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FOREWORD

The ACS Symposrum SEries was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the SEriEs parallels that of the continuing ADVANCES
v CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposium SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

The “controlled release” concept has made significant advances in the

last decade because of substantial research efforts by private com-
panies, institutions, and governmental agencies directed towards solving
some specific problems by this method. While there are many recognized
uses of controlled release, most of the above-mentioned programs have
been concerned with either the prolonged delivery of drugs at optimal
rates or control of a wide range of pests with minimal pollution of the
environment. Previous symposia have focused on these application areas.
A number of common techniques or concepts applicable to the different
areas of application have emerged, each of which employs polymeric
materials as a vital part of the controlled release mechanism. Therefore,
controlled release technology has become a new area in which to apply
or develop interesting concepts of polymer chemistry and engineering.

It was timely to organize a symposium on controlled release within
the two divisions of the American Chemical Society most concerned with
polymer chemistry and engineering for the purpose of focusing on the
polymer-related aspects of this subject. The contents of this book are
based on 25 of the 28 papers presented at this symposium. An attempt
was made to include papers that traversed the spectrum from funda-
mentals to commercial products while also covering a wide range of
applications and techniques. The individual papers deal with the role
of the polymer to varying levels of detail, but the overall objective is
served by the total collection of papers.

The manuscripts for this book were collected several weeks after
the sympgsium so that the authors could incorporate their most recent
results and take cognizance of the discussions that took place at the
symposium. An introductory chapter, not presented at the symposium,
is included here primarily as background and perspective for the reader
who is new to this field and wishes to use this book as a beginning point
to learn the state of the art in controlled release technology.

University of Texas D. R. PauL
Austin, Texas 78712
May 10, 1976 .
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Polymers in Controlled Release Vchhnology

D. R. PAUL
Department of Chemical Engineering, University of_ Texas, Austin, Texas 78712

Controlled release technology emerged actively
from the 1960's with promises to solve a diversity of
problems that have in common the application of some
active agent to a system with the objective of accom-
plishing a specific purpose while avoiding certain
other possible responses this agent might cause. A
number of techniques for effecting controlled release
have been identified and analyzed, and most of these
have been considered for or embodied in commercial
devices or formulations which already are or soon
will be on the market. Most of these concepts have
been described in the literature (patents, journals,
books, etc.) The proceedings of previous symposia
(1-3) and recent reviews (4-16) provide a rapid way
to learn the present state of the art of this tech-
nology. One of the common features of many of these
techniques or formulations is the judicious selection
of a polymeric material to act as a rate controlling
device, container, or carrier for the agent to be
released. The.contents of this book are the results
of an American Chemical Society Symposium organized
primarily to emphasize the role of the polymer and
its selection as opposed to focusing on a particular
application or methodology although aspects of the
latter are included by necessity. The polymer
choices in some cases are the result of sophisticated
considerations while in others evolution from his-
torical successes had dictated this selection. Both
extremes illustrate the considerable opportunity for
tailoring polymers to meet the demands of this
developing technology.

The purposes of this introductory chapter are to
make this book somewhat more autonomous and, therefore,
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hopefully of more value to the reader by placing

its contents in perspective by reviewing briefly
previous developments in concepts, techniques, prin-
ciples, areas of application, and commercial products.
This purpose is largely fulfilled by including in

the bibliography a compendium of symposium proceed-
ings, review articles, books, and other references
which have been selected to provide the reader with a
quick introduction to the literature of this field.
From these references and the comments that follow,
the reader will see that the present papers deal with
only some of the concepts which have developed in
this area although a broad and important sampling is
represented.

Rationale for Controlled Release

.Conventionally, active agents are administered
to a system by non-specific, periodic application.
For example, in medicine drugs are introduced at
periodic intervals by ingestion of pills, liquids,
etc. or by injection and then distributed throughout
much of the body rather than directed to a specific
target. Similarly in agricultural practice, ferti-
lizers, pesticides and the like are distributed to
crops at periodic intervals by broadcasting, spray-
ing, etc. Immediately following these application
pulses the concentration of the active agent.rises
to high levels system-wide. In some cases, these
initially high concentrations may produce undesired
side effects either to the target area of the system
and/or the environment around the target. As time
passes after this spike of active agent, its concen-
tration begins to fall because of natural processes
such as elimination from the system, consumption, or
* deterioration. Before the next application, the
concentration of the active agent may fall below the
necessary. level for the desired response. Thus
periodic applications are frustrated by concentra-
tions of active agent which may be alternately too
high or too low within the same cycle when the time
between doses is long while on the other hand more
frequent application of smaller doses results in
more inconvenience and expense of application. In
addition, a cyclic regime is usually rather ineffi-
cient in that a considerable fraction of the active
agent never gets to perform the intended function
either because of deterioration or loss to the system
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environment. In many cases the latter may be quite
serious, and in all cases.both factors inflate the
cost of the treatment. Certainly a more desirable
regime would be to release the active agent at a con-
trolled rate that maintains its concentration in the
system within optimum 1imits, and it would be even
better to release this agent directly to the target.|
area of the system if omne exists or can be identified.
The latter are the objectdives of controlled release
technology in general whether the active agent is a
drug, pesticide, or sex attractant or whether the
purpose is to control the growth of weeds or to pre-
vent barnacles from forming.

Areas of Application

Controlled release technology has been considered
for a wide variety of applications of which a large
fraction are either medically related or for pest
control. Some of the papers incorporated in this
book are general in scope and the formulations or
principles discussed might be applicable to a number
of different areas; however, most deal with particu-
lar objectives. It is of interest, therefore, to
summarize these objectives here and to mention ex-
amples of other specific problems of active interest
which are not dealt with in this book.

In the medical area, contraception or fertility
control has historically been omne of the most publi-
cized applications, and this is reflected in the
papers which follow. However, also covered here more
briefly, are formulations to deliver narcotic antago-
nists, fluoride for dental purposes and drugs to com=
bat cancer and cardiac arrhythmia and a drug to in-
duce hypertension for experimental studies. Many of
these papers deal with techniques of gemneral appli-
cability as drug delivery systems. An example of a
medical area not covered here is the recently commer-
cialized device for control of glaucoma (8).

A number of the following papers deal with the
control of pests such as snails, weeds, marine foul-
ing organisms, roaches, flys through the release of
toxicants or pheromones. Nomne of the present papers
deal in detail with the release of fertilizers,
pesticides, or growth regulators for agricultural
purposes but activities in these areas are summarized
by one of the authors.
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Techniques and Release Kinetics

One of the central problems in controlled release
formulations is to combine the active agent with its
carