functions are to

* hold together the aqueous cell contents
(structure)

o separate cellular contents from the
aqueous external fluid (barrier)

¢ respond to the environment (sensitivity)

 control transport of substances in and
out of the cell (regulation)

This chapter will focus on the regula-
tion function of the cell membrane; the
different mechanisms by which the cell
membrane controls transport and move-
ment of molecules and ions between
extracellular and intracellular fluids. To
understand how a cell membrane regu-
lates transport, we first need to review its
structure.

Components of
Cell Membranes

The primary constituents of the cell
membrane are lipids, proteins, and car-
bohydrates attached to these lipids and
proteins. A brief review of these biomol-
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ecules is presented here. More complete
discussions of the structure and proper-
ties of lipids, proteins, and carbohydrates
can be found in introductory biochemis-
try textbooks; suggestions are included at
the end of this chapter.

Lipids are a wide variety of structur-
ally diverse biomolecules primarily made
up of nonpolar groups. As a result of
their hydrophobic character, lipids typi-
cally dissolve more readily in nonpolar
solvents than in water. The hydrophobic-
ity of lipid molecules drives them out of
contact with water and causes them to
cluster into structures such as the bilayer
of the cell membrane. Lipids can link
covalently with carbohydrates to form
glycolipids and with proteins to form
lipoproteins.

Proteins are macromolecular chains
built from amino acids, which coil or fold
to adopt a characteristic three-dimensional
structure. This overall structural organiza-
tion gives each protein its unique three-
dimensional configuration and determines
its properties. The tertiary and quaternary
folded structure of a protein depends on
the surrounding environment. A protein
will fold spontaneously to adopt and pre-
serve a conformation most compatible with
its surroundings.

Carbohydrates are compounds named
for their characteristic content of carbon,
hydrogen, and oxygen, which occur in
the ratio of 1:2:1. They are very important
as our body’s fuel and energy stores, and
form the structural framework of DNA
and RNA. Short chains containing three to
seven carbons are called monosaccharides
or sugars, the individual building blocks
of carbohydrates. Monosaccharides in the
ring form can link together through a gly-
coside bond to form oligosaccharides or,
in greater numbers, polysaccharides.

A glycoconjugate is a complex hybrid
molecule made up of a carbohydrate and a
noncarbohydrate portion. The two major
types of glycoconjugates of interest in cell
membranes are glycoproteins and glyco-
lipids. The carbohydrate confers specific
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biological functions on the proteins and
lipids carrying them. When embedded
in the cell membrane, they cover the
cell surface with specific oligosaccharide
structures that are often crucial to cell
function.

The Lipid Bilayer

The fluid mosaic model provides a good,
simple description of cell membrane
structure. It proposes that the basic struc-
tural unit of almost all cell membranes is
the lipid bilayer in which a variety of pro-
teins are embedded. It also depicts the cell
membrane as a fluid structure in which
many of the constituent molecules are free
to diffuse in the plane of the membrane.

Phospholipids. The primary lipids of bio-
logical membranes are phospholipids, a
group of phosphate-containing molecules.
Glycerol forms the backbone of most com-
mon phospholipids, with one hydroxyl

,
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linked to a phosphate group. The two other
hydroxyl groups are esterified with car-
boxyl groups of two fatty acids, which can
be either saturated or unsaturated. Fatty
acids of phospholipids usually contain an
even number of carbons, e.g., myristic acid
(14 carbons), palmitic acid (16 carbons),
and arachidonic acid (20 carbons).

The other end of the phosphate bridge
links to an alcohol, most commonly
a nitrogen-containing alcohol such as
choline. Other alcohols that may link at
this position include ethanolamine, ser-
ine, threonine, and inositol; the alcohol
gives the phospholipid its name (e.g.,
phosphatidylcholine, phosphatidylserine).
Phosphatidylcholine is a major compo-
nent of most cellular membranes. Each
phospholipid is actually a family of
closely related molecules because dif-
ferent fatty acids may bind at the 1- and
2-carbons of the glycerol residue. Figure
5.1 illustrates the structure of a typical
phospholipid molecule.

( — Hydrophilic
head

Hydrophobic
tails

C Phospholipid symbol

Figure 5.1. Structure of a typical phospholipid, phosphatidylcholine. A and B. Structural formula
and space-filling model of phosphatidylcholine. Note that the fatty acids (one of which is unsatu-
rated) make up the hydrophobic portion, whereas the hydrophilic portion includes glycerol, phos-
phate, and the alcohol (choline in this case). Note further that the hydrophilic head is zwitterionic
because phosphate is negatively charged and choline is ionized and positively charged at physi-
ological pH. C. Cartoon of phospholipid molecules as shown in diagrams of cell membranes.
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Figure 5.2. Illustration of a phospholipid
bilayer. Note that the bilayer is composed of
two layers of phospholipid molecules with their
polar head groups facing outward. The bilayer
forms closed structures with aqueous inner and
outer compartments.

The phosphate group on the phospho-
lipid molecule carries a negative charge,
whereas the alcohol may be positively
charged because of ionization of the
amine group. Thus, a phospholipid may
be either negatively charged or zwitteri-
onic (no net charge) at physiological pH.

Phospholipids are amphiphilic lipids;
recall that amphiphilic molecules have a
hydrophobic part and a hydrophilic part,
enabling them to organize into various
structures such as micelles and bilayers
as a result of hydrophobic bonding. In
the phospholipid molecule, fatty acids
make up the hydrophobic “tail” whereas
the polar alcohol end makes up the polar
“head group.” Thus, phospholipids can
spontaneously assemble to form a lipid
bilayer, as illustrated in Figure 5.2.

Characteristics of the Bilayer. The bilayer
is a sheet-like structure composed of two
layers of phospholipid molecules whose

Part 11 / DRUG DELIVERY

polar alcohol head groups face the sur-
rounding water and whose fatty acid
chains form a continuous hydrophobic
interior. The bilayer is closed, separat-
ing intracellular and extracellular aque-
ous compartments of the cell. It is held
together by hydrophobic and van der
Waals interactions between fatty acid
chains of phospholipid molecules and
hydrogen bonding and electrostatic
interactions between polar head groups
and water molecules.

Other amphiphilic or lipophilic mol-
ecules such as steroids (e.g., cholesterol),
fatty acids, and so forth are interspersed in
the bilayer. These compounds are present
in different amounts in different types of
cells in our body. The unique lipid compo-
sition of each membrane contributes to the
fluidity or rigidity of the membrane. The
melting temperature of this complex lipid
mixture is below normal body temperature,
making the bilayer mobile, like a viscous
fluid. Thermal motion allows phospholip-
ids and other molecules in the bilayer to
rotate freely around their long axes and to
diffuse sideways within the membrane.

The hydrophobic interior of the lipid
bilayer restricts movement of molecules;
ions and other polar compounds pass very
slowly or not at all through the bilayer,
whereas small lipophilic compounds can
cross the bilayer readily.

Cellular Proteins

Although the lipid bilayer provides the
framework of the cell membrane, other
types of molecules, such as proteins, are
also present. The presence of these pro-
teins modifies the properties of the bilayer
considerably.

Soluble Proteins. Soluble proteins, such
as plasma proteins and enzymes, are found
in aqueous environments in the body
(intracellular and extracellular fluids) and
adopt specific confirmations compatible
with water. The interior of the folded pro-
tein molecule contains a high proportion
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of hydrophobic amino acids, which tend
to cluster and exclude water. The exterior
of the folded protein is primarily com-
posed of hydrophilic amino acids that are
charged or able to hydrogen bond with
water, making the protein water soluble.
Soluble proteins are usually globular and
tightly packed.

Membrane Proteins. Membrane proteins
are located in or near the hydrophobic
region of the lipid bilayer of cell mem-
branes. Proteins that sit on the inner or
outer surface of the cell membrane (extrin-
sic or peripheral proteins) are folded such
that a large percentage of their hydropho-
bic amino acids are close to or anchored
within the membrane lipids. Amino acids
facing aqueous environments of the cyto-
plasm or extracellular fluid are mostly
hydrophilic, allowing the protein to be
compatible with water.

Proteins embedded in the lipid bilayer
are called intrinsic or integral proteins;
most of these have a portion that extends
out into the aqueous environment on
the outer or inner surface of the bilayer.
The portion of the protein that resides in
the bilayer is composed of hydrophobic
amino acid residues, whereas the portion
exposed to water is largely hydrophilic.
Many integral membrane proteins extend
through the bilayer (transmembrane pro-
teins) and have portions extending onto
both the inner and outer bilayer surfaces.

Integral Transmembrane

protein

Peripheral protein
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Figure 5.3 shows the cell membrane with
its lipid bilayer and the location of periph-
eral and integral proteins. Although pro-
teins are mobile within the bilayer, their
large size makes them diffuse much more
slowly than the membrane lipids.

Membrane proteins play a variety of
roles and are often named on the basis of
their function.

e Marker proteins identify cells to each
other. The immune system uses these
proteins to identify foreign invaders.

e Receptor proteins are involved with
the passage of information between the
extracellular and intracellular regions
of cells.

e Transport proteins regulate transport
of materials in and out of cells. Trans-
port proteins can be classified into two
types: channel proteins and carrier
proteins.

e Channel proteins are usually trans-
membrane proteins that create a
water-filled pore or channel through
which ions and some small hydro-
philic molecules can pass. In general,
channels are quite specific for the
type of solute or ion they will allow
to pass. Many channels are gated,
meaning that they can be opened or
closed according to the needs of the
cell.

e Carrier proteins are transmembrane
proteins that have one or more sites

Extracellular fluid

Peripheral

D Domains with
hydrophobic surface

Domains with
polar surface

Cytoplasm

Figure 5.3. The phospholipid bilayer with membrane proteins. Note that the proteins are oriented
so that their hydrophobic domains reside in the lipid bilayer, whereas their hydrophilic regions are
exposed to the aqueous cytoplasm or extracellular fluid.
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Figure 5.4. Diagram of a cell membrane showing the phospholipid bilayer and the various types of

membrane proteins, glycoproteins, and glycolipids.

at which a substrate (e.g., an ion
or molecule) can bind. The carrier
protein then transports the substrate
into or out of the cell.

As discussed in Chapter 2, many of
these proteins are targets for various
endogenous ligands and drugs.

Like lipids, many proteins are cova-
lently bonded to carbohydrates to form
glycoproteins (see Figure 5.4), which play
an important role in cell—cell interactions.
An important example for us is P-glyco-
protein (P-gp), which is important in the
transport of drugs and other substrates in
and out of cells. We will discuss P-gp in
more detail later in the chapter.

Most glycoproteins and glycolipids
in cell membranes have their carbohy-
drate chains almost exclusively on the
external surface of the cell. The negative
charge on the external surface of most
cell membranes is ascribed to the nega-
tively charged sialic acid, a carbohydrate
attached to many glycoproteins and gly-
colipids.

Mechanisms of Transport

Cell membranes are semipermeable or
selectively permeable in that they allow
certain types of molecules to cross and
restrict or limit the transport of others.

The three primary mechanisms for trans-
port of a substance across a cell mem-
brane are as follows:

1. Passive diffusion
2. Carrier-mediated transport
3. Endocytosis and exocytosis

These processes exist to transport sub-
stances necessary for the cell’s survival.
Drugs and other molecules that are simi-
lar in structure or properties to these sub-
stances can also use these transport mech-
anisms. The targets of some drugs are
located inside the cell, so the drug must
enter the cell to exert its action. Other
drugs may have their targets located on
the cell membrane, but may be able to
enter cells, also. The ability to enter and
leave cells enables a drug to be absorbed
and reach its site of action, as we will see
later in the chapter.

The rate of transport depends on both
the composition of each specific cell mem-
brane, and the properties of the solute
(size, lipophilicity, charge, etc.). Passive
diffusion allows some small molecular
weight solutes (such as drugs) to cross a
cell membrane. Carrier-mediated mecha-
nisms will transport both small and large
molecules of the appropriate properties.
Depending on the specific conditions,
passive diffusion and carrier-mediated
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mechanisms can transport materials
either into the cell or out of the cell.

Endocytosis and exocytosis are the pri-
mary mechanisms for transport of mac-
romolecules (such as proteins) and small
particles (such as viruses and bacteria).
Endocytosis allows materials to enter the
cell, while exocytosis transports materials
out of cells.

Passive Diffusion

Diffusion is the natural tendency of mole-
cules to move from a region of higher con-
centration to a region of lower concentra-
tion until the two regions reach the same
concentration. It is a process by which a
system tries to achieve equilibrium, and is
a result of the random kinetic movement
of molecules in a medium. Passive dif-
fusion describes a diffusion process that
is not energy-dependent; i.e., a source
of energy is not required for diffusion to
occur. Passive diffusion proceeds as long
as there is a concentration difference, or
concentration gradient, between the two
regions. When the concentrations in
the two regions become equal and equi-
librium is reached, there is no further
net change in concentration of the two
regions. Exchange of molecules between
the two regions continues at equilibrium,
but at the same rates.

A barrier such as a cell membrane
may separate these regions of high and
low solute concentration. For diffusion
to occur, the membrane must be perme-
able to the diffusing solute; i.e., it must
allow the solute to cross. Diffusion will
not occur if the membrane is imperme-
able to the solute, even if a concentration
gradient is present.

The diffusion coefficient (D) is a con-
stant that measures how fast a molecule
can diffuse in a particular medium. It is
defined as amount of substance diffusing
through a unit area across a unit concen-
tration gradient in unit time. D depends
on size (or molecular weight) of the
molecule, the viscosity of the medium
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in which it is diffusing, and tempera-
ture. The larger the molecular weight
of a solute, or the higher the viscosity
of the medium, the lower the diffusion
coefficient. The higher the temperature,
the higher the diffusion coefficient. The
units of D are cm?s™.

Consider passive diffusion of a solute
with diffusion coefficient D diffusing in
or out of a cell. The two regions (intra-
cellular fluid and extracellular fluid) are
separated by the cell membrane. The con-
centration on one side of the membrane is
C, and on the other side of the membrane
is C, (assume C, > C,). If the membrane
is permeable to the solute, transport will
occur from the side with high concen-
tration (the donor side) to the side with
lower concentration (the receiver side);
the magnitude of the concentration gra-
dient (C,— C,) is considered the driving
force for passive diffusion.

Ficks law of diffusion is a mathematical
expression that describes the passive diffu-
sion process. It states that the rate of passive
diffusion (called flux, or change in donor
side concentration with time, with units of
concentration/time, e.g., mg/s) is

e directly proportional to concentration
gradient (C, — C,) of solute (mg/mL)

e directly proportional to surface area
(A) of membrane exposed to solute
(cm?)

e directly proportional to diffusion coef-
ficient (D) of solute (cm?/s)

e inversely proportional to thickness (h)
of membrane (cm)

dt h

Recall that cell membranes are com-
posed of a lipid bilayer with embedded
peripheral and transmembrane proteins.
A solute, depending on its polarity, may
cross the cell membrane by diffusion
through the lipid bilayer of the membrane,
or through hydrophilic pores created by
transmembrane channel proteins.
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Figure 5.5. Illustration of the transport of very small solutes and ions through aqueous protein
pores in the lipid bilayer of a cell membrane. Transport may be driven by a concentration or elec-

trochemical gradient.

Passive Diffusion Through Hydrophilic
Pores. The lipid bilayer contains non-
specific aqueous “holes,” or pores, cre-
ated by the hydrophilic centers of mem-
brane proteins. These aqueous pores
allow small molecules (such as water)
and small dissolved solutes to diffuse
through if they are smaller than the pore
diameter (~0.5 nm), as illustrated in
Figure 5.5. Transport is by passive diffu-
sion, driven by a concentration gradient
between intracellular and extracellular
regions; no energy is required.

Most drugs and endogenous ligand
molecules are too large to be transported
through these narrow aqueous pores in
the cell membrane. Thus, passive diffu-
sion through hydrophilic protein pores is
not an important pathway for ligand or
drug transport in and out of cells.

Passive Diffusion Through the Lipid
Bilayer. The cell membrane is perme-
able to molecules that are able to dissolve
in the lipid bilayer. The solute partitions
into the lipid bilayer on one side of the
membrane, diffuses through the bilayer,
and partitions out of the lipid bilayer
on the other side. If extracellular sol-
ute concentration is higher, solute will
be transported into the cell, whereas if
intracellular concentration is higher, it
will be transported out of the cell. The
appropriate balance of hydrophilicity and
lipophilicity is essential for this type of

transport. Molecules with log P < 0 do
not have enough lipophilicity to partition
into bilayer lipids; molecules with a log
P > 3.5 will tend to remain in the lipids
and not partition out into the aqueous
intracellular or extracellular fluids.

Uncharged molecules with an appro-
priate partition coefficient are able to
diffuse through the lipid bilayer. Hydro-
philic molecules, including ions, are not
soluble in the lipid bilayer to any signifi-
cant extent. Therefore, the lipid bilayer is
not permeable to ionized forms of weak
acid and weak base drugs, and these can-
not cross cell membranes by passive dif-
fusion. Only nonelectrolyte drugs and the
un-ionized forms of weak acid and weak
base drugs can diffuse passively through
cell membranes. This is analogous to
partitioning of compounds between n-
octanol and water—only un-ionized neu-
tral forms can partition from the aqueous
phase into n-octanol.

Passive diffusion through the lipid
bilayer is the primary mode of transport
of most drugs into and out of cells. This
is because drug molecules are intention-
ally designed to optimize the balance
between hydrophilicity and lipophilicity
and enable such transport.

Rate of Passive Diffusion Across the
Lipid Bilayer. The rate at which a sol-
ute diffuses across the lipid bilayer of
cell membranes will additionally depend
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Figure 5.6. Schematic representation of passive

diffusion of a solute across the lipid bilayer of a

cell membrane. The direction of transport is from a region of high concentration (donor side) to a
region of lower concentration (receiver side). The thickness of the membrane is h, and the area of

membrane exposed to the drug is A.

on its partition coefficient between the
lipid bilayer and water. Solutes that enter
the bilayer readily will diffuse faster. In
practice, we use the partition coefficient
between n-octanol and water to approxi-
mate lipid—water partitioning, and a mod-
ified form of Fick’s Law.

Figure 5.6 illustrates passive diffusion
of a solute with partition coefficient P and
diffusion coefficient D across a cell mem-
brane of thickness h and exposed surface
area A. Extracellular concentration of the
neutral (un-ionized) form of the solute is
C, and its intracellular concentration is
C,. The concentration of the neutral form
rather than total concentration is appro-
priate because the lipid bilayer is perme-
able to the neutral form only.

Assume that C, > C,, so that transport
occurs from the extracellular donor side
to the intracellular region receiver side.
The rate of passive diffusion is given by

dc P-A-D(C, -C,)
—_—_—_ Eq. 5.2
dt h (Eq.5.2)

The negative sign denotes a decrease
in donor side concentration with time. In
reality, molecules are continuously diffus-

ing both in and out of the cell. However,
the diffusion rate into the cell is greater
than diffusion rate out because of the
higher extracellular concentration. The
overall direction of transport is the net
result of transport rates in and out of the
cell.

Consider how transport rate is influ-
enced by terms in Equation 5.2. If the sol-
ute is in contact with a large membrane
surface area, A, transport will be faster. A
large cell membrane thickness, h, makes
the diffusion path longer and results in
slower transport. If the solute diffusion
coefficient D is large, the solute can move
rapidly (smaller molecules have larger
diffusion coefficients) resulting in a high
transport rate.

Balance Between Lipophilicity and
Hydrophilicity. If the solute partition
coefficient P is large it means that the
solute is very lipophilic, dissolves readily
in the lipid bilayer, and Equation 5.2 pre-
dicts a high transport rate. Equation 5.2
also shows that transport rate is influenced
by the concentration gradient (C, — C,).
At the beginning of the transport process,
C,= 0 and transport rate will be highest.
If the solute is very water soluble, C, will
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be high and Equation 5.2 predicts a high
transport rate. Therefore, a solute that
can achieve higher concentrations on the
donor side will be initially transported
faster than one that attains lower con-
centrations. Because the medium on the
donor and receiver sides is aqueous, polar
solutes will be able to achieve higher con-
centrations and are predicted to be trans-
ported faster. This appears to contradict
the prediction that solutes with greater
lipophilicity will have a higher transport
rate.

The reality is that both hydrophilicity
and lipophilicity are important in drug
transport, and good drugs need a bal-
ance between these properties. Transport
depends on both P and C,. Very polar
molecules (usually with very low P) will
partition slowly from water into lipids. If
the receptor is in the membrane interior
or inside the cell, this molecule will have
a low probability of reaching it in the
desired time. Conversely, very lipophilic
molecules (with a very high P) will not
attain the high intracellular or extracel-
lular concentrations needed to drive the
diffusion process. In addition, such mol-
ecules may be trapped in membrane lip-
ids and will not exit and reach the desired
target. Hence, drugs with a balance of
hydrophilic and lipophilic characteristics
are able to achieve optimum transport,
where neither entry into nor departure
from the lipid membrane is too slow.

Passive Diffusion of Nonelectrolytes. Con-
sider a situation in which a nonelectrolyte
solute of suitable P is initially present in
extracellular fluid but not in intracellular
fluid. Let C, = total solute concentration
on the donor side and C, = total solute
concentration on the receiver side. Ini-
tially, C, = 0 initially, and the concentra-
tion gradient = C,.

Diffusion begins, and the solute is
transported passively into the cell. As C,
begins to increase, the concentration gra-
dient (C, — C,) progressively decreases,
slowing diffusion. Eventually C, = C,,
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the concentration gradient becomes zero,
and passive diffusion stops because equi-
librium has been reached. The pH of the
donor or receiver sides has no influence
on the transport rate of nonelectrolytes,
and the total concentration of the solute
on the donor and receiver sides is equal
at equilibrium. If the solute is consumed
in the cell, or is somehow removed from
the cell, C, may remain small and passive
diffusion will continue.

Although we have considered trans-
port into the cell, remember that passive
diffusion can occur from the intracellular
to the extracellular region if the concen-
tration inside the cell is higher than that
outside. In this case, the intracellular
region is the donor and the extracellular
region is the receiver.

Passive Diffusion of Weak Acids and
Bases. The situation is somewhat dif-
ferent when the solute is either a weak
acid or weak base. These solutes can ion-
ize, with concentrations of ionized and
un-ionized forms dependent on the pK,
of the compound and pH of donor and
receiver fluids. The lipid bilayer is perme-
able to the un-ionized form but not to the
ionized form; thus only the un-ionized
form of a weak acids and bases can dif-
fuse passively through cell membranes.
Therefore, the driving force for diffusion
of weak acids and bases through the lipid
bilayer is the concentration gradient of the
un-ionized form, as depicted in Figure 5.7.

Influence of pH and pK, on Passive Dif-
fusion. Consider a weak acid drug HA of
pK. 7. Initially, assume that total donor
drug concentration [HA] . is 0.1 M, and
that there is no drug on the receiver side.
Also assume that the donor and receiver
pH is 7. The drug on the donor side is
50% un-ionized (determined using the
Henderson—Hasselbalch equation), so the
un-ionized concentration [HA] is 0.05 M
(Figure 5.8A). Because transport has not
yet begun, the concentration gradient of
[HA] is=(0.05M — 0 M) =0.05 M.
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Figure 5.7. Passive diffusion of a weak acid (A) and a weak base (B) across a lipid bilayer from
higher concentration (donor side) to lower concentration (receiver side). The concentration gradi-
ent of the un-ionized form (not the total concentration of drug) is the driving force for diffusion.

A driving force for diffusion is present,
and HA will begin to diffuse passively
through the lipid bilayer. Once some HA
appears on the receiver side, it will ion-
ize to satisfy the Henderson—-Hasselbalch
relationship. This means that any drug
on the receiver side will be 50% ionized
and 50% un-ionized. As long as there
is a favorable concentration gradient of
HA across the membrane, diffusion will
continue but at a progressively slower
rate, as the receiver side concentration
increases.

Eventually, equilibrium will be reached
when the concentration gradient of the perme-

Donor side
pH 7

0.05 M 0.05M

HAS=—=H"' + A"

%&%&S&%%

Receiver side
pH 7

A

ating species (un-ionized HA) is zero, which
is the same as saying that the concentration
of un-ionized HA is equal on the donor and
receiver sides. At the same time, the Hen-
derson—Hasselbalch relationship must be
satisfied on the donor and receiver sides; in
this particular case, the drug on both sides
has to be 50% ionized. This condition is
satisfied when the concentrations of all the
species are as shown in Figure 5.8B. A simi-
lar outcome would be achieved if the drug
were a weak base.

This was a simple example in which
the pK, of the drug was the same as the
pH of the extracellular and intracellular

Donor side
pH 7

0.025 M 0.025 M

HA=——H"* + A

Membrane

HA——H*+ A"

0.025 M 0.025 M
Receiver side
pH7

B

Figure 5.8. Initial (A) and equilibrium (B) conditions for the passive diffusion of a weak acid of
pK, =7 across a cell membrane. The pH of the donor and receiver sides is 7.
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Figure 5.9. Initial (A) and equilibrium (B) conditions for the passive diffusion of 0.1 M of a weak
acid HA of pK, = 6, across a cell membrane. The pH of the donor and receiver sides is 7. Note that
the initial concentration gradient is much smaller than that in Figure 8.6, so it will take longer for

this system to reach equilibrium.

fluids. Figures 5.9 and 5.10 illustrate the
situation in which the pK, is not the same
as the pH of the environment. Figure 5.9
shows the equilibrium state for passive
diffusion of 0.1 M of a weak acid of pK, 6
while Figure 5.10 shows it for 0.1 M of a
weak base of pK, 8.

For passive diffusion of a weak acid or
base drug across a cell membrane when

Donor side
pH7
0.091 M 0.0091 M
BH*=———B + H*

Mﬁéﬁ&&%&%&%

Receiver side
pH 7

A

the pH of both the receiver and donor
sides is the same, we can say that

e The drug is too large to diffuse through
hydrophilic channels, and can only dif-
fuse through the lipid bilayer.

e Rate of passive diffusion depends on
the concentration gradient of the un-
ionized form.

Donor side
pH 7

0.0455 M 0.0045 M

BH*=——B + H*

HHHHIAY

BH*=———B + H*
0.0455 M 0.0045 M

Receiver side
pH 7

B

Figure 5.10. Initial (A) and equilibrium (B) conditions for the passive diffusion of 0.1 M of a weak
base of pK, = 8 across a cell membrane. The pH of the donor and receiver sides is 7.
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e Concentration of the un-ionized form
depends on the pH of the environment,
the pK, of the solute, and its total con-
centration.

e Concentration of the un-ionized form
on the two sides will be the same at
equilibrium.

e Concentration of the ionized form on
the two sides will be the same at equi-
librium.

e Total concentration of solute (ionized
+ un-ionized) on the two sides is the
same at equilibrium.

e If either form of the solute is consumed
in the cell, or is somehow removed
from the cell, concentration gradient is
maintained and passive diffusion will
continue.

Ion Trapping. Understanding equilib-
rium across a semipermeable membrane
is more complex when the pH of donor
and receiver fluids is different. As before,
equilibrium is reached when the con-
centration of un-ionized solute (the per-
meable species) is equal on both sides.
However, the difference in pH between
the donor and receiver sides means that
the concentration of ionized solute will

Donor side
pH 7
0.0009 M 0.009 M
HA =—=H*" + A"

gg gg gé ?H Membranen ” ” ” ”

HA ——H*" + A~

0.0009 M

Receiver side
pH 8

0.09 M

A
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be different on the two sides: higher on
the side where the pH favors greater ion-
ization. The total solute concentration is
consequently higher on the side where
the solute is more ionized, and the solute
is said to be trapped on the side of greater
ionization. In general, ion trapping causes
weak bases to accumulate in acidic body
fluids, and weak acids to accumulate in
basic fluids.

lon Trapping Equilbria. Consider a
weak acid of pK, 6 crossing a cell mem-
brane by passive diffusion, from a donor
side of pH 7 to a receiver side of pH 8
(Figure 5.11A). Initially, before diffu-
sion starts, the situation on the donor
side is the same as in Figure 5.9A. Once
transport begins and some un-ionized
HA diffuses to the receiver side, it is ion-
ized to a greater extent on the receiver
side because the pH is higher. Using the
Henderson—Hasselbalch equation, the
ratios of ionized and un-ionized forms
on the two sides are as follows:

[A_ ]donor =10 and [ j ]receiver =100
[HA ]donor [ ]receiver
Donor side
pH7
0.077 M 0.0077 M
B + H*

” ” ” : Membrane 1’ gg gg 3{ 3{ 3%

BH*=——B + H*
0.0077 M 0.0077 M
Donor side
pH 8
B

Figure 5.11. Equilibrium conditions for passive diffusion across a cell membrane when the pH of
the donor and receiver sides is different. A. Ion trapping of a weak acid (pK, = 6) on the receiver
side. B. Ion trapping of a weak base (pK, = 8) on the donor side.
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What is the situation at equilibrium?
If we designate [HA]ljnor = X, then
[HA] cceiver = X, by the definition of equilib-
rium. Simultaneously, to satisfy the Hen-
derson-Hasselbalch equation, [A7]yne =
10x, and [A™ ] ,cceiver = 100x. The total drug
concentration in the system is 0.1 M; in
other words

=112x=0.1M

[HA ]dononreceiver + [A B ]donor+receiver

Solving for x to determine the indi-
vidual concentrations of all the species,
we obtain x = approximately 0.0009 M.
Thus, the total (un-ionized + ionized)
drug concentration on the donor side
is 0.0099 M, but there is 0.0909 M total
drug on the receiver side (Figure 5.11B).
In other words, most of the drug is on
the receiver side after the passive diffu-
sion process.

Clinical Consequences of lon Trap-
ping. An example of ion trapping is
found in the treatment of human tumors
with chemotherapeutic drugs. The extra-
cellular pH (pH.,) in tumors is acidic while
the intracellular pH (pH,) is neutral-to-
alkaline. Normal tissues generally have
alkaline-outside pH gradients. Ion trap-
ping predicts that weakly basic drugs
such as anthracyclines, anthraquinones,
and vinca alkaloids will be trapped in
the extracellular tumor fluid and will be
hindered from reaching their intracellu-
lar target. Meanwhile, the lower pH, of
tumors improves uptake of weak acids
such as chlorambucil into the compara-
tively neutral intracellular fluid.

Another important illustration of ion
trapping is placental transfer of weak
base drugs such as local anesthetics from
mother to fetus. The placental membrane
serves as the interface between maternal
and fetal circulation, and allows exchange
of physiologically important substances.
Fetal plasma pH is lower than maternal
pH and results in basic drugs (such as
local anesthetics) becoming more ionized
when they reach fetal circulation. This
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effectively traps them on the fetal side of
the circulation since ionized molecules
cannot easily cross the placenta. This also
maintains a continuous gradient for diffu-
sion. Such ion trapping can be quite a sig-
nificant effect especially during times of
fetal distress, when fetal plasma pH gets
even lower.

lon trapping also occurs in intracellular
organelles such as endosomes, lysosomes,
and other intracellular particles. The pH
of cytoplasm is around 7, whereas the
pH in these organelles is lower, around
5. This acidity is maintained by proton
pumps (an active transport mechanism)
in the membranes surrounding the organ-
elles, e.g., the endosomal membrane.
When a weak base drug enters a cell, it
will be concentrated in a ratio of approxi-
mately 100 to 1 inside organelles com-
pared with the cytoplasm. Ion trapping in
macrophage phagolysosomes is credited
for the effectiveness of the basic antima-
larial drug chloroquine.

It should be apparent from the ear-
lier discussion that the pH of the donor
and receiver sides is an important issue
for ionizable drugs only. For drugs that
do not ionize under physiological condi-
tions, the pH has no effect on passive dif-
fusion.

Carrier-Mediated Transport

The earlier discussion has treated the cell
membrane as a simple semipermeable
barrier that allows lipophilic solutes to
diffuse passively through the lipid bilayer.
However, many hydrophilic solutes, can
cross the cell membrane and enter and
leave cells, too. Because the aqueous
pores in the cell membrane are too small
to allow hydrophilic ligands or drugs to
cross, other transport mechanisms have
to be present that make this possible.
The body has specialized processes to
transport a variety of important polar sol-
utes that have difficulty crossing the lipid
bilayer by passive diffusion. For example,
glucose, an essential source of energy for
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most cells, cannot enter the cell by pas-
sive diffusion. One process by which
polar solutes can cross the cell membrane
is carrier-mediated transport in which
the solute binds to and hitches a ride
on a membrane protein called a carrier
or transporter. Drugs with appropriate
structures may also bind to and use these
carriers to cross cell membranes.

Transporters. Transporters are inte-
gral membrane proteins with one or
more active sites for its substrate, which
may be a particular molecule or ion.
The transporter binds to the substrate
on one side of the cell membrane and
transports it through the lipid bilayer
to the other side. Recall that the cell
membrane is fluid in nature and allows
the movement of membrane proteins.
Transporters have the ability to recog-
nize (often through attached carbohy-
drates) and bind to particular substrates
that they are designed to transport. Glu-
cose, for instance, can be transported by
a family of integral membrane proteins
called GLUT transporters. Many trans-
porters show specificity and stereoselec-
tivity; e.g., p-glucose is transported by
glucose transporters, but not r-glucose.
Carrier-mediated transport does not
require the substrate to be lipophilic;

Solute
molecules

Carrier protein
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both hydrophilic and lipophilic solutes
may be transported in this manner.

Transporters, depending on their func-
tion, can carry molecules into or out of
cells. A representation of carrier-medi-
ated transport is shown in Figure 5.12.
Cell membranes contain specific trans-
porters to transport solutes needed for
homeostasis. Drugs similar in structure
to these natural substrates may also bind
to and be transported by these transport-
ers. Scientists have known for a while
that transporters present in the kidney,
liver, intestines, and other tissues play
a role in elimination, distribution, and
absorption of many drugs. However, only
recently have some of these mechanisms
been carefully examined and understood.
Studies show that many drug transport-
ers are somewhat nonselective, being able
to transport drugs with diverse struc-
tures. In particular, transporters capable
of binding to organic cations are impor-
tant in transporting several amine drugs
in their protonated forms. The total num-
ber of drug transporters is still unknown,
and the functions of many known trans-
porters have not yet been fully defined.
Genetic variation of these transporters is
also being shown to account for the vari-
ability among individuals in handling
certain drugs.

O Receiver side

Q

Figure 5.12. Representation of carrier-mediated transport. A solute molecule binds to the carrier
on the donor side of the membrane. The drug then dissociates from the complex and is released on
the receiver side. Carrier-mediated processes can transport drugs in or out of cells.
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Transporters may also be good drug
targets for certain diseases. Many patho-
gens depend on their hosts to provide
essential nutrients such as amino acids
and vitamins. Bacterial transport pro-
teins are attractive targets in designing
drugs that can prevent the transport of
essential nutrients, resulting in death of
the pathogen.

Rate of Carrier-Mediated Trans-
port. After binding of the substrate to its
transporter on the donor side of the mem-
brane, the resulting substrate—transporter
complex undergoes a change in conforma-
tion. This complex, which is now soluble
in the lipid bilayer, diffuses to the receiver
side and releases the substrate. The trans-
porter then regains its original confor-
mation and transports another substrate
molecule to continue the carrier-mediated
process.

The rate of carrier-mediated transport
is governed by Michaelis—Menten kinet-
ics. The Michaelis-Menten equation is
written as follows:

_ Vi [S]
V= K, +[5] (Eq. 5.3)

V is the rate of transport, K,, is called
the Michaelis—Menten constant, V... is the
maximum rate of transport, and [S] is the
concentration of the substrate being trans-
ported.

Vimax and K, together define the kinetic
behavior of a transporter as a function
of [S]. V.. a measure of how fast the
given amount of transporter can go at full
speed, is the maximum rate of transport
possible. V... is related to the total num-
ber of transporter molecules present and
to the mobility of the transporter in the
cell membrane.

K, is an approximate measure of the
amount of substrate required to reach full
speed. A low K, implies a high affinity
between transporter and substrate and a
fast transport rate, and vice versa. K,, can
be different on the two sides of the cell
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membrane, so that the substrate is easily
released on the receiver side of the mem-
brane. Such a difference in K,, also favors
transport in one direction over the other.

The concentration of transporter avail-
able is usually fixed and limited. At low
substrate concentrations (<<K,,), there
are sufficient transporter molecules to
bind with and transport all the substrate
molecules, and the rate of transport
depends directly on substrate concentra-
tion. At very high substrate concentration,
all transporter molecules are occupied by
substrate, and it is said to be saturated.
An increase in substrate concentration
beyond this saturation point will give
no further increase in transport rate. At
intermediate substrate concentrations,
the transport rate still increases with sub-
strate concentration, but not proportion-
ately.

Types of Carrier-Mediated Transport.
The two major types of carrier-mediated
transport processes are facilitated diffu-
sion and active transport. The difference
between the two lies in the absence or
presence of an external energy source.

Facilitated Diffusion. Facilitated dif-
fusion is a carrier-mediated process that
occurs only when there is a concentration
gradient between the donor and receiver
sides. In other words, the transporter can
only transport substrate from a region
of high concentration to a region of low
concentration, in the direction of the con-
centration gradient. Like other diffusion
processes, facilitated diffusion does not
require an energy source and stops when
equilibrium is reached. The transporters
involved are called uniporters (Figure
5.13A), which transport one molecule at
a time. An example of this type of trans-
porter is GLUTI1, a widely distributed
glucose transporter that transports glu-
cose either in or out of cells depending
on the direction of the concentration gra-
dient. Examples of drugs that use facili-
tated diffusion transporters in the body
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Uniporter

A

Antiporter

B C

Symporter

Figure 5.13. Different types of transporters involved in carrier-mediated transport. A. Uniporters
move one molecule at a time, and can be involved in either facilitated diffusion or active transport.
B and C. Antiporters transport one solute across the membrane in one direction while simultane-
ously transporting a second solute across the membrane in the opposite direction. Symporters
simultaneously transport two solutes across the membrane in the same direction. Both of these are

active processes.

are penicillin, furosemide, morphine, and
dopamine.

The rate at which a solute is transported
by facilitated diffusion depends on

e Concentration gradient of the solute

e Concentration of transporter molecules
in the membrane

e Affinity (1/K,,) between transporter and
substrate.

In general, the rate of facilitated dif-
fusion is greater than that of passive dif-
fusion. At low substrate concentrations,
increasing concentration on the donor
side increases the concentration gradient
and hence the transport rate. However,
if substrate concentration on the donor
side is sufficiently large, there may not
be enough transporter molecules in the
cell membrane to bind to the substrate.
Increasing the concentration beyond
this value exhibits no further increase in
transport rate because the transporter is
saturated.

Active Transport. Active transport is
very similar to facilitated diffusion in
that it requires a transporter, and can be
saturated. However, active transport pro-
cesses are able to transport a substrate

against a concentration gradient, i.e.,
from a region of low concentration to a
region of high concentration. This is not
a simple diffusion process and requires a
source of energy from the cell. This active
involvement of the cell’s energy resources
in transport gives this process the name
active transport.

In addition to uniporters, two other
types of transporters are involved in
active transport, as illustrated in Figure
5.13B and C. Antiporters transport one
solute across the membrane in one direc-
tion while simultaneously transporting a
second solute across the membrane in the
opposite direction. Symporters simulta-
neously transport two solutes across the
membrane in the same direction. Energy
is required for both of these transporters
to function. Substances called metabolic
poisons can deplete the energy source,
resulting in reduced active transport.

Examples of drugs that use active
transport are 5-fluorouracil and some car-
diac glycosides across the intestinal mem-
brane, absorption of methyldopa into the
brain, and secretion of certain drugs into
the bile and urine.

Drug Efflux. Drug efflux (meaning flow-
ing out) is a special term given to an active
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transport process that transports sub-
strates only out of cells. The transporters
are called efflux proteins or efflux pumps.
The major mechanism of efflux relies on
carrier proteins that derive their transport
energy from the hydrolysis of ATP. Efflux
can be viewed as a protective mechanism
by which cells are able to rapidly remove
undesirable materials. Efflux transporters
provide a barrier to the uptake of xeno-
biotics, and promote their excretion into
bile and urine. However, efflux pumps
can also remove drugs from cells, and
can reduce intracellular concentrations of
drug below effective levels.

Multidrug efflux is a phenomenon in
which a single type of transporter (mul-
tidrug resistance transporter, or MDR
transporter) recognizes and pumps many
drugs, with no apparent common struc-
tural similarity, out of cells. Many of these
transporters belong to the ABC (ATP-
binding cassette) superfamily of mem-
brane transporters. MDR transporters are
transmembrane proteins that detect and
bind to substrates as they cross the lipid
bilayer passively on their way into the cell.
The substrate is then transported back
out into the extracellular environment,
thus preventing it from entering the cell
(Figure 5.14). This restricts entry of cer-
tain substrates into cells, or at least slows
their transport into the cell. The conse-
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Figure 5.14. Illustration of multidrug efflux
out of a cell via a membrane transporter pro-
tein. Note that energy from the cell (conversion
of ATP to ADP) is required for this process.
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quence is a lower than expected intracel-
lular concentration of the substrate. The
actual intracellular drug concentration
depends on the net result of passive diffu-
sion into the cell and the opposing efflux
out of the cell.

An important characteristic distin-
guishing MDR transporters from other
mammalian transporters is their wide
substrate specificity; unlike other selec-
tive (classic) transporters, MDR transport-
ers recognize and handle a wide range of
substrates. MDR transporters include the
clinically significant multidrug resistance
pump P-gp and the multidrug resistance
protein (MRP). In humans, these efflux
pumps are found in cells of the gastro-
intestinal tract, liver, and kidney, as well
as the capillaries of the brain, testes, and
ovaries.

In normal tissues, MDR transport-
ers function as protective mechanisms
against toxins and as transporters of met-
abolic byproducts out of cells. Related
transporters are also found in a number
of pathogenic bacteria and fungi, and in
parasitic protozoa. Efflux pumps may
become overexpressed in abnormal cells
or resistant cells. Multiple drug resistance
as a result of MDR transporter efflux is
known to develop in bacterial and can-
cer cells. Drugs that were once effective
become ineffective, presumably because
cells that express more of the transporter
survive and become more efficient at
pumping out the drug.

Since efflux of chemotherapeutic and
antimicrobial drugs is generally unde-
sirable, inhibition of efflux transport-
ers may be a way to improve efficacy of
such treatments. Many currently available
drugs (e.g., verapamil, quinine) have been
found to inhibit MDR transporters, and
therefore decrease efflux out of cells. For
most of these drugs, the inhibitory activ-
ity is coincidental and not related to the
drug’s primary pharmacological use. For
example, verapamil is used to treat car-
diovascular diseases and was only later
found to inhibit P-gp-mediated efflux. In
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principle, one of these efflux inhibitors
could be dosed with anticancer or antimi-
crobial drugs to improve their effective-
ness. However, the dose needed would be
large and the side effects would be unac-
ceptable.

Research continues to search for more
effective inhibitors of MDR proteins to
improve activity of existing antibiotics
and anticancer drugs. These inhibitors
would have a high affinity for binding
to the MDR transporter protein. When
administered along with an anticancer
drug, for instance, the inhibitor will keep
the transporter proteins occupied and
allow the drug to reach effective concen-
trations inside the cells.

Endocytosis and Exocytosis

These are also called vesicular transport
processes, in which substances (usually
macromolecules such as proteins, polysac-
charides, polynucleotides, and antibodies)
are transported across cell membranes by
the formation of vesicles. Substances can
be taken into a cell by endocytosis, a pro-
cess in which the cell membrane forms a
vesicle to internalize extracellular materi-
als into the cell. In exocytosis, a vesicle
inside the cell fuses with the cell mem-
brane and expels its contents into the
extracellular fluid. Endocytosis and exo-
cytosis can occur against a concentration
gradient and require cellular energy like
in active transport.

Endocytosis. Three primary mecha-
nisms of endocytosis are exhibited by
cells, shown in Figure 5.15. In receptor-
mediated endocytosis, cells are able to take
in large amounts of particular molecules
that bind to receptor sites extending from
the cell membrane into the extracellu-
lar fluid, along with smaller amounts of
other extracellular material. A less spe-
cific mechanism of endocytosis is pinocy-
tosis, in which a cell ingests a small por-
tion of liquid from the extracellular fluid.
All solutes found in the extracellular fluid
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Figure 5.15. Three primary mechanisms of en-
docytosis. The cell membrane takes in extracel-
lular material to form a vesicle in the cell.

Vesicle

become encased in these vesicles and trans-
ported into the cell along with the liquid.

Finally, phagocytosis is a form of endo-
cytosis in which cells engulf large particles
such as bacteria and viruses. Phagocytosis
is mainly a cellular defense mechanism
rather than a way to transport necessary
substances into cells. For example, leu-
kocytes take in protozoa, bacteria, dead
cells, and similar materials by phagocyto-
sis to help stave off infections.

Exocytosis. During exocytosis, a mem-
brane-enclosed vesicle in the cell fuses
with the plasma membrane and then opens
and releases its contents into the extracel-
lular fluid. Cells use exocytosis to expel
proteins, secreted substances, and wastes
from the cell. Many signaling molecules
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Figure 5.16. An illustration of excocytosis.

secreted by cells, such as insulin secreted
by the pancreas and neurotransmitters
secreted by neurons, are released extracel-
lularly by exocytosis. Exocytosis is illus-
trated in Figure 5.16.

Transport Across a Tissue

We have learned that cell membranes have
many structural features designed to con-
trol the passage of molecules in and out of
the cell, and have discussed different mech-
anism by which a molecule or particle can
cross the cell membrane to enter or leave
a cell. We also saw that some polar mol-
ecules (such as drugs in their ionized state,
and very polar nonelectrolytes) may not be
able to cross cell membranes by passive dif-
fusion, and cannot enter a cell unless they
are substrates for a specific carrier protein.
Thus, many polar drugs cannot enter cells.

When a drug or other molecule encoun-
ters a layer of cells such as the epithelial
tissue, it can hypothetically cross this
functional membrane barrier by either dif-
fusing through the aqueous space between
the cells (paracellular transport) or by
going through the cell (transcellular trans-
port), as illustrated in Figure 5.17. Which
of these two pathways are available to the
drug depends on the characteristics of the
molecule and the characteristics of the epi-
thelial tissue in question.

Let us examine the structural features
of epithelial tissue, particularly the compo-
nents that regulate transport of substances
across it.
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Figure 5.17. Diagram showing the two major
transport routes of solutes across a multicel-
lular (epithelial or endothelial) membrane.
This membrane is composed of a single layer
of cells. Paracellular transport occurs when the
molecules travel between the cells, through cell
junctions. Transcellular transport involves the
drug molecules going through the cells, across
the cell membrane.

Epithelial Tissue

The internal cavities and external surfaces
of the body are lined with a tissue called
the epithelial tissue, epithelial membrane
or simply, the epithelium. Epithelial tissue
serves as a protective barrier for the body.
All materials that enter or leave the body
do so through some type of epithelium. It
also provides an interface between masses
of cells on one side and a cavity or space
(lumen) on the other. The surface of the
cell exposed to the lumen is called its api-
cal or lumenal surface; the sides and base
of the cell are the basolateral or basal sur-
face. Examples of epithelial tissue are the
outer layers of skin, linings of body cavi-
ties exposed to the environment (e.g., the
mouth, gastrointestinal tract, and respira-
tory tract), and the tissues that cover all
internal organs.

Epithelial tissue may be composed
of a single or multiple layers of cells,
often arranged in sheets. The sheets rest
on a connective tissue called the base-
ment membrane, anchoring the cells and
attaching them to other tissues. In certain
organs, the basement membrane assumes
major significance; e.g., the basement
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Figure 5.18. A. Structure of a typical epithelial tissue. The epithelial cells are separated from the
underlying connective tissue by a basement membrane. The apical surface of cells is exposed to
the environment, whereas the basal surface rests on the basement membrane. B. Types of epithe-
lia based on number of layers and the shape of the cells. Simple epithelia consist of one cell layer,
whereas stratified epithelia have multiple layers. Epithelial tissue is classified on the basis of cell
shape as squamous (flat, scale-like), cuboidal (cube-shaped), columnar (tall and column-shaped),

or transitional (columnar and squamous).

membrane in the kidney serves as a filter
for plasma on its way to becoming urine.
In other locations, the absence of a base-
ment membrane is functionally impor-
tant; the absence of a basement mem-
brane in the liver permits plasma to come
into direct contact with liver cells.
Epithelia may be described based on
the shape of cells and number of cell lay-
ers. When classified by number, epithe-
lial tissue is distinguished as simple (one
layer) or stratified (more than one layer).
When classified by shape, epithelial tissue
may be squamous (flat, scale-like), cuboi-
dal (cube-shaped), or columnar (tall and
column-shaped). Some of the different types
of epithelia are illustrated in Figure 5.18.
Epithelial cells often display surface
specializations such as cilia (seen in cells
lining the trachea) or microvilli (present in

the epithelium of the small intestines). Cilia
are motile, hair-like surface projections
found on specialized cells and play a role
in moving fluid or mucus over the surface
of the epithelium. Microvilli are nonmo-
tile, finger-like projections of the cell sur-
face, commonly found in epithelial cells
involved in absorption of materials from
the lumenal side. Epithelial tissue can also
exhibit down-growths, called glands, into
the underlying connective tissue; glands
are responsible for the secretion and excre-
tion of a variety of substances.

Cell Junctions

If groups of cells are to come together
to form a tissue or part of an organ, it is
imperative that each cell be held in its
proper place and be able to communicate
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with its neighbors. One important char-
acteristic of tissues is that cells are closely
packed, with specialized contacts or junc-
tions between them. These contacts are a
result of interactions between membrane
proteins of adjoining cells. Cell junctions
fall into three functional classes: anchor-
ing junctions, gap junctions and tight
junctions. These specialized cell junc-
tions occur at many points of cell—cell
and cell-matrix contact in all tissues, but
they are particularly important and abun-
dant in epithelia.

e Anchoring junctions provide cellu-
lar adhesion, holding cells together
using membrane proteins. They pro-
vide structural cohesion and are most
abundant in tissues that are subject to
constant mechanical stress such as skin
and heart.

e Gap junctions are communicating
junctions that allow cells in a tissue
to respond as an integrated unit. Pro-
teins from adjoining cells join to form
channels that permit substances and
chemical information to be transmit-
ted between cells, allowing the coordi-
nated behavior of a group of cells.

e Tight junctions seal the space between
adjacent cells to regulate substances
from moving between cells through the
intercellular space. Tight junctions are
most important type of cell junction for

Cell membranes

Intercellular
space

Junctional
protein
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our discussion on paracellular trans-
port across tissues.

Role of Tight Junctions

Tight junctions are formed when specific
proteins on the cell membranes of neigh-
boring epithelial cells make direct contact
across the intercellular space, forming a
complex, impenetrable network (Figure
5.19). This protein network “seals” adja-
cent cells in a narrow band just beneath
their apical surface.

Tight junctions regulate the para-
cellular transport of substances across
epithelial tissue; i.e., the movement of
substances between cells from the lume-
nal side to the basolateral side, and vice
versa. The diameter of a typical epithelial
tight junction is less than 1 nm, so mol-
ecules with molecular weights greater
than approximately 200 cannot diffuse
paracellularly between cells. The more
the contacts between membrane proteins
of adjacent cells, the tighter the junction
becomes. However, this seal between
cells is not absolute or uniform. The tight
junction is almost always impermeable
to macromolecules, but its diameter, and
therefore its permeability to small mole-
cules, varies greatly in different epithelia.
Epithelia are often classified as tight or
leaky, depending on the size of molecules
that are allowed to cross paracellularly.

S=C=V=0¢

Figure 5.19. A diagram showing tight junctions between epithelial cells. Tight junctions
seal neighboring cells together and prevent movement of materials through the intercellular

space.
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Tight junctions are essential for the
barrier function of epithelial tissue; their
presence prevents potentially harmful
molecules, especially macromolecules,
from crossing the epithelium from the
lumenal side to the basolateral side, and
vice versa. This barrier is variable and
physiologically regulated, and its disrup-
tion contributes to human diseases.

Drug Transport Across
Epithelial Tissues

When a drug is administered by any route
except by injection, it encounters an epi-
thelium at the site of administration. In
theory, the drug can cross this epithelial
tissue either paracellularly or transcellu-
larly. Based on our earlier discussion, we
can conclude that most drug molecules
will not be able to cross an epithelial
membrane paracellularly because they
are too large to diffuse through epithelial
tight junctions. Only some minerals and
metal ions (such as calcium and iron) are
small enough to diffuse paracellularly
through epithelia; e.g., during absorption
from the gastrointestinal tract into the
blood, through the intestinal epithelium.

The only pathway available to most
drugs is to cross epithelia by a transcellu-
lar mechanism; i.e., by going through the
cells. The drug molecule must cross cells
in its path by successively moving into
and out of each cell layer in its path. For a
single layered epithelium, e.g., the intes-
tinal epithelium, the drug must move in
and out of the intestinal epithelial cell.
For multilayered epithelia such as the
skin, the drug must move in and out of
several epidermal cells.

We have already discussed the various
ways in which drugs can enter or leave
cells (passive diffusion, carrier-mediated
transport or endocytosis/exocytosis). These
same mechanisms enable a drug to cross
epithelial tissues, except that now the drug
molecule must both enter and leave all the
cells in its path. Which pathways a drug
or other molecule can use to get across an
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Figure 5.20. Illustration of transcytosis for
transporting material through a cell. In this
case, the substances are moving in vesicles
through a capillary endothelial cell.

epithelium depends on its physicochemical
properties (size, ionization state, parti-
tion coefficient), whether the membrane
has transporters that recognize the drug,
and whether the drug molecule has the
appropriate properties to undergo tran-
scytosis (endocytosis into the cell and
subsequent exocytosis out of the cell; see
Fig. 5.20).

Passive Transcellular Diffusion. The rate
of passive transcellular transport across an
epithelium is given by an equation famil-
iar to us from transport across a cell mem-
brane. The terms in the equation now have
slightly different meanings than before:

h

Rate = — (Eq. 54)

In this context, A is the surface area of
the epithelium exposed to the drug, (C,
— C,) is the concentration gradient of the
drug (in the un-ionized form) across the
epithelium (one or several cell layers), and
h is the thickness of the epithelium. The
rate of transport still depends on P, the
partition coefficient of the drug, because
transport occurs through successive lipid
bilayers.

Consider how transport rate is influ-
enced by terms in Equation 5.4. If the
drug is in contact with a large surface area
of the epithelium, transport will be faster.
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If the drug diffusion coefficient D is large,
the solute can move rapidly through the
epithelium (smaller molecules have larger
diffusion coefficients), resulting in a high
transport rate. If the solute partition coeffi-
cient P is large it means that the solute dis-
solves readily in the lipid bilayer, and will
have a high transport rate. A thicker epi-
thelium (large h) makes the diffusion path
longer and results in slower transport.

The inherent ability of a given epithe-
lial membrane to allow passage of a par-
ticular solute is called its permeability
coefficient, given by

P-D

Permeability coefficient = ——
h  (Eq.5.5)

The units of the permeability coeffi-
cient are cm/s. The permeability coeffi-
cient depends on both the properties of
the solute (partition coefficient, and dif-
fusion coefficient in the lipid bilayer) and
on properties of the membrane (thick-
ness). It is important to note that epithe-
lia in various parts of the body have dif-
ferent compositions and characteristics,
so that the permeability coefficient of a
drug may be faster across one epithelium
than another.

Carrier-Mediated Transport. The role
of transport proteins is emerging rap-
idly and several drugs have been shown
to be transported to some extent across
functional membranes by these carriers.
Clinical evidence is accumulating that
shows that transport proteins play some
role in the absorption, distribution, and
excretion of drugs. For absorption across
epithelia, P-gp efflux is well known to
limit permeability of several drugs across
the intestinal membrane. At the same
time, many polar peptide-like drugs are
shown to cross epithelia, presumably by a
carrier-mediated process.

Although this is an important pathway
for some drugs, it does not play a signifi-
cant role for the vast majority of drugs.
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Transcytosis. Transcytosis is a relatively
slow process compared with other trans-
portmechanismswe have discussed. Thus,
transport by transcytosis is negligible for
drugs that can be effectively transported
by passive diffusion or carrier-mediated
processes. However, transcytosis becomes
important for materials that cannot cross
the cell membrane by another mecha-
nism. For example, many proteins (such
as antigens, botulinus toxin, and oral vac-
cines) are able to enter the bloodstream
after being orally ingested. Transcytosis
through intestinal epithelial cells is pre-
sumed to be the mechanism of transport
in these cases. The amounts of macro-
molecules transported in this way are
extremely small, but sufficient to elicit
their biological response.

Based on the relative slowness of this
process and the very small amount of
material that is transported, we assume
that transcytosis probably does not play
a role in the transport of most small mol-
ecule drugs across biological membranes.
Although transcytosis is an important
mechanism for the transport of a few
large molecule drugs such as vaccines, it
is a slow and relatively inefficient process
and not significant for transport of most
drugs across epithelia.

Summary of Transport Across Epithe-
lial Tissues. Overall, a drug molecule or
other substance can cross an epithelial
membrane if it meets one of the following
criteria:

e Is lipophilic enough to cross the lipid
bilayer of epithelial cells passively

e Has a transporter that can transport it
across epithelial cell membranes

* Has characteristics that allows it to use
transcytosis mechanisms.

Passive transcellular diffusion is the
primary mechanism for transport of drugs
across epithelia. Thus, polar drugs that do
not have adequate lipophilicity cannot
cross epithelial tissues by this mechanism.
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The only way polar molecules and very
large molecules such as proteins can cross
epithelia is by a carrier-mediated mecha-
nism or by transcytosis. This is an excep-
tion rather than the rule.

As a result, epithelia are not perme-
able to most polar molecules or large
molecules, and are only permeable to
molecules with an adequate set of physi-
cochemical properties (size, ionization
state, partition coefficient).

The Endothelium

A specialized type of epithelial tissue,
called the endothelium or endothelial
membrane, makes up the walls of blood
vessels, lymph vessels, and the internal
surfaces of body cavities. Endothelial cells
line the entire circulatory system, from
the heart to the smallest capillary, with a
single layer of endothelial cells forming
the walls of most capillaries. Endothelial
cells are more loosely packed than epi-
thelial cells. Gaps between cells contain
a loose network of proteins that act as
filters, retaining very large molecules and
letting smaller ones through.

Drug Transport Across the
Capillary Endothelium

The capillary endothelium is the most
important endothelial membrane for us to
consider because of the role of the circu-
latory system in the distribution of drugs
in the body. Once a drug crosses an epi-
thelial membrane from the site of action
into the body, it must enter the blood-
stream across the capillary wall, and then
leave the bloodstream at various sites in
the body. Because of the looser junctions
between endothelial cells, the paracellular
pathway is very important for transport of
drug molecules across the endothelium.

Paracellular Transport Across the
Endothelium. The size of capillary
endothelial junctions is in the range of
5 to 30 nm. Generally, molecules with
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molecular weights up to about 20,000 to
30,000 can diffuse paracellularly through
the capillary endothelium; i.e., between
the blood and the extravascular (outside
the vascular system, or the blood and
lymph vessels) space. The molecular size
cut off is not exact: small molecules such
as water (MW 18) move rapidly. The rate
of transport decreases as the size of the
molecule increases. Macromolecules of
MW > 100,000 transfer very slowly; if at all.
Proteins and blood cells, which are larger
than the capillary endothelial junctions,
are not capable of paracellular diffusion
through them, except in diseases where
these junctions become even leakier.

Paracellular transport is a passive dif-
fusion process, so molecules can diffuse
through cellular junctions if they are
smaller that the junction diameter, and
if there is a concentration gradient across
the endothelial membrane. Thus, move-
ment of individual drug molecules in and
out of capillaries proceeds freely regard-
less of polarity or lipophilicity of the drug;
this is the key difference between passive
transcellular transport and passive para-
cellular transport.

The rate of paracellular diffusion across
an endothelial membrane is given by an
equation based on Fick’s Law:

D-A-(C,-Cy)
h

Rate= — (Eq. 5.6)

As expected, the rate of passive para-
cellular diffusion of molecules depends
on the concentration gradient, the area
(A) and thickness (h) of the membrane,
and the diffusion coefficient of the mol-
ecule through the tight junction. The rate
of paracellular diffusion of uncharged
molecules is found to be proportional
to the diffusion coefficient, as predicted
by Equation 5.6. The diffusion of posi-
tively charged molecules is observed to
be somewhat slower than that predicted,
presumably owing to repulsion by posi-
tive charges on membrane proteins in the
endothelial junctions.
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Figure 5.21. Summary of possible processes involved in transport of materials in and out of cells,

and across an epithelial or endothelial barrier.

Transcellular Transport Across the
Endothelinm. Paracellular transport is
an important mechanism for most drug
molecules to cross the capillary endothe-
lium. However, transcellular transport
pathways are also available for molecules
with adequate lipophilicity (transcellular
passive diffusion), or with a transporter
(carrier-mediated transport) or that are
amenable to transcytosis. The principles
underlying these mechanisms are exactly
the same as we saw before.

Passive transcellular diffusion remains
an important mechanism of transport for
drugs that have adequate lipophilicity and
are at least partially in the un-ionized state.
Carrier-mediated pathways and receptor-
mediated transcytosis are less prevalent,
but occur more readily in endothelial
membranes as compared to epithelial
membranes. The transcytosis process for
transport of materials through the capillary
endothelium is illustrated in Figure 5.20.

Transport Across Specialized Endothe-
lia. Our discussion on capillary endothe-
lium so far focused on peripheral capillar-
ies; i.e., those at the terminal end of the
circulation in most of the body, exclud-
ing the brain and the heart. Even among
peripheral capillaries, the ion- and size-
selectivity of the paracellular pathway dif-
fers somewhat across the body, and is reg-
ulated by different physiological and path-
ological stimuli. In some special organs,

the capillary endothelium is quite differ-
ent than that found in peripheral capillar-
ies. For example, endothelial cells in liver
capillaries are very loosely packed, and
allow large molecules and even red blood
cells to diffuse through cell junctions.
In contrast, the endothelial junctions of
brain capillaries are tighter than those
of most epithelial membranes, allowing
almost no movement of small molecules
through these junctions.

Blood-Brain Barrier. The blood-brain
barrier (BBB) is the specialized system of
capillary endothelial cells that protects
the brain from harmful substances in
the bloodstream while supplying it with
essential nutrients. Unlike peripheral cap-
illaries that allow relatively free exchange
of small molecules between blood and tis-
sues, the BBB strictly limits transport into
the brain through both physical (tight
junction) and metabolic (enzyme) bar-
riers. Capillaries bringing blood to the
brain have tightly packed endothelial
cells, with junctions similar to tight junc-
tions in epithelial tissue. Cell-to-cell con-
tacts between adjacent endothelial cells
are essentially sealed, forming a continu-
ous blood vessel. These tight paracellular
junctions do not allow drugs and other
small molecules to move between the
blood and the brain; molecules may enter
and leave the brain capillaries by transcel-
lular pathways only.



CHAPTER 5 / TRANSPORT ACROSS BIOLOGICAL BARRIERS

The BBB has a number of highly selec-
tive carrier-mediated mechanisms to
transport nutrients and other essential
molecules into the brain. For example,
receptor-mediated endocytosis occurs
for endogenous macromolecules such as
transferrin, insulin, and leptin.

The BBB is often the rate-limiting fac-
tor in determining permeation of drugs
into the brain. The general rule is that the
higher the lipophilicity of a substance, the
greater its transcellular passive diffusion
into the brain. Even if a drug molecule is
lipophilic enough to diffuse transcellularly
through the capillary endothelium, there
are other processes that oppose uptake into
the brain. One significant opposing process
is carrier-mediated efflux, a major obstacle
for many drugs with sites of action in the
brain. Another is the presence of metabo-
lizing enzymes in the capillary endothe-
lium that break down the drug before it
can enter the brain. Poor delivery into the
brain remains a major challenge for many
central nervous system (CNS) drugs.

85

Multiple Transport Pathways

It is important to understand that a sol-
ute may be able to cross membranes using
several transport pathways simultane-
ously. Consider a solute that has good
lipophilicity, fits through the endothelial
paracellular junction, and can bind to a
specific transporter in the capillary mem-
brane. This solute can be transported
across the capillary wall by passive trans-
cellular diffusion, carrier-mediated trans-
port, and paracellular diffusion.

The dominant mechanism of transport
for this solute may vary from membrane
to membrane. For example, passive tran-
scellular diffusion may be dominant for
intestinal absorption of this solute, para-
cellular transport may be controlling for
its distribution in and out of peripheral
capillaries, and active transport may be
important for its entry into the brain.

The different pathways involved in
transport of materials across a cell or tissue
membrane are depicted in Figure 5.21.

Key Concepts

The cell membrane is composed
of a lipid bilayer with embedded
membrane proteins.

e Membrane proteins are respon-
sible for controlling transport,
communication, and recognition
between cells.

e Diffusion of drugs through hydro-
philic cell membrane protein
channels is insignificant.

* Most drugs cross cell membranes
by passive diffusion across the
lipid bilayer.

e The rate of passive diffusion is
governed by Fick’s law.

* Only un-ionized, lipophilic drug
molecules cross the lipid bilayer
by passive diffusion.

e Most proteins cannot diffuse pas-

sively across the cell membrane

because they are too large and
too polar.

* lon trapping on either the donor
or receiver sides can occur if their
pHs are different.

e Carrier-mediated processes and
efflux pumps play an important
role in determining intracellular
concentrations for some drugs
and solutes.

e Epithelial tissue lines the internal
cavities and external surfaces of
the body.

¢ Tight junctions prevent paracel-
lular transport of most drugs
through the intercellular space
between epithelial cells.

e Passive transcellular diffusion is
the primary mechanism for trans-
port of drugs across epithelia.
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e Drugs can cross endothelial e Specialized endothelia (blood-
membranes (e.g., the capillary brain barrier) can restrict paracel-
endothelium) by paracellular lular transport, and behave more
diffusion through cell junctions or like an epithelium.
by transcellular diffusion.

Review Questions

What are the typical constituents of a mammalian cell membrane?

What are the primary functions of the cell membrane?

Describe the composition and characteristics of the lipid bilayer.

Describe the types and functions of membrane proteins.

What does the term semipermeable mean? Describe the features of a cell

membrane that regulate the transport of small molecules across it.

How do most ions and very small solutes enter and leave cells?

. How do most small molecule drugs enter and leave cells? What parameters

control the rate of this transport?

8. What role do transport proteins play in the transport of solutes in and out
of cells? Why are only some solutes transported in this manner?

9. Explain the processes of endocytosis and exocytosis. What types of materi-
als are transported predominantly by this mechanism?

10. Which of the transport mechanisms are saturable? Why?

11. Explain the difference between paracellular and transcellular transport
across a functional membrane. What characteristics must a solute have to
be transported paracellularly or transcellularly?

12. What are the types and functions of epithelial tissue?

13. Describe the three major types of cell junctions. What are their functions?

14. What role do tight junctions play in transport across epithelia? How do
most drugs cross epithelial barriers?

15. How does the capillary endothelium differ from most other epithelia?
What mechanisms are available for a drug to cross the capillary
endothelium?

16. What is the blood-brain barrier? What types of compounds can cross the

blood-brain barrier?
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Why does my tooth still hutt?

A patient with an infected tooth goes lidocaine (Xylocaine®), a common local
to adentistto have the tooth extracted. anesthetic, into the space around the
Before extraction, the dentist numbs tooth. After the usual time for achiev-
the local nerve by injecting asolutionof ing anesthesia, the dentist checks the
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area around the tooth and finds that
it is still not numb enough. She has
to inject even more lidocaine before
the area is numb enough for extrac-
tion. She later relates this incident to
her pharmacist friend and wonders
why the normal lidocaine dose did not
work in this patient.

Background

For nerve cells (neurons) to conduct a
stimulus like pain, sodium ions must
first enter the neuron through Na*
ion channel proteins in the neuronal
cell membrane. Local anesthetics (LA)
bind to a receptor on the Na*ion chan-
nel protein. This reduces transport of
Na* into the nerve cell cytoplasm and
blocks nerve conduction. To be effec-
tive, the LA must cross the cell mem-
brane because the receptor is located
on the cytoplasmic side of the Na*ion
channel protein. A sufficient concen-
tration of lidocaine needs to enter
the neuron to block nerve conduction
adequately.

CHs CHs
o (
N
N)J\/ \/CH3
H
CH3

Lidocaine
pKa=7.9;logP =24

Questions

1. Lidocaine solution is injected near a
nerve around the tooth. Assume the
extracellular fluid pH outside the
neuron = 7.4. What % of the lido-
caine molecules is ionized and un-
ionized in this extracellular fluid?

2. Lidocaine can only cross the neu-
ronal cell membrane by passive
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transcellular diffusion, and only the
cationic form of lidocaine can bind
to the ion channel receptor. If the
pH of both intracellular and extra-
cellular fluids is 7.4, explain how
lidocaine can enter the cell and also
bind to the receptor.

. The binding of the cationic form

to the receptor inside the neuron
could potentially “tie up,” some of
it inside the neuron. How could this
affect the further transport of lido-
caine into the cell?

. How does the numbness around

the tooth caused by the local anes-
thetic eventually wear off? In other
words, what makes the lidocaine
eventually leave the cell?

. The patient has an infected tooth. In

many tooth infections, the extracel-
lular tissue fluid pH is much lower,
around 5. How will this impact the
rate of transport of lidocaine into
the cell? What might be the result
on the time taken to achieve numb-
ness of the gum?

. If you were the dentist’s pharmacist

friend, how would you explain the
lower efficacy of lidocaine in this
patient?

. You work for a drug company that

would like to introduce a new and
better lidocaine-like local anesthetic
by optimizing the pK,. In what direc-
tion would you change the pK, of
lidocaine (up or down) to achieve
a faster rate of transport into the
neuron (to give a quicker anesthetic
effect)? In what direction would you
change the pK, to increase drug-
receptor binding inside the cell (to
give a longer duration of action)?
Assume an extracellular and intra-
cellular pH of 7.4, and no signifi-
cant change in P or molecular size.
Explain your rationale.
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Drugs are given to patients at a vari-
ety of locations in or on the body
called sites of administration. The drug
must travel from the site of administra-
tion and reach its site of action in a timely
and predictable manner, where it can per-
form its function. There are many ways to
administer a drug to a patient, and drugs
are available in a variety of dosage forms.
The choice of administration method and
dosage form depends on, among other
factors, the physicochemical properties of
the drug, physiological limitations of the
administration or absorption site, and the
clinical situation.

In some situations, the site of action
is localized and is readily accessible; in
these cases the drug can be administered
very close to, or right at, this site. Such an
approach to drug administration is termed
topical, nonsystemic, or local administra-
tion. An example is the application of a
cream to the skin to treat a rash, or use of a
local anesthetic during dental procedures.

In many conditions, the site of action
is difficult to reach; an example is clini-
cal depression where the site of action is
the brain. Or, the drug may not penetrate
deep enough into the tissue after topical
administration to be completely effective,
as in a fungal infection of the toenail. So,
the drug has to be administered at some

Drug Absorption

other convenient location, from where it
is absorbed into the bloodstream which
carries it to the site of action. In other
cases, the site of action is not a single
location but involves many tissues; an
example is allergic reactions that involve
the eyes, nose, lungs, and skin. The drug
must reach all these sites to effectively
treat the patient, so the best approach is
to use the bloodstream to carry drug to all
the target sites. Such an approach to drug
administration is called systemic admin-
istration. The first step in the journey of a
systemically administered drug is absorp-
tion into the bloodstream; only then can
the drug reach the sites of action. In con-
trast, a drug administered topically needs
merely to enter the desired tissue at the
site of administration; absorption into the
bloodstream is not necessary.

Table 6.1 summarizes the various routes
of systemic and nonsystemic administration
available for drug delivery. Some routes may
be used for either systemic or nonsystemic
dosing. For example, a drug can be applied
to the skin for treating a local rash (nonsys-
temic application), whereas another drug
can be applied to the skin to elicit a sys-
temic effect (such as nicotine patches for
smoking cessation). In the latter case, the
drug is absorbed into the bloodstream and
carried to the site of action.
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TABLE 6.1. Classification
of the Available Routes of

Administration for Drugs

Systemic Nonsystemic
Oral Oral
Parenteral Parenteral
Intravenous Intracardiac
Intramuscular Intrathecal
Subcutaneous Intralumbar
Intraarterial
Rectal Rectal
Sublingual/buccal Buccal
Transdermal Dermal
Pulmonary Pulmonary
Nasal Nasal
Vaginal Vaginal
Ophthalmic
Otic
Urethral

Systemic Administration

Systemically administered drugs may
be absorbed directly from the site of
administration into the bloodstream. For
example, transdermal patches are applied
to the skin (site of administration) and
absorption of the drug occurs from the
skin into the bloodstream. Therefore, for
the transdermal route, the skin is both
the site of administration as well as the
site of absorption. For other systemically
administered drugs, the drug must travel
from the site of administration to a dif-
ferent region from where it is absorbed.
For instance, orally administered drugs
are administered in the mouth and swal-
lowed; absorption usually occurs from
the small intestines. Therefore, the site
of absorption is the small intestines for
oral administration. Regardless of where
the site of absorption is located, the drug
must be dissolved in body fluids at the
site of absorption for it to be absorbed.
We will discuss the dissolution process in
more depth in Chapter 7.
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Dissolved drug molecules have to cross
the epithelial tissue at the absorption site,
and then the capillary endothelium of blood
vessels at the absorption site, to enter the
bloodstream. Most drugs are small enough
to cross the capillary endothelium readily
by paracellular passive diffusion, regard-
less of their physicochemical properties.
Thus, the slowest, or rate-limiting, step in
absorption is usually the drugs ability to
cross epithelial membranes at the absorp-
tion site, and this is what determines the
overall rate of absorption.

Rate of Absorption

Absorption of most drugs across most epithe-
lia occurs by passive transcellular diffusion.
The absorption rate depends on physico-
chemical properties of the drug, permeabil-
ity of the epithelial membrane at the site of
absorption, surface area of the membrane
exposed to drug at the absorption site, and
concentration gradient of drug between the
absorption site and the bloodstream. The
equation for the rate of absorption is similar
to Fick’s law of diffusion:

P-A-D-(Cq4 —Cp)
absorption rate = f

(Eq. 6.1

The partition coefficient P and diffu-
sion coefficient D depend on the structure
and molecular size of the drug, respec-
tively. The term A is the surface area of
the membrane, and h is the thickness of
the epithelial membrane at the absorption
site; this membrane may be composed
of one or more layers of epithelial cells.
We ignore transport across the capillary
endothelium in this analysis because it
is much faster than transport across the
epithelium. In other words, we assume
that as soon as drug crosses the epithelial
barrier, it can enter the capillaries readily.
Equation 6.1 is the same as Equation 5.4
in the chapter Transport Across Biologi-
cal Barriers; the only difference is that,
in this context, C, is the concentration of
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drug at the absorption site (donor side)
and C, is the concentration of drug in
blood (receiver side). Remember also that
for passive transcellular transport (the
most common absorption mechanism for
drugs), the concentration gradient of the
un-ionized form drives transport.

Let us look more closely at the concen-
tration gradient term (C,— Cp). Obviously,
the higher the concentration of dissolved
drug at the absorption site, the faster the
rate of absorption will be. C, is controlled
by the dose of drug administered, the vol-
ume of fluid at the site of absorption, and
the dissolution rate of drug in this fluid.
On the receiver side (blood), if the site
of absorption is well perfused (i.e., has
good blood supply), blood flows through
the absorption site so rapidly that drug
is carried away in the circulation almost
as soon as it enters the capillaries. Con-
sequently, the concentration of drug in
the capillaries is very small relative to the
concentration at the absorption site. This
maintains a positive concentration gra-
dient for continued absorption until all
administered drug is absorbed.

If we assume that C, is approximately
0 for the reasons above, Equation 6.1 sim-
plifies to

A-D

P
absorption rate = TCa (Eq. 6.2)

Combining D, A, P and h to give a new
constant k, we can write

absorption rate =k -C, (Eq. 6.3)

The constant k is called the permeation
rate constant. Note that the permeation
rate constant is related to the permeability
coefficient defined in the chapter Transport
Across Biological Barriers (eq. 5.5). The
permeation rate constant is the permea-
bility coefficient of a particular membrane
for a particular drug, multiplied by the area
of membrane exposed to the drug.
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Equation 6.3 shows that if the absorp-
tion site has good blood flow, absorption is
directly proportional to the concentration
of dissolved drug at the absorption site.
Therefore, fast dissolution of drug from
the dosage form and good perfusion of the
absorption site facilitate rapid absorption
of drug after administration. How much
of the drug is in its un-ionized, absorb-
able form depends on the drug pK, and
the pH of fluids at the site of absorption.
Note that a pH that favors ionization will
increase dissolution rate but will hinder
rate of permeation. This again underlines
the concept that drugs must have an opti-
mal balance between hydrophilicity and
lipophilicity.

The actual rate of absorption may be
less than that predicted by Equation 6.3.
One factor is efflux pumps in many epi-
thelial cells that pump a drug out of epi-
thelial cells at the absorption site as they
are being absorbed, and return them to
the donor side. This protective mecha-
nism contributes to the poor absorption
of many drugs.

A few very low molecular weight drugs
may be absorbed to some extent by para-
cellular passive diffusion, especially if the
epithelial membrane is “leaky”. In such
cases, lipophilicity is not needed and the
permeation rate constant will not depend
on the partition coefficient. Drugs that
resemble substrates of carrier proteins may
be absorbed by an active transport process.
For these drugs, the rate of absorption per
unit surface area is described an equation
similar to the Michaelis-Menten equation
we discussed in Chapter 5:

Vmax Ca

absorption rate = (Eq. 64)

m a

In this context, C, is the concentration
of drug at the absorption site. Note that it
is the concentration of drug, rather than
the concentration gradient, that controls
rate of absorption in active transport.
When the concentration of drug at the
administration site is low compared to
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the number of transporters available, C,
<< K,, so eq. 6.4 simplifies to:

V
max Ca

m

absorption rate = (Eq. 6.5)

If the concentration of drug at the
administration site is high compared to
the number of transporters available, C,
>> K, and eq. 6.4 approximates to:

absorption rate = V,.oe  (Eq. 6.6)

The rate of absorption now becomes a
constant, equal to the maximum rate at
which the carrier can transport the drug.
Any increase in concentration of drug has
no effect on the rate of absorption, and
we say that the transporter is saturated.

The Oral Route

Oral administration, in which a drug
product (e.g. a tablet, capsule, suspen-
sion) is administered by mouth, is the
most common and patient-preferred route
of systemic administration. The dosage
form moves down the gastrointestinal
(GD) tract, and can be absorbed in any of
several regions. Oral administration is an
effective means of dosing if the drug is
able to cross the epithelial membranes of
the GI tract efficiently.

Structure of the
Gastrointestinal Tract

The primary organs of the GI tract are the
stomach, the small intestine (made up
of the duodenum, jejunum, and ileum),
and the colon (large intestine); these are
shown diagrammatically in Figure 6.1.
The GI tract ends in the rectum. The vari-
ous parts differ in structure, length, secre-
tions, and pH, all of which influence drug
absorption. Although an oral product starts
in the mouth and travels down the esopha-
gus, the drug spends so little time here that
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Esophagus

Duodenum

Jejunum

lleum

Rectum

Figure 6.1. Diagram of the esophagus and gas-
trointestinal tract, showing the different parts.

the esophagus has no significant role in
absorption of most oral medications.

The GI tract is lined with four con-
centric layers of tissue. Starting from the
intestinal lumen, successive layers are the
mucosd, submucosa, muscular tissue, and
serosa. The mucosa consists of three lay-
ers: a single layer of epithelial cells in con-
tact with intestinal contents, an under-
lying lamina propria containing blood
vessels and lymphatic vessels, and a layer
of muscle fibers. Absorption of drugs takes
place across the epithelium into the blood
capillaries of the lamina propria, from
which the drug is carried in the blood-
stream to the rest of the body. Epithelial
cells of the GI mucosa are closely packed
with very tight junctions. The diameter of
these gaps has been estimated to be about
1.5 nm, too small for most drugs to cross
paracellularly. The primary mode of trans-
port of drugs across the GI epithelium is
passive transcellular diffusion.

The lumenal sides of the GI epitheium
contain various transporters whose pri-
mary function is the carrier-mediated
absorption of nutrients from the GI lumen
into the bloodstream. These transport
pathways are especially important for
polar molecules that cannot be absorbed
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by passive transcellular diffusion. There
is growing evidence, however, that these
transporters may also play a role in the
absorption of some drugs. This is another
reason why oral drug absorption cannot be
predicted based solely on Equation 6.3.

The Stomach. An orally administered
drug product arrives in the stomach very
quickly after administration. The empty
stomach, a pouch-like organ, contains
approximately 100 mL of gastric fluid,
with a maximum capacity of about 1 L.
The primary functions of the stomach
are to reduce ingested food into a liquid
mixture called chyme, and to begin the
process of digestion. The epithelial lin-
ing of the stomach also contains cells that
secrete mucus, hydrochloric acid, and
digestive enzymes, all of which make up
gastric fluid (normal pH range 1-3).

For orally administered drugs, the
stomach is a site for drug dissolution. The
absorption of drug from the stomach into
the bloodstream is either modest or neg-
ligible, regardless of whether a drug is a
weak acid or weak base. One reason is the
short time that dissolved drug spends in
the stomach. Once a drug dissolves in gas-
tric fluid, it moves quickly into the small
intestines, leaving little time for signifi-
cant absorption in the stomach. A second
and equally important reason is that the
surface area of the stomach is relatively
small, making permeation slow.

Therefore, although some passive tran-
scellular absorption of a drug could occur
from the stomach given sufficient time,
the stomach plays a negligible role in the
absorption of most drugs under normal
circumstances. The primary function of
the stomach, then, is to grind up a solid
dosage form and facilitate release and dis-
solution of drug for subsequent absorption
from the small intestines. We will learn
more about the dissolution process in the
next chapter, Drug Delivery Systems.

The Small Intestine. The small intestine
is a long and narrow tube about 6 to 7 m
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(20 to 23 feet) in length. The first part is
the duodenum, a short section following
the stomach that receives stomach con-
tents, and digestive secretions from the
pancreas and liver. Next is the jejunum
(roughly 40% of the small intestine),
which is followed by the ileum (about
60% of the small intestine).

The intestinal epithelium, or gut wall,
acts as a barrier between two distinct body
compartments—the gutlumen and the sys-
temic circulation. Maintenance of this bar-
rier is required to prevent ingested patho-
gens and toxins from gaining ready access
to internal organs and tissues. At the same
time, the intestinal epithelium is designed
for efficient absorption of nutrients, and is
also the most important region for absorp-
tion of orally administered drugs.

The main reason for the absorptive
capability of the small intestines is the
extremely large surface area of epithelial
tissue. Although the small intestine looks
like a long tube, its absorptive surface area
is tremendously enhanced by its unique
internal structure, as shown in Figure 6.2.
Another reason is the relatively long time
(about 4 hours) intestinal contents spend
in this region, as they travel from the duo-
denum to the end of the ileum.

The inner surface of the small intestine
is not flat, but has circular folds (folds of
Kerckring), which not only increase sur-
face area about threefold, but help to mix
intestinal contents by acting as balffles.
Each fold has fingerlike protrusions called
villi that increase surface area by another
factor of 10. Villi are lined with epithelial
cells called enterocytes (through which
absorption takes place) and other cells
that secrete mucus and digestive fluids.
Enterocytes have brush-like projections
called microvilli that extend into the
intestinal lumen and increase absorp-
tive surface area by another factor of
20. Because microvilli resemble a brush,
the enterocyte surface is often called the
brush border. Consequently, the actual
absorptive surface area of the small intes-
tinal epithelium is about 600 times that
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Figure 6.2. A. Layers of the small intestines
and the folds of Kerckring. B. Schematic cross-
section of a villus. C. Interpretation of the
structure of the brush border of a single intesti-
nal epithelial cell.

of a simple cylinder. This extraordinarily
large surface area and the relatively long
time (about 4 hours) that a drug spends
in the small intestines explain the excel-
lent absorptive ability of this region.

Villi are well perfused by blood and
lymph, further facilitating absorption from
the small intestines. Within each villus is
anetwork of capillaries, and a lymph duct
called the lacteal. Small intestinal capil-
laries combine to form the portal vein;
most drugs are absorbed into blood in the
capillaries and carried away by the por-
tal vein. The main function of the lacteals
is to absorb digested fat; lipophilic drugs
are often absorbed with digested fats into
the lymphatic circulation. The excellent
perfusion of the small intestines by blood
also contributes to its absorptive capabil-
ity. Absorbed drug is carried away rapidly,
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maintaining a positive concentration gra-
dient for continued absorption.

Intestinal fluid is a complex mixture.
Cells of the intestinal membrane secrete
mucus and digestive enzymes into the
intestinal lumen. In addition, digestive
juices from the liver (bile) and pancreas
(pancreatic juice) empty into the duode-
num as needed after a meal. The pH of
small intestinal contents varies slightly in
different regions. The duodenal fluid is
somewhat acidic (pH 5.5 to 6.5) due to
the influence of entering gastric juices. In
the jejunum and ileum, the pH is modi-
fied by alkaline pancreatic juice and bile,
raising it to approximately 6.5 to 7.5.

The Large Intestine. The large intestine
is the end of the GI tract, and consists of
the cecum, the colon, the rectum and the
anal canal. The large intestine is wider
but shorter than the small intestine, mea-
suring about 1.5 m (5 feet) in length. It
is structurally somewhat similar to the
small intestines but does not have villi on
its inside surface, limiting the surface area
available for absorption. The main func-
tions of the colon are to absorb water and
electrolytes from the remaining indigest-
ible food matter, and to pass waste material
from the body as feces. Undigested food
may take as long as 30—40 hours to move
through the large intestines. In spite of this
long residence time, nutrients or drugs
are not generally absorbed significantly
from the large intestines. However, small
amounts of some drugs that remain unab-
sorbed may be absorbed in this region; for
example, theophylline is partially absorbed
from the colon. In general, if a large amount
of unabsorbed drug reaches the colon, it is
excreted in the feces.

An important feature of the large intes-
tine is the numerous species of bacteria
that live in this region (colonic micro-
flora) and perform a variety of functions.
Bacteria help to ferment unused energy
substrates, prevent growth of pathogenic
bacteria, and produce vitamins such as
biotin and vitamin K for absorption.
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Bacteria may also metabolize some unab-
sorbed drugs that reach the colon.

Oral Drug Absorption

As a result of the large surface area and
long residence time, the small intestine
is the main region for drug absorption.
The drug must be dissolved in the intes-
tinal fluids for it to permeate through the
intestinal epithelium. Therefore, before
absorption can occur, the drug needs to
be either pre-dissolved in the drug prod-
uct (e.g. an oral solution), or must dis-
solve in GI fluids from a solid dosage
form after administration.

The rate of dissolution of weak acid
and base drugs in the GI tract depends
on their total solubility, which in turn
depends on intrinsic solubility and extent
of ionization. The latter, in turn, depends
on drug pK,, and the pH in the stomach
or small intestine. In the stomach, a drug
that exists predominantly in its ionized
form will dissolve better (because of a
higher solubility) than one that exists pre-
dominantly in its un-ionized form. Con-
sequently, weak bases dissolve better in
gastric fluid than weak acids. Weak acids
will dissolve better when they move into
the small intestines where the pH (and
weak acid solubility) is higher. Remember
that the intrinsic solubility also contrib-
utes to total solubility; drugs with a low
intrinsic solubility will dissolve slowly
even if they are mostly ionized. A drug
must dissolve rapidly enough so that there
is sufficient time it to permeate through
the intestinal epithelium as it moves down
the intestines towards the colon.

We often use the terms ‘highly soluble’
or ‘poorly soluble’ when referring to drugs.
These are relative terms. In the context
of drug absorption, the dose of the drug
must also be considered. For example,
consider a drug with an aqueous solubil-
ity of 0.05 mg/mL. If the therapeutic dose
of this drug was 10 mg, the 250 mL of
fluid in the stomach (swallowing a tablet
with a glass of water) would be sufficient
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to dissolve it completely. However, if the
dose were 200 mg, dissolution could be
incomplete and might pose a problem.

Most orally administered drugs are
absorbed across the small intestinal epi-
thelium by passive transcellular diffusion.
A few may be absorbed by carrier-medi-
ated processes. The absorption of several
drugs is limited by efflux pumps in the
intestinal epithelium.

Passive Transcellular Diffusion. As we
learned in the chapter on Drug Transport,
passive transcellular diffusion is the pri-
mary mechanism for transport of drugs
across epithelia, including the intestinal
epithelium. Only uncharged drugs and
un-ionized forms of weak acids and weak
bases can permeate across the intestinal
epithelium by passive diffusion. The ion-
ization of a drug will depend on its pK,,
and the pH of the intestinal fluid. The com-
position, volume, and pH of GI fluids vary
down the length of the tract; Table 6.2 lists
the pH ranges of the various GI fluids.

In the small intestines, a dissolved
drug that exists predominantly in its un-
ionized form will permeate faster than
one that exists predominantly in its ion-
ized form. Consequently, bases of pK, 10
or higher and acids of pK, less than 3 are
poorly absorbed, because these are com-
pletely ionized at intestinal pH. In general,
weak bases are absorbed better than weak
acids. The ionization equilibrium of drugs

TABLE 6.2. Typical pH Values
of the Various Regions of the
Human Gl Tract

Gl Region Normal pH
Mouth 6.5-7.0
Esophagus 5.0-6.0
Stomach 1.0-3.5
Duodenum 5.5-6.5
Jejunum 6.5-7.0
lleum 7.0-7.5
Colon 6.0-7.0
Rectum 7.0-7.5
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is rapid. This means that as the un-ionized
form of the drug is absorbed and leaves the
intestinal lumen, equilibrium reestablishes
to produce more un-ionized drug. Thus, if
a drug has a high enough partition coeffi-
cient and is at least partially un-ionized in
the small intestines, it can be absorbed.

The dissolution and absorption of
nonelectrolyte drugs will not be influ-
enced by pH in the GI tract. If such drugs
have adequate intrinsic water solubility
they will dissolve sufficiently in the stom-
ach and small intestines. If they also have
adequate lipophilicity, they will permeate
the small intestinal epithelium rapidly by
passive transcellular diffusion.

The Biopharmaceutics Classification
System (BCS) is a scientific framework
for classifying orally administered drugs
based on aqueous solubility and intestinal
permeability. The BCS takes into account
two major factors that control the rate
and extent of drug absorption from solid
oral drug products: aqueous solubility
and intestinal permeability. According to
the BCS, drug substances can be classified
into the following categories:

e Class I: High solubility~high perme-
ability (e.g., propranolol, verapamil,
metoprolol)

e Class II: Low solubility-high perme-
ability (e.g., naproxen, ketoprofen, car-
bamazepine)

e Class III: High solubility—low perme-
ability (e.g., cimetidine, ranitidine,
atenolol)

e Class IV: Low solubility—low perme-
ability (e.g., furosemide, hydrochloro-
thiazide, taxol)

Figure 6.3 shows a graphical view of
the BCS. The intestinal permeability of
drugs is measured by appropriate labora-
tory techniques. Classification of a drug
as high solubility or low solubility in the
BCS depends on the oral dose of the drug.
A drug is considered to have “high” solu-
bility if the highest oral dose is soluble
in the 250 ml of water between the pH
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Figure 6.3. A graphical representation of the
Biopharmaceutics Classification System (BCS).
A drug is classified as having “high solubility” if
the highest dose is soluble in the average fluid
volume present in the GI tract (250 ml) be-
tween the typical GI pH values of 1.0-7.5. The
intestinal permeability is measured by appropri-
ate laboratory techniques.

values of 1.0-7.5. This medium is cho-
sen to represent the average fluid pH and
volume in the GI tract. If the dose is not
completely soluble in 250 mL, the drug is
considered to have “poor” solubility. The
important concept here is that, for two
drugs with the same aqueous solubility,
the drug with a lower dose drug will be
absorbed to a greater extent than the one
with a higher dose.

The BCS allows the roles of dissolution
and permeability in drug absorption to be
separated. If absorption is poor as a result
of inadequate aqueous solubility, the drug
is said to have dissolution-limited absorp-
tion. On the other hand, if low lipophilic-
ity compromises absorption, the drug is
considered to exhibit permeability-limited
absorption. Appropriate strategies can then
be developed to improve either dissolution
or permeation, depending on which one is
the problem.

Carrier-Mediated Absorption. A wide
variety of transporters are found in the
intestinal epithelium, and are involved in
the absorption of essential nutrients (such
as amino acids, small peptides, vitamins,
minerals, and sugars) as well as drugs.
Each transporter exhibits its own substrate
specificity, and some have broader specific-
ities than others. These transporters may
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also help to absorb drugs that are structur-
ally similar to the natural substrates. For
example, the amino acid transporter in the
small intestines helps in the absorption of
many oral cephalosporins. Peptide-like
drugs (such as B-lactam antibiotics and
angiotensin-converting enzyme (ACE)
inhibitors) are known to be absorbed via
organic ion transporters. Many antiviral
and anticancer drugs (e.g. zidovudine,
cladribine, acyclovir, cytosine arabinoside,
and dideoxycytidine) are nucleoside ana-
logs; carrier-mediated absorption through
sodium-dependent nucleoside transport-
ers may play a role in their absorption.
Recall that lipophilicity is not necessary
for carrier-mediated processes. However,
ionization may be important because the
transporter may preferentially bind to
either the ionized or un-ionized form of
the drug.

Carrier-mediated transport can be sat-
urated at high substrate concentrations.
Therefore, drugs that need a transporter for
absorption may have to compete with the
transporter’s natural substrates (nutrients),
resulting in lower absorption. Genetic dif-
ferences in the expression of transporters
can also cause variability of absorption
among individuals.

Intestinal Drug Efflux. The role of mul-
tidrug resistance (MDR) transporters
as efflux pumps is becoming increas-
ingly apparent in explaining poor oral
absorption of a variety of drugs which we
would expect to be well-absorbed by pas-
sive transcellular diffusion. Hydropho-
bic drugs appear to be more susceptible
to these efflux systems than hydrophilic
drugs. Epithelial cells of the small intes-
tines express the multidrug transporter,
which transports drug unidirectionally,
from the enterocyte back into the intesti-
nal lumen. In other words, the drug enters
the intestinal epithelial cell by passive dif-
fusion, but rather than moving on into
the bloodstream, is effluxed back into the
intestinal lumen. For example, the HIV-1
protease inhibitors ritonavir, saquinavir
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and indinavir are poorly absorbed after
oral administration because of P-glyco-
protein (P-gp)-mediated efflux. Recall
that carrier-mediated transport, which
is governed by Michaelis—Menten kinet-
ics, can become saturated when a large
concentration of the substrate is present.
This is illustrated in the dose-dependent
absorption of celiprolol, a cardiovascular
drug. It is absorbed in much greater pro-
portion after an oral dose of 400 mg than
after a dose of 100 mg. The efflux pumps
become saturated at higher doses and a
greater proportion of the 400 mg dose can
escape efflux and reach the systemic cir-
culation.

Substances that inhibit efflux pumps
also have an effect on drug absorption. For
instance, grapefruit juice contains vari-
ous flavonoids that have inhibitory effects
on P-gp—mediated transport; one glass of
grapefruit juice can inhibit P-gp for up to
24 hours. Therefore, when cyclosporine,
a P-gp substrate, is co-administered
with grapefruit juice, a large increase in
cyclosporine absorption is observed. This
type of interaction also provides a poten-
tial application to increase absorption of
drugs like cyclosporine that are P-gp efflux
substrates. The use of P-gp inhibitors to
increase intracellular concentrations of che-
motherapeutic agents in tumor cells is also
being evaluated in patients with multidrug-
resistant tumors.

Transcytosis. Transcytosis, or a related
process—receptor-mediated transcytosis—,
is uncommon for the absorption of most
small molecule drugs from the GI tract.
Even for large molecules and particles, the
process is inefficient, in that only a small
proportion of the material in the intestinal
lumen can be absorbed in this way. For
some macromolecular drugs, even this
small degree of absorption may be suffi-
cient to obtain a pharmacological effect. It
is believed that many orally administered
vaccines are absorbed by transcytosis,
and can be effective because only a small
degree of absorption is necessary.
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TABLE 6.3. Drug or Patient
Characteristics That Make Oral

Administration Unsuitable

Drug Properties

e Instability in Gl fluids and consequent rapid
degradation

e |rritation of the gastric or intestinal epithelium

e Poor lipophilicity for passive transcellular
diffusion

e Large molecular size resulting in a slow
absorption rate

Patient Characteristics

e Unable or unwilling to swallow medications

¢ Needs immediate response; not provided by
relatively slow oral absorption

e Suffering from Gl distress (nausea,
vomiting, diarrhea)

e Suffering from Gl disease that may be
exacerbated by oral administration, or that
compromises drug absorption

¢ Taking another medication that is
incompatible with drug

Nonoral Routes for Systemic
Administration

Most patients prefer to take drugs orally
than by other routes. However, it is not
always possible to administer a drug orally
when drug properties or patient charac-
teristics are unfavorable or inappropriate.
These are listed in Table 6.3. Some drugs
may never be developed as oral products.
Other drugs may be available in both oral
and nonoral products; the appropriate
dosage form and route will depend on the
specific clinical situation.

The Parenteral Route

When oral administration is not feasi-
ble, one option is to administer the drug
parenterally. Although parenteral means
“other than enteral,” the term is reserved
for routes in which a drug (usually in a
liquid) is injected into the body through
a hollow needle that punctures the skin.
Parenteral administration avoids the
epithelial barriers that can be difficult
for some drugs to cross. The drug may

Part 11 / DRUG DELIVERY

be injected directly into the bloodstream
by intravenous (IV; in a vein) or intra-
arterial (in an artery) administration.
Alternatively, the drug may be injected
into a tissue from which it can reach
the bloodstream, such as in subcutane-
ous (SC; under the skin), intramuscular
(IM; in a muscle), or intraperitoneal (IP;
in the abdomen) administration.

Absorption is not an issue for IV and
intra-arterial administration because the
drug is placed directly in the bloodstream.
These routes ensure that the entire dose of
drug enters the bloodstream, representing
the fastest systemic ways of getting drug
to the site of action. Polar, nonpolar and
large molecule drugs can all be adminis-
tered effectively by these routes. IV admin-
istration is more common because veins
are easily accessible for administration.

In contrast, SC, IM, or IP administra-
tion requires drug to travel through the
tissue at the administration site before it
can enter the blood in nearest capillar-
ies. Fortunately, this entails crossing the
more permeable endothelial capillary wall
rather than epithelial barriers with tight
junctions. Therefore, drugs administered
by SC, IM, or IP injections usually enter
the bloodstream much more readily and
completely than those administered orally,
although there still is a lag time before the
drug reaches the bloodstream.

SC, IM, or IP routes can be used to
administer both lipophilic and hydrophilic
drugs. Hydrophilic drugs will enter capil-
laries by paracellular transport through the
large gaps in the capillary endothelium;
lipophilic drugs can use both paracellular
and transcellular diffusion mechanisms.
Even small proteins can cross the capillary
endothelium and enter the bloodstream
after SC, IM, or IP administration. SC and
IM injections are easier and more conve-
nient to administer than IP injections.

The Rectal Route

Most drugs given orally can also be admin-
istered rectally. Rectal dosing involves
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administration through the anus into the
rectum (lower portion of the large intes-
tines). The drug is administered either by
a suppository or by a retention enema.
Drugs are absorbed from the rectum in
the same way as from other parts of the
GI tract—Dby crossing the epithelial mem-
brane lining the rectum, primarily by pas-
sive transcellular diffusion.

Although the rectal region has a fairly
good blood supply, it has a much lower
surface area than the small intestines
because of the absence of villi. Thus,
absorption is much slower compared with
the oral route, and is often more variable.
This method of systemic drug delivery
is reserved for situations in which oral
administration is difficult, such as in chil-
dren or the elderly. It may also be used
in patients who are vomiting or unable
to take medications orally. An example is
the rectal administration of diazepam to
children having an epileptic seizure and
in whom intravenous access is difficult.

The Buccal or Sublingual Route

These routes involve placing the medi-
cation in the mouth, without swallow-
ing, enabling absorption through buccal
(cheek) or sublingual (below the tongue)
mucosal membranes. The oral mucosa
is very well perfused and allows rapid
absorption of lipophilic drugs by pas-
sive transcellular diffusion. These routes
are generally used for drugs that are
destroyed by the low pH in the stomach,
decomposed by enzymes of the GI tract,
or extensively metabolized by first-pass
metabolism (discussed in the chapter on
Drug Metabolism). Sublingual adminis-
tration is used for nitroglycerin, a drug
used to treat angina.

The Transdermal Route

Although many drugs are applied to the
skin for local action, systemic absorption
of drugs through the skin is also possible.
In transdermal delivery, the intention is
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to deliver drugs systemically through the
skin into the bloodstream.

The skin is a formidable barrier that
protects the body against entry of unde-
sirable substances. It has three main lay-
ers: epidermis, dermis, and subcutaneous
fat. The outermost part of the epidermis
is the stratum corneum, consisting of sev-
eral layers of dead cells. This is the main
barrier to drug absorption. If a drug can
cross the stratum corneum, it can travel
easily through the rest of the epidermis
into the dermis. The dermis is well per-
fused with blood; once a drug arrives in
the dermis, it can enter the bloodstream.
Therefore, if physicochemical properties of
a drug are suitable for transport through
the stratum corneum, it will be absorbed
systemically.

The dead cells of the stratum corneum
are very tightly packed with junctions that
do not allow paracellular transport. Thus,
passive transcellular diffusion is the only
means of transdermal drug absorption;
only lipophilic drugs with small molec-
ular size can penetrate the stratum cor-
neum and be absorbed. The surface area
for absorption is the area of the skin the
drug is applied to, and is very small com-
pared with extensive absorptive surface
area available after oral administration.
Therefore, absorption through the skin is
usually a slow process, and transdermal
administration is reserved for long-term
therapy.

Scientists have been able to design effec-
tive sustained-release transdermal delivery
systems so that once-daily or once-weekly
therapies are possible. For example, once-
weekly administration of estrogen in
transdermal patches is used for hormone
replacement therapy.

The Pulmonary Route

In this route (also called the inhalation
or respiratory route) a drug is inhaled
through the mouth into the lungs where
absorption takes place. The drug, sus-
pended in air, travels from the mouth,
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down the trachea into the bronchial tree
that forms the lungs. The bronchial tree
consists of the primary bronchi, which
divide successively into smaller branches:
bronchioles, terminal bronchioles, respi-
ratory bronchioles, and finally, clusters of
tiny air sacs called alveoli. The alveolar
epithelial membrane is very thin with a
large surface area and an extensive blood
supply. Once drug reaches the alveoli, it
can be rapidly absorbed into the blood-
stream by passive transcellular diffusion
through the alveolar epithelium. There is
also some evidence that macromolecular
drugs, such as insulin, are absorbed in the
alveolar epithelium by vesicular transport
and receptor-mediated endocytosis.

The majority of the pulmonary absorp-
tive surface is in the terminal bronchioles
and alveoli, so substances must reach
this region to be effectively absorbed. If
a drug can travel down the bronchial tree
and reach the alveoli, its absorption will
be rapid and complete. Inhaled gases and
vapors (general anesthetics, for example)
have no difficulty reaching this region,
and are rapidly and completely absorbed
after inhalation. However, drugs inhaled
as solid particles or liquid droplets have
a more difficult time reaching the lower
bronchial tree. Drug particles or droplets
have to be small enough to be able to fit
through the increasingly smaller passages
of the bronchial tree. Only particles less
than 5 pm in diameter are small enough
to reach the lower bronchial tree. Thus,
although the lung is a great site for sys-
temic absorption, getting a sufficient dose
of the drug to the absorptive regions is a
challenge.

The Nasal Route

Nasal delivery involves depositing drug
in the nose, usually as drops or a liquid
spray. The nasal mucosa is very perme-
able and has a good blood supply, so
drugs can be absorbed rapidly. Although
nasal delivery seems like a convenient
route for systemic administration, it has
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several limitations. The anatomical and
physiological features of the nose are not
ideal for drug administration for sev-
eral reasons. It is often difficult to get a
large enough dose into a small volume of
liquid to spray into the nose. The nasal
mucosa has a relatively small surface
area (150 cm?) for absorption, and the
drug does not remain in contact with
the nasal mucosa long enough for com-
plete absorption. Many drugs also irri-
tate the nasal lining and can damage it
with long-term use. Therefore, the nasal
route is not commonly used for systemic
administration when alternative routes,
especially oral, are available.

The nasal route is a good option
when oral absorption is problematic. An
example is nasal delivery of vitamin B12
to patients with Crohn’s disease and irri-
table bowel syndrome. The nasal route is
also very attractive for macromolecular
drugs that are not orally absorbed. Pep-
tide hormone analogs such as antidiuretic
hormone and calcitonin are given as nasal
sprays. These drugs are destroyed in the
GI tract if given orally.

Systemic Absorption of
Macromolecular Drugs

Proteins and other macromolecular drugs
presentadifficult delivery problem because
of their large molecular size, high polarity,
and their extreme sensitivity to the sur-
rounding environment. Such drugs cannot
cross epithelial tissues effectively and in
sufficient concentrations to be effective, so
parenteral administration is still the most
common route of delivery. Because paren-
teral administration is invasive and incon-
venient, researchers continue to investi-
gate nonparenteral delivery strategies.
Alternative routes have had limited
success. Oral administration of proteins
and large peptides is being studied, but
no completely effective system has yet
been developed. The hydrochloric acid
and digestive enzymes in the stomach
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rapidly degrade proteins and peptides.
Even if the molecules could somehow be
protected, it is difficult for large mole-
cules to cross the intestinal epithelium in
sufficient quantities for therapeutic ben-
efit. No acceptable transdermal delivery
systems have been found because inher-
ent physicochemical properties prohibit
these large polar molecules from crossing
the stratum corneum without the addition
of potentially irritating additives called pen-
etration enhancers.

The pulmonary route has shown suc-
cess with macromolecular drugs deliv-
ered either as solutions or fine powders.
The properties and composition of lung
fluid are similar to those of blood, so pul-
monary delivery is very similar to injec-
tion into the bloodstream. The lungs can
absorb many macromolecules and some
small particles, presumably by transcyto-
sis in the alveoli. Once absorbed in the
deep lung, the drug passes readily into
the bloodstream. The body’s protective
mechanisms, however, pose a problem in
getting drug to the deep lung. Large mol-
ecules and particles may be removed by
metabolism, and by phagocytosis by white
blood cells. Nevertheless, if the drug is
delivered efficiently to the lower pulmo-
nary regions, a sufficient quantity can be
absorbed into the bloodstream to exert a
therapeutic effect. For example, the pul-
monary delivery of insulin has been suc-
cessful, and that of other protein drugs is
showing success in clinical trials.

Local Administration

Systemic administration is appropriate
when we need to use the bloodstream to
get drug to the site of action. However,
the bloodstream also carries the drug to
all other organs and tissues in the body,
which often leads to unwanted side
effects.

Sometimes, it is possible to administer
the drug at or close to the site of action
so that absorption into the bloodstream is
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unnecessary; thisapproach to drug admin-
istration is called nonsystemic or local.
To exert its action, the drug has to merely
stay at the site of application, or travel
only a short distance through the tissue.
High local concentrations are achieved at
the intended site, usually much higher
than those possible by a systemic route.
Therefore, a much lower dose can be used
for local delivery compared with adminis-
tration of the same drug systemically.

Because absorption in the bloodstream
is not necessary, local delivery avoids
many systemic side effects. This does
not mean, however, that all the drugs
remain at the site of application. Some
of the administered drug may enter the
bloodstream (by the processes discussed
above under Systemic Administration)
and travel to the rest of the body. As a
result, some systemic side effects may
occur with locally applied medications,
particularly with inappropriate use.

Many of the systemic routes discussed
earlier can also be employed to treat local-
ized conditions. Although the oral route
is most commonly used for systemic
administration, orally administered drugs
also treat ailments of the GI tract locally.
Examples are antacids to neutralize stom-
ach acid and antibiotics for the treatment
of GI infections. In these situations, the
site of action is the GI tract, and the drug
does not need to be absorbed into the cir-
culation.

Local parenteral delivery involves inject-
ing the drug near the site of action, as in
intracardiac (in the heart), intrathecal (in
the cerebrospinal fluid), or intralumbar
(in the lumbar space) application. These
routes are only used in specialized situa-
tions, when other routes of administration
cannot achieve adequate concentrations of
drug in the tissues.

Examples of buccal delivery for local
treatment are sprays applied to gums,
mouth, and throat for local infections or
pain, and lozenges for dissolution in the
mouth to soothe the mouth and throat
regions.
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Rectal suppositories and enemas are
used to relive constipation and for clear-
ing out the lower intestines before surgi-
cal procedures. Ointments and creams are
applied rectally for the relief of hemor-
rhoids and itching.

Dermal delivery involves application
of medications to the skin for local treat-
ment. Medications can be applied to skin
for protection (e.g., sunscreens), to fight
infection (e.g., antibacterials and antibi-
otics), or to modify properties of the skin
(e.g., anti-acne products, anti-aging prod-
ucts, or chemical peels). Many of the lat-
ter are considered cosmetics rather than
drug products, but the distinction is often
blurred.

Pulmonary delivery of drugs is more
common for local treatment than for
systemic application. It is widely used
to treat pulmonary conditions such as
asthma, emphysema, and lung infections.
Nasal delivery is also more common for
treatment of local conditions. Nasal aller-
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gies and nasal congestion are frequently
treated with drops or sprays applied in
the nostrils.

The ophthalmic route is reserved for
local application to the eye only and is
generally not used for systemic adminis-
tration. The eye is a very delicate organ
and is easily irritated and damaged by
introduction of foreign substances. There-
fore, medications are applied to the eye
only when necessary to treat ophthalmic
diseases. Eye infections and inflammatory
conditions can be treated by eye drops or
ointments. Ophthalmic products are also
used to treat glaucoma, with the drug trav-
eling through the cornea into the aqueous
humor.

Vaginal and urethral application is also
reserved for treating local conditions,
vaginal application being more common.
Solution, creams, or tablets can be applied
to the vagina for contraception or to treat
infections. Small tablets can also be used
for treating urethral infections.

Key Concepts

* Drugs can be administered either
systemically or locally.

e Absorption rate is influenced by
drug physicochemical properties
and the physiological conditions
at the site of absorption.

e Absorption rate depends on the
dissolution rate of drug as it arrives
at the absorption site, and the
permeability of drug through the
membranes at the absorption site.

* Most drugs are absorbed by pas-
sive transcellular diffusion. Only

the un-ionized form of the drug
diffuses through epithelial barri-
ers at absorption sites.

e Carrier-mediated absorption
enhances the absorption of some
drugs, whereas opposing efflux
pumps limit the absorption of
others.

e Local administration does not
require drug absorption into the
bloodstream; however, absorp-
tion may occur.

Review Questions

-—

and list the routes used for each.

N

. Differentiate between systemic and local (nonsystemic) drug administration,

Explain the term permeability as it applies to a drug crossing a membrane.

What makes some membranes more permeable to a drug than others?
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3. What is the primary mechanism for drug absorption across epithelial mem-
branes? What parameters control the rate of absorption of a drug?
4. Discuss the role of transporters in increasing or decreasing drug absorp-

tion.

5. Describe the role of the esophagus, stomach, small intestines, and colon
in oral drug absorption. Why are most drugs absorbed from the small

intestines?

6. How does the pH of Gl fluids influence the release and absorption of weak

acid and weak base drugs?

7. When is it appropriate to use nonoral routes for systemic delivery? List the

key features of each route.

A D 6

Things go better with Coca\Cola

Drug Absorption

KM is a 30 year old female who was
recently prescribed one 200-mg tablet of
ketoconazole (Nizoral™) daily for treat-
ment of a persistent vaginal yeast infec-
tion. Ketoconazole is an antifungal drug.
KM'’s physician told her to take the
ketoconazole tablet with Coca Cola
rather than with water because the
Coca Cola “makes the drug work bet-
ter”. KM does not like Coca Cola, so she
called her brother who is a pharmacy
student, and asked him what other lig-
uid she can use instead of Coca Cola.

Background

Ketoconazole is a weak dibasic com-
pound with pK, values of 2.9 and 6.5. It
is practically insoluble in aqueous flu-
ids unless both weak base groups are
ionized.

CJ
N™ C|

0" o — 9
L—L cH,0 N N—C—CHs
__/

Ketoconazole

Questions

1. Calculate the % of ketoconazole
that is uncharged, singly charged,
and doubly charged at pH 6 and
pH 2.

2. Qualitatively describe how pH of
the solution will influence the
aqueoussolubilityofketoconazole.
Will ketoconazole be more soluble
in the stomach or in the small
intestines?

3. Explain how ketoconazole can be
absorbed from the small intestines
if it is not very soluble at pH 6, the
usual pH of intestinal fluids.

4. Some elderly persons have achlo-
rhydria, or insufficient production
of gastric acid. Gastric pH in these
individuals may be as high as 5-6.
Ketoconazole has been show to be
poorly absorbed in these patients.
Explain.

5. The pH values of some carbonated
beverages are given below. Drink-
ing water has a pH of 6.5-7.0.
Explain why KM'’s physician rec-
ommended that she take ketocon-
azole with Coca Cola. Which of the
others may also work? How does
the drink “make the drug work
better”?
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6. KM tells her grandson that she does

Beverage pH not like Coca Cola or most carbon-
Coca-Cola 2.5 ated beverages. What other bever-
Pepsi 2.5 ages can he suggest?

7-Up 3.3 7. Even if KM does not have achlo-
Canada Dry Ginger Ale 2.7 rhydria, what other types of drug
Diet Coke 3.2 products can raise gastric pH, and
Diet Pepsi 32 should be avoided by KM while she
Diet 7-Up 34 is taking ketoconazole?

Additional Readings
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Wells BG, Posey LM (eds). Pharmacother-  Shargel L, Yu ABC. Applied Biopharmaceutics

apy: a Pathophysiologic Approach, 5th ed. and Pharmacokinetics, 4th ed. McGraw-

McGraw-Hill/Appleton & Lange, 2002. Hill/Appleton & Lange, 1999.



Drug Delivery Systems

he development and effective thera-

peutic use of a new pharmaceuti-
cal product involve more than just the
discovery of a compound with intrinsic
pharmacological activity. That is where
drug delivery comes in. Once appropri-
ate routes of administration, whether
systemic or local, have been identified,
scientists must design drug products that
enable the drug to reach the site of action
at the appropriate time, and maintain an
effective concentration for the desired
duration. This is not a trivial issue; the
development of an appropriate delivery
system is often as complex as the discov-
ery of the drug molecule itself.

The three important considerations in
the design of a delivery system are release
of drug for absorption, stability, and ele-
gance. Release is necessary because a drug
must dissolve in order to be absorbed and
to bind to the target. Stability is important
to ensure that a product retains its char-
acteristics for a sufficient duration, and
provides reproducible performance over
its shelf life. Elegance is critical to make
sure the products appearance, smell,
taste, and method of administration are
acceptable to patients.

Dosage Forms

As pure compounds, drugs are usually
solid substances (amorphous or crystal-
line) or, in rare cases, liquids. Drugs are
combined with several inert materials
called excipients, and these mixtures are
processed into distinct units called dosage
forms. Each excipient plays an important
role in the overall performance of the dos-
age form. An excipient may facilitate drug
release, improve drug stability, protect the
product from microbial contamination,
provide elegance, or make the product
easy to manufacture on a large scale.

Examples of dosage forms are tablets,
capsules, suspensions, solutions, and oint-
ments. Dosage forms can be administered
to patients via several different routes of
administration (e.g., oral, injectable, rec-
tal), as discussed in Chapter 6. Many dos-
age forms have to be used with a specialized
administration device, such as an inhaler,
a nasal spray, or a transdermal patch. The
complete system of dosage form and admin-
istration device is called the drug delivery
system, or drug product.

The physicochemical properties of a
drug (solubility, pK,, lipophilicity, particle
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size, chemical stability) are important
when determining which route, dosage
form, and excipients will be best suited
for a particular application. Also impor-
tant are the requirements of the individ-
ual patient. Many drugs are available in
several different doses and dosage forms,
for administration by several routes. Each
clinical situation requires an analysis
of which product is best suited for the
patient. The science of the design, evalu-
ation, and manufacture of drug delivery
systems is called pharmaceutics.

Need for Dosage Forms

In the past, pure drug substances were often
given directly to patients in preweighed
quantities; this type of dosing is almost
never used today. Dosage forms provide
control and accuracy of dosing, allow a
convenient means of administration, pro-
tect the drug, and prevent contamination.
They also make it possible for the drug to
be delivered at a rate appropriate to the
needs of the patient or the disease.

The design of a good drug product
takes into account the properties of the
drug, the requirements of the disease that
it treats, and the needs and preferences
of patients. An optimized drug product
delivers the drug in a manner that pro-
duces maximum effectiveness, safety, and
reliability. The characteristics of an ideal
drug delivery system are as follows:

* Releases drug at the appropriate loca-
tion in the body

* Releases drug at a controlled, predict-
able rate unique to each situation

* Is not affected by physiological vari-
ability such as gastric pH, diet, and
patient health.

* Is convenient and easy for the patient
to take

* Has a long shelf life when stored under
various environmental conditions

* Is easy to manufacture on a large scale

e Is cost-effective

* Is elegant (taste, smell, appearance,
texture).

Part 11/ DRUG DELIVERY

Although it is difficult to achieve all
objectives for every drug, these consid-
erations are important in designing drug
products.

Types of Dosage Forms

Dosage forms are broadly classified accord-
ing to their gross physical nature as

e Solutions
e Dispersions
e Semisolids
e Solids

The drug in the dosage form is often
referred to as the active ingredient and is
present along with several excipients.

In a solution, the drug is completely
dissolved in a medium, usually aqueous.
Excipients added to drug solutions may
be cosolvents, buffers, preservatives, sta-
bilizing agents, flavors, and colors. Solu-
tions are commonly administered orally,
by injection, or can be applied to the
nose, ear, or eye. Nonaqueous solutions,
although not common, are also avail-
able. Examples include drugs dissolved
in oils for administration by injection, or
dissolved in other lipids for dermal appli-
cation.

Dispersions are products with two
phases, one phase dispersed in a medium
of another phase. Examples are suspen-
sions (solid drug dispersed in a liquid)
and emulsions (a liquid dispersed in
another immiscible liquid). To keep the
active ingredient uniformly suspended
throughout the liquid, a suspending or
thickening agent is usually added. Other
excipients are similar to those found in
solutions. Dispersions are often given
orally or by injection, or can be applied
to the nose, ear, eye, or skin. Special-
ized dispersions of drug in a nonaque-
ous medium also exist, e.g., metered-dose
inhalers, which contain drug dispersed in
a liquid propellant mixture.

Semisolids such as ointments, creams,
and gels are dosage forms generally meant
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for application to the skin. They may also
be applied to the eye as ophthalmic oint-
ments, and rectally or vaginally as suppos-
itories. In addition to the active ingredi-
ent, semisolid dosage forms may contain
oils or lipids, water, buffers, polymers for
thickening, and preservatives for stability.
Solids are the most common types of
dosage forms; examples are tablets, cap-
sules, and powders. Solid dosage forms vary
greatly in shape, size, weight, and many
other properties. They are usually given
orally, but powders may be formulated for
application to the skin or for inhalation.
Some powders are designed to be added to
a liquid and made into a solution or sus-
pension just prior to administration.

Drug Release and
Dissolution

Regardless of the type of dosage form,
drug must be in solution at the absorp-
tion or administration site before it can
cross membranes or enter cells. The first
medium most drugs encounter in the
body is usually aqueous; this is why it
is important for drugs to have adequate
water solubility.

In solution dosage forms, the drug is
already dissolved in the product, and is
available for absorption immediately after
administration to a patient. However, in
other types of dosage forms (tablets, cap-
sules, suspensions, and so forth), the drug
is present as a solid. Before the drug can
be absorbed or reach its target, it must be
released from the dosage form; in other
words, it must dissolve in the fluids at the
site of absorption. Undissolved drug can-
not be absorbed. Even if the drug product
is intended for local action and does not
require systemic absorption, dissolution
is necessary for the drug molecules to
reach the site of action and interact with
the target. If the drug does not dissolve
completely, the amount of drug available
for absorption or action will be less than
the dose administered.
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Figure 7.1. Schematic diagram of the dissolu-
tion process. The concentration of drug at the
solid surface is equal to the solubility S of the
drug in the dissolution medium, C is the con-
centration of drug in the bulk solvent, and h is
the thickness of the diffusion layer.

Dissolution Rate

Dissolution is a process by which a com-
pound goes from the solid state into solu-
tion in a solvent. Let us first consider dis-
solution of a sample of pure drug. The
dissolution process can be characterized
mathematically using the diffusion layer
model, depicted schematically in Figure
7.1. The model assumes that, as a drug
particle dissolves, a thin layer of liquid
(called a diffusion layer or stagnant
layer) of thickness h is formed adjacent
to the surface of the particle. This layer
remains stagnant or unmixed, while the
bulk liquid in the solution is completely
mixed. At the solid/liquid interface, the
drug dissolves rapidly forming a saturated
solution. The overall rate of dissolution is
governed entirely by the diffusion of dis-
solved drug molecules through the stag-
nant layer from solid surface to the bulk
liquid.

Let us follow what happens in the stag-
nant layer when a drug particle dissolves
in water at a particular pH, etc.

e Initially, (time = 0) the concentration of
dissolved drug immediately around the
particle is S, the saturated solubility in
the medium. There is no drug yet dis-
solved in the bulk, so the drug concen-
tration at the other end of the stagnant
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layer is zero. Thus, there is a concen-
tration gradient in the stagnant layer,
with a high drug concentration (S) at
the surface of the particle and a low
concentration (zero) in the bulk sol-
vent. Drug molecules diffuse through
the stagnant layer into the bulk solvent,
and more drug dissolves from the par-
ticle to maintain a saturated solution at
the particle’s surface.

e Partway through the dissolution pro-
cess (time = t), the concentration at
the particle surface is still S, while the
concentration in the bulk has now
increased to some concentration C. As
long as C < S, there will be a concen-
tration gradient in the stagnant layer,
and dissolution will continue. The rate
of dissolution will be slower, however,
because the concentration gradient in
the stagnant layer is smaller.

e Dissolution will eventually stop (time =
o) when either of the following two
conditions is reached. If there is suf-
ficient solvent to allow the particle to
dissolve completely, then there will be
no solid drug left to maintain a satu-
rated solution at the particle surface,
and no concentration gradient. The
concentration in the entire stagnant
layer will be the concentration in the
bulk (C). If, on the other hand, there
is insufficient solvent to dissolve the
drug, dissolution will stop when
the concentration in the bulk (C)
becomes equal to S. Even if the particle
is not completely dissolved, no further
dissolution will occur because there is
no concentration gradient.

Mathematically, the dissolution rate of
a drug is the rate of increase in its bulk
concentration as a function of time. It is
described by the modified Noyes—Whitney
equation, derived from Fick’s first law of
diffusion

Dissolution rate = d—C = w
dt h

(Eq. 7.1
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In this equation, A is the surface area
of solid drug exposed to the dissolution
medium, S is the drug solubility in the
dissolution medium, C is the concentra-
tion of the drug in the bulk dissolution
medium, D is the diffusion coefficient
of the drug, and h is the thickness of the
diffusion layer. Thus, (S — C) is the con-
centration gradient that drives the disso-
lution process. A plot of this concentra-
tion gradient at different times is shown
in Figure 7.2. Dissolution will be fast
initially (time = 0) when the concentra-
tion gradient is the highest. Dissolution
will become slower as (S — C) becomes
smaller (time = t); and dissolution will
eventually stop (S — C =0 at time = o).
This condition is reached either when a
saturated solution is formed in the bulk
(C =S) or when the entire solid dissolves.
Although we denote the time as oo, the
time taken could vary from hours to days,
depending on the conditions.

Equation 7.1 tells us that dissolution
will be fast for a drug with high solubil-
ity, diffusion coefficient, and surface area,
and in a medium with a small diffusion
layer thickness.

Equation 7.1 is often written as
Dissolution rate = k-A(S—C)  (Eq. 7.2)

The constant k is called the intrinsic
dissolution rate constant of the drug in
the medium. It is directly proportional
to diffusion coefficient (D) of the drug
(which in turn depends on drug molecu-
lar weight), and is inversely proportional
to thickness (h) of the diffusion layer. Dif-
fusion layer thickness can be reduced by
stirring the medium or by decreasing its
viscosity.

Dissolution of Drug from
Dosage Forms

Equation 7.1 allows us to identify all
the factors that control the dissolution
rate of a drug. If the solid drug were dis-
solving in a beaker of solvent, we could
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Figure 7.2. A plot of the changing concentration gradient in the diffusion layer of a dissolving

particle at time = 0, time = t, and time = oo. The solubility of the solid is S and the thickness of the

diffusion layer is h. The concentration (C) in the bulk solvent increases as dissolution progresses,

reducing the concentration gradient and dissolution rate. Dissolution progresses as long as C < S,

and stops when C becomes equal to S.

easily determine how to change each
parameter (S, A, D, or h) to increase or
decrease dissolution rate. However, for a
drug in a dosage form dissolving in the
body, there are several constraints on
which parameters can be modified and
to what degree.

Drug Solubility

It is intuitively obvious that the solubil-
ity, S, of adrugis an important parameter
in determining dissolution rate. Drugs
with a high solubility in the medium
will dissolve faster than those with a
low solubility. In Chapter 4, we learned
that intrinsic water solubility depends
on the solid state structure of the drug,
and that total solubility of weak acids
or weak bases further depends on pH
of the medium. Consequently, dissolu-
tion rate is influenced by these factors
as well.

Solid State Structure. If a drug exhibits
polymorphism, the metastable or high-
energy polymorph (with a lower melting
point) has a higher intrinsic solubility
and faster dissolution rate compared with
the stable polymorph (with the higher
melting point). The crystal lattice of the
metastable polymorph is more readily
broken, allowing the drug to dissolve.
It would seem logical to select the meta-
stable polymorph if a fast dissolution rate
is needed.

Unfortunately, metastable polymorphs
revert to the stable, less soluble poly-
morph with time. This process is usually
difficult to control and nonreproducible.
Thus, although metastable polymorphs
are attractive for their faster dissolution,
they are rarely used in drug products.
Pharmaceutical companies usually iden-
tify and select the most stable polymorph
for development. In general, the stable
polymorph has the highest melting point,
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the lowest solubility, and the maximum
stability.

pH of the Medium. Since the ionized form
of a drug has a higher aqueous solubility
than the un-ionized form, drugs dissolve
faster if they are able to ionize in the dis-
solution medium. A higher total drug
concentration is achieved at the particle
surface, increasing the concentration gra-
dient for dissolution. For drug dissolu-
tion at various sites of administration and
absorption, the local physiological pH
has a tremendous influence on dissolu-
tion rate, and consequently could have a
big influence on absorption rate.

For example, stomach fluids have pH
values between 1 and 3.5, whereas the
small intestinal fluid pH is in the range
5.5 to 7.5. A weak acid drug will have a
lower solubility and dissolution rate in
the stomach and a higher solubility and
dissolution rate in the small intestines.
The opposite is true for weak base drugs.

Salts of weak acids and bases often
have faster dissolution rates than the par-
ent acid or base, as we learned in Chapter 4.
The faster dissolution rate is a reflection of
higher water solubility of the salt because
of a local pH effect; the salt effectively
acts as its own buffer and facilitates ion-
ization and dissolution. The type of salt,
i.e., the counter-ion, also influences dis-
solution; each type of salt of a particular
acid or base drug has a different solubility
product and therefore a different dissolu-
tion rate. Selection of the appropriate salt
for fast dissolution is an important step in
new drug development.

Role of Solubility in Absorption Rate.
In Chapter 6, we saw that oral drugs are
classified according to the BCS to pre-
dict whether solubility or permeability is
more important for absorption. Solubil-
ity is used to estimate the ability of the
drug to dissolve in gastrointestinal flu-
ids.

The dissolution process is critical for
BCS Class II (low solubility—high perme-
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ability) and Class IV drugs (low solubility—
low permeability). These low solubility
drugs will have slow dissolution rates
that could lead to incomplete absorption.
Differences between dissolution rates
among dosage forms may translate into
significant differences in absorption and
efficacy. Much of the product develop-
ment effort for such drugs is spent trying
to speed up dissolution rate.

On the other hand, faster dissolution
may not necessarily translate to better
absorption for BCS Class III drugs (high
solubility—low permeability). For such
drugs, it is the membrane permeability
rather than dissolution rate that limits
absorption. It is possible that a solid dos-
age form of such drugs will have the same
rate of absorption as a solution product.
Improvement of dissolution rate may not
be a high priority during the development
of these drugs.

Concentration Gradient

Although a high drug solubility will give
a high dissolution rate, it is actually the
concentration gradient (S — C) that is
the driving force for dissolution. A high
solubility (S) will help to give a large
concentration gradient. So will a low
value for C. This is why the rate is high-
est when dissolution begins, and slows
down as we approach equilibrium (S =
C). If we could somehow keep C at a low
value, we could keep the dissolution
rate high. This is what occurs during the
dissolution and absorption process in
the body. As the drug dissolves, some
or all of it is absorbed into the blood-
stream and removed from the absorp-
tion site. This maintains the concentra-
tion gradient, and allows dissolution to
continue.

Particle Size

In addition to solubility, the size of drug
particles plays a role in dissolution rate.
If a large particle of drug is ground up to



CHAPTER 7 / DRUG DELIVERY SYSTEMS

give many small particles, the total surface
area exposed to the solvent (A in Eqn. 7.1)
increases, and dissolution rate increases
proportionately. Thus,a common approach
to increasing dissolution rate is to reduce
the average size of the solid particles to
only a few microns in diameter, a process
known as micronization.

Diffusion Coefficient

The diffusion coefficient of a drug in
a medium depends on the molecular
weight of the drug and the characteris-
tics of the medium. A drug with a high
molecular weight has a lower diffusion
coefficient (D) and will dissolve slower
than one with a small molecular weight,
everything else being the same. However,
we cannot change the molecular weight
of the drug without changing its structure
and, therefore, its other properties. Thus,
this is not a parameter that can be readily
modified to change dissolution rate.

Diffusion coefficient also depends
on the viscosity of the medium; a high
viscosity results in a low diffusion coef-
ficient. Thus, the viscosity of the physi-
ological fluid in which the drug is dissolv-
ing will affect dissolution rate. This, too,
is not generally a parameter that can be
readily changed.

Diffusion Layer Thickness

A thick diffusion layer (i.e., a large h)
means that a dissolving drug molecule has
to diffuse across a longer path to get from
the solid particle to the bulk. This slows
the overall rate of dissolution. While the
other parameters discussed earlier were
characteristics of the drug, diffusion layer
thickness is a property of the medium.
Diffusion layer thickness can be reduced
by increasing temperature, decreasing the
viscosity of the medium, or by agitating
the medium. In general, the dissolution
medium in the body is the physiological
fluid at the site of administration and can-
not be readily modified.
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Approaches to Drug Delivery

Immediate-Release Products

The goal for most drug delivery systems is
rapid dissolution of drug after administra-
tion; such products are called immediate-
release systems. The objective with these
is to get drug to the site of action or into
the bloodstream as quickly as possible. The
product is designed to give the fastest dis-
solution rate possible, with the assumption
that this will give the fastest absorption and
effect. As discussed, rapid dissolution can
be achieved by increasing surface area A of
drug particles (reducing particle size) and
by using appropriate excipients to enhance
solubility of drug in diffusion layer.

Figure 7.3 illustrates the drug release
and dissolution process of an oral tablet.
Immediate-release tablets are designed to
undergo rapid disintegration to smaller
granules and subsequent deaggregation
to fine particles. A larger surface area
is exposed to the dissolution medium,
resulting in a faster dissolution rate than
if the tablet were to dissolve intact. Excip-
ients that facilitate disintegration (disin-
tegrants) and deaggregation (surfactants)
are usually included in immediate-release
solid dosage forms.

When an immediate-release product
is administered, the drug concentration
in blood rises rapidly, peaks soon after
administration, and then declines. If the
peak concentration is too high, the drug
may exhibit undesirable side effects. If
the decline in blood concentration is also
rapid, the product will have to be dosed
frequently to maintain therapeutic blood
levels. Such a large fluctuation in blood
concentration may not be suitable for
some drugs, or may require dosing fre-
quencies that are impractical.

Controlled-Release Products

In contrast to immediate-release products
designed to release drug as fast as possi-
ble, a controlled-release product releases
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Dissolution (slow)

Dissolution (intermediate)

Granules

Deaggregation l

Fine particles

................. » Drug in solution

Dissolution (rapid)

Figure 7.3. The processes involved in dissolution of a drug from a tablet in the presence of fluids.
Although dissolution can occur from the whole tablet, granules, and fine particles, the large surface
area of the granules and even larger surface area of the fine particles give faster dissolution rates.

drug in the body in a manner precisely
controlled to suit the clinical situation.
Its goal is to achieve a constant, effective
drug concentration at the site of action
for the mnecessary duration. Controlled
release requires predictability and repro-
ducibility of drug dissolution from the
dosage form.

The term controlled release refers
to a variety of methods that modify
release of drug from a dosage form. This
term includes preparations labeled as
“extended release,” “delayed release,”
“modified release,” or “sustained release.”
Unlike immediate-release products from
which the entire dose of drug is released
rapidly after administration, controlled-
release products gradually release specific
amounts of drug over alonger time period.
Major benefits include less frequent dos-
ing, less fluctuation of drug concentration
in the blood, fewer side effects, and better
patient compliance.

The most common application of
controlled release is sustained release,
in which dissolution rate is deliberately
reduced to achieve continuous release

and absorption of drug over a long time.
For an oral sustained release product, the
drug is slowly released and absorbed as
it travels down the GI tract, rather than
being released rapidly in the stomach.
Clearly, this means that the drug proper-
ties and physiological conditions should
allow absorption along the entire length
of the small intestines. The absorption
rate of sustained release systems is pro-
grammed to match the rate of elimination
of drug from the bloodstream, so that a
relatively constant concentration is main-
tained in the blood.

We can examine Equation 7.1 again to
understand how the various parameters can
be manipulated to give slow dissolution.

* The solubility can be reduced by choos-
ing a low solubility form of the drug
(e.g., weak acid/base instead of the salt).

e The pH in the diffusion layer can be
modified to reduce S, by adding acidic
or basic excipients.

e Surface area can be reduced by not
allowing the product to disintegrate or
deaggregate.
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 Diffusion layer thickness can be
increased by adding viscosity-increas-
ing excipients; this will also decrease
diffusion coefficient D of the drug.

* Drug particles can be coated with a slow
dissolving excipient, so the medium
cannot reach the drug rapidly.

All of these approaches are used in the
design of the sustained release drug prod-
ucts on the market today.

Sustained-release products contain a
much larger amount of drug than a single
dose of an immediate-release product,
because they are supposed to maintain
therapeutic concentrations for a pro-
longed period. This poses one of the big-
gest problemsin using such products—the
danger that inappropriate manufacture or
use may result in a large amount of drug
being released and absorbed rapidly, caus-
ing toxicity.

Not all drugs can or should be formu-
lated in sustained-release systems. The
physicochemical or ADME properties of
the drug may make sustained-release deliv-
ery unfeasible. Moreover, constant blood
levels may not be pharmacodynamically or
therapeutically desirable for some drugs or
disease states.

Targeted Drug Delivery

The therapeutic potential of many of today’s
highly potent drugs, such as many che-
motherapeutics, is limited by serious side
effects. In the traditional systemic delivery
systems discussed so far, the drug becomes
distributed throughout the body via the
bloodstream. Only a small fraction of drug
reaches site of action, while the rest goes
to unintended organs and tissues, causing
side effects. Targeted or site-specific drug
delivery is an approach to concentrate
drug in the tissues of interest, while mini-
mizing drug concentration in the other tis-
sues. By controlling the precise level and/
or location of drug in the body, side effects
are reduced, lower doses can be used, and
new therapies are possible.
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One way of minimizing side effects is
to design very selective drugs that bind
to only the desired receptor subtype. The
objective is to improve fit, affinity, and
binding to the specific receptor that ulti-
mately will trigger the pharmacological
activity. Unfortunately, the target recep-
tor may be distributed in several organs
of the body. Also, it is difficult to achieve
the desired level of specificity necessary
to avoid all side effects. Therefore, a more
common approach of drug targeting is by
designing delivery systems that localize
the drug primarily at the site of action.
Although there are only a few successful
commercial examples of such products,
drug targeting continues to be very active
area of research.

Successful drug targeting, however, is
very complex. It involves modifying vari-
ous aspects of absorption and distribution,
as well as sometimes drug metabolism and
excretion. There are a number of impor-
tant parameters to be considered such as
the biological and cellular membranes at
the site of action, type and distribution
of drug receptors, type and distribution
of enzymes that metabolize the drug, and
local blood flow.

The three major approaches to drug
targeting can be classified as physical,
biological, and chemical.

The physical approach to targeting uses
a controlled release approach to achieve a
sustained, relatively constant blood and/or
tissue concentration of a drug. Targeting
is achieved by localizing the delivery sys-
tem at or around the target organ so that
some differential distribution of drug is
achieved. Physical targeting has been used
for pilocarpine delivery to the eye from a
polymeric device or the contraceptive sus-
tained release of progesterone from a vagi-
nal polymeric insert. This approach is suc-
cessful if the site is readily accessible, like
with local or nonsystemic delivery. Other
examples are drug-embedded implants
that are surgically placed at or near the
intended site, but these have limited value
because of their invasiveness.



114

Biological targeting systems are
based on attaching the drug to an anti-
body that is specific for a particular pro-
tein on the cell membrane of targeted
cells. The antibody—drug conjugate is
then taken up only by these cells, and
broken down to release drug preferen-
tially in or near the cell. Tumors can
be targeted in this manner. There are,
however, a number of problems related
to the actual distribution of an anti-
body—drug conjugate in the body. The
antibody specificity is often altered by
conjugation with the drug, the amount
of drug that can be carried by antibod-
ies is small; and the antibody-drug
conjugate may break down too fast or
too slow. In most cases, this critical
process, producing pharmacologically
active local concentrations of the drug,
is the major problem.

Chemically targeted systems involve
adding a targeting group to the drug’s
chemical structure. Recall that a drug
molecule’s structure can be divided into
a pharmacophore, and carrier and vul-
nerable groups, as discussed in Chapter
2. To enable drug targeting in the current
context, the carrier group, now called
the targetor, must be enhanced to give it
additional properties. The targetor now
is responsible for optimizing molecular
properties controlling distribution and
elimination as with conventional drugs,
as well as determining site targeting, site
specificity, and site retention. Often, the
targetor makes the compound inactive in
its parent form, but allows drug release
only after being broken down by enzymes
at the site of action.

A detailed discussion of targeted delivery
is outside the scope of our discussion.

Drug Stability

A good drug product should maintain its
performance (effectiveness, safety, and
reliability) for a sufficiently long time to
allow use by the patient. Unfortunately,

Part 11/ DRUG DELIVERY

the performance of most drug products
changes with time. The shelf life is the
period (in days, months, or years) after
manufacture during which a product is
expected to perform as intended, within
specified limits, when stored under the
recommended conditions. The expira-
tion date specifies the exact date after
which a particular batch of product can-
not be guaranteed to be safe and effective.
Each batch will have the same shelf life,
but different expiration dates, depending
on the date of manufacture. Ideally, we
would like drug products to have a long
shelf life; in other words, we would like
them to be very stable or to have good
stability.

The term “stability,” with respect to
a drug dosage form refers to the chemi-
cal and physical integrity of the dosage
unit and, the ability of the dosage unit
to maintain protection against microbio-
logical contamination. Thus, the types of
instability that can determine the shelf
life and expiration date of a product are

e Chemical degradation of the drug or
excipients

* Microbiological contamination

* Physical changes.

The shelf life of a particular drug prod-
uct may be limited for chemical, micro-
biological or physical instability reasons.

Chemical Stability

Chemical stability characterizes the
change in concentration or amount of the
active drug in the product with time. The
drug may degrade over time as a result
of chemical reactions such as hydrolysis,
oxidation, or photolysis. Chemical insta-
bility decreases in the amount of drug in
the dosage form and reduces the dose pro-
vided to the patient. Moreover, the degra-
dation products formed can be undesirable
or toxic. Thus, chemical instability results
in a gradual decline in the effectiveness
and/or safety of a drug product. Although
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we focus mainly on the chemical stabil-
ity of the drug itself, degradation of any
of the excipients in the product may also
compromise product performance. Usu-
ally, manufacturers select excipients that
do not pose significant stability problems.

Common Degradation Reactions

Hydrolysis, the decomposition of a
chemical compound by reaction with
water, is the most significant reaction
for chemical instability of drugs. This
is because many drugs have functional
groups (ester, amide, lactone, lactam)
that are prone to hydrolytic attack, and
because water is present to some extent
in most drug products and in the envi-
ronment. Hydrolysis rates depend on the
pH of the product, the temperature and
humidity at which the product is stored,
and excipients in the product. Oxida-
tion, particularly oxidation catalyzed by
light (photooxidation), is the second most
common degradation reaction of drugs,
because of the ubiquitous presence of
oxygen in the environment. Oxidation is
often catalyzed by heavy metal ions.

Degradation reactions are generally
fastest in solutions and slowest in solid
dosage forms. Therefore, solid dosage
forms of a drug are usually more stable
than its liquid dosage forms. Excipients
are frequently added to drug products to
improve chemical stability. Appropriate
buffers and cosolvents can reduce hydro-
lysis rates, and chelating agents and anti-
oxidants reduce oxidation rates. Many
solid dosage forms may be coated with a
protective film to slow the entry of mois-
ture and oxygen into the product.

The package in which the product is
provided also plays a role in drug product
stability. Hydrolysis and oxidation rates
can be reduced by using airtight, sealed
containers. The use of desiccants (such
as silica) in the container helps to reduce
moisture content and, therefore, hydrolysis
rates. Opaque containers protect products
from light and reduce photooxidation.
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Chemical Shelf Life

Almost all drugs chemically degrade to
some extent with time, resulting in a
decrease in the concentration of the active
ingredient in the product. Small changes
in concentration are not clinically sig-
nificant, so the accepted limit of chemical
decomposition for most drug products is
*10%, i.e., drug products should con-
tain 90% to 110% of the active ingredient
claimed on the label. The chemical shelf
life is the time period after manufacture
for which the drug concentration remains
within these limits. When the active
ingredient concentration goes outside
these limits, the product is considered to
have expired.

Microbiological Stability

The microbiological stability of a drug
product is a measure of its resistance to
microbial (bacterial and fungal) contami-
nation during storage and use. Contami-
nation may occur due to exposure of the
product to the environment (e.g., atmo-
sphere) or due to inadvertent addition of
an organism during use. Even if only a few
microbes are introduced into the product,
they may grow and multiply, seriously
compromising the safety of the product.
Microbial growth is especially likely
in products with high moisture content
such as aqueous solutions, dispersions,
and water-based semisolids. Most such
products contain an antimicrobial pre-
servative to minimize microbial growth.
Most solid dosage forms contain rela-
tively small amounts of water and do not
require an antimicrobial preservative.
Certain pharmaceutical products, such
as injectable and ophthalmic products, are
also required to be sterile (free from con-
taminating microorganisms) throughout
their shelf life. When these products are
designed for single use (such as a prefilled
syringe for injection), an antimicrobial
preservative may not be necessary. How-
ever, sterile multidose products need to be
preserved to maintain sterility during use.
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Physical Stability

Many physical characteristics of dos-
age forms may also change with time.
Examples of physical characteristics are
dissolution rate, uniformity, appearance
and color, taste, odor, texture, etc. These
changes also influence effectiveness,
safety, and reliability of the product. The
effect of a changing dissolution rate on
drug absorption and effectiveness is obvi-
ous. However, a patient’s perception of the
effectiveness and safety of a drug prod-
uct is also influenced if a product’s color,
taste, odor, or other aspect of appearance
changes with time. Thus, even if a drug
product has good chemical and micro-
biological stability, physical changes may
result in a shorter overall shelf life.

Delivery of Macromolecular
Drugs

Advances in biotechnology have made
possible the development of biopharma-
ceutical drug products based on very large
molecules such as proteins, peptides, and
nucleic acids. Although they offer a new
approach to therapy, macromolecules pose
many challenges in designing safe, stable,
and effective drug products that are con-
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venient to administer. We discussed the
challenges in absorption of macromolecu-
lar drugs in Chapter 2. Consequently, most
macromolecular drugs are administered as
injectable products. Unfortunately, inject-
able delivery has poor patient acceptance
because of inconvenience, discomfort,
and the potential for infection at the injec-
tion site. An example is the administra-
tion of insulin injections to patients with
diabetes, in which patient compliance and
long-term complications are serious prob-
lems. With the introduction of many new
chronically administered macromolecular
drugs such as interferons and growth fac-
tors, there is a need for the development
of alternative, noninvasive, and more con-
venient methods of administration.

As far as shelf life goes, chemical and
physical instability problems are often
more serious for macromolecules. Con-
formational changes in protein structure
can often inactivate a product or make it
immunogenic, even though the molecule
has not chemically degraded. We will dis-
cuss more details of biopharmaceutical
products in Chapter 18. Special excipients
and packaging approaches are necessary
for optimum stability of macromolecular
drugs. A detailed discussion is outside the
scope of this book.

Key Concepts

e Design of a good drug delivery
system is important in optimal
drug therapy.

e Excipients are added to drug
products to enhance release, sta-
bility, elegance, or manufactur-
ability.

e Drug dissolution is a necessary
first step before absorption or
efficacy.

e Dissolution rate is described by
the Noyes-Whitney equation, and
can be controlled by modifying
key parameters.

e Immediate-release products are
designed to dissolve fast for rapid
absorption.

e Sustained-release products dis-
solve slowly to maintain steady
blood levels.

e Targeted drug delivery is an area
of research to enhance efficacy
and reduce side effects.

e The chemical, microbiological,
and physical stability of a drug
product together determine its
shelf life.
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Review Questions

1. What are the advantages of using a delivery system to administer drugs?
What are the characteristics of an ideal delivery system?

2. Discuss the mathematical expression describing the dissolution of a solid
drug particle. What parameters can be changed to increase or decrease dis-

solution rate, and how?

3. What are the differences between immediate-release and sustained-release
products? Under what conditions is a sustained-release product a better
therapeutic option than an immediate-release product of the same drug?

4. Describe the meaning of targeted or site-specific delivery. What are the
approaches to achieving site-specific delivery?

5. What is meant by the shelf life and expiration date of a drug product? Dis-
cuss the various aspects of stability of a drug product.

6. What are the unique delivery challenges of macromolecular drugs?

ASE STUDY 7 1

Is this patient becoming an addict?

Drug Delivery

DT is a 32-year-old female who had
Roux-en-Y gastric bypasssurgery 2 years
ago to help with weight loss. She lost
115 Ib, has been in good health, and
does not take any medications except
a daily vitamin. She recently had a ski-
ing accident, broke her foot and had
to have surgery. The doctor prescribed
Tylenol with codeine, but it did not
control DT's pain. Her physician then
prescribed Oxycontin® 10 mg tablets,
an opioid analgesic product. DT only
gets some relief with Oxycontin®, but
needs to take it every 6 hours, rather
than every 12 hours as indicated. DT
contacted her doctor and asked for a
higher dose and more refills. The doc-
tor is concerned that DT is either divert-
ing the product or becoming addicted
to it, and is considering not giving her
any more refills.

Background

Oxycontin® tablets are a sustained
release dosage form containing oxy-

codone hydrochloride, a schedule I
controlled substance with an abuse
potential similar to morphine. Oxy-
codone, like morphine and other opi-
oids used in analgesia, is addictive, can
be abused, and is sometimes illegally
diverted by patients. Oxycodone has a
pK, of 8.5; and an aqueous solubility
of 100 mg/mL between pH 1.0 and 6.5.
In normal adults, oxycodone is well
absorbed orally with about 80% of the
dose reaching the systemic circulation.

NCH;
OH

CH50 0" 0

Oxycodone

The Roux-en-Y procedure (RYGB) is
a common gastric bypass surgical pro-
cedure. Stomach size is reduced by con-
verting it into a small pouch to limit
food intake. The pouch is connected to
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the lower part of the small intestines
(ileum), so that a majority of the small
intestines is by-passed during food
intake. The connection between pouch
and intestine is narrow, to slow emp-
tying from the pouch and maintain a
longer feeling of fullness after a small
meal. Since ingested material bypasses
the lower stomach and a majority of
the small intestine (duodenum and
jejunum), food is incompletely digested
and absorbed, further contributing to
weight loss.

Questions

1. Is oxycodone a weak acid or weak
base? Why do you think the manu-
facturer used oxycodone hydrochlo-
ride in the tablets as opposed to
oxycodone?

Questions 2 to 6 are general ques-
tions about the impact of the RYGB
procedure on drug absorption.

Questions 7 to 9 deal specifically
with oxycodone and DT's case.

2. What is the role of the normal stom-
ach (dissolution absorption, or both)
in oral drug delivery? Explain. What
might be the consequence if the
stomach is reduced to a small pouch?

3. The pouch contains fewer parietal
cells and produces much less hydro-
chloric acid than the normal stom-
ach. The gastric pH in RYGB patients
is often in the range of pH 4 to 5
rather than pH 1 to 3 of normal gas-
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tric juice. How might this affect the
dissolution of weak acid and weak
base drugs? Explain.

. What is the role of the small intes-

tines in oral drug therapy? How
might the absorption of orally
administered drugs be different in
patients who have had the Roux-
en-Y procedure? Explain.

. Which BCS classes of drugs might

be most affected by the RYGB pro-
cedure?

. RGBY patients are advised to take

vitamin supplements. Why?

. Explain why DT is not getting suf-

ficient relief with Oxycontin. Based
on the physicochemical properties
of oxycodone and the type of dos-
age form, do you expect dissolu-
tion, absorption or both to be the
problem?

. What options for oxycodone admin-

istration would you suggest to pro-
vide pain relief for DT? Consider
higher dose (20, 40, 100 mg Oxy-
contin sustained release tablets are
available), immediate-release oxy-
codone tablets (Roxicodone), differ-
ent route of delivery.

. The general recommendation for

RYGB patients is to only use immedi-
ate-release products for oral dosing,
and to further crush all solid medica-
tions before use. Why do you think
crushing is recommended? Would
you recommend that DT crush her
Oxycontin tablets?
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The whole is simpler than the

sum of its parts
—Willard Gibbs
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Drug Distribution

drug administered systemically relies

on the circulatory system to take it
to the site of action and to other tissues
in the body. After absorption into blood,
most drugs must leave the bloodstream
and enter the site of action to exert their
effect. For a drug administered topically
(nonsystemically), entry into or exit from
the blood is not necessary. Topical drugs
merely need to travel a short distance from
the site of administration (i.e., the skin
surface for dermal administration) to the
site of action (i.e., dermis). However, it is
possible for topical drugs to enter the sys-
temic circulation and cause side effects.
We must understand the mechanisms of
drug transport into and out of the blood-
stream so that it can be enhanced when
needed, and minimized when not needed.
In general, drug distribution is the revers-
ible transfer of drug from one location in
the body 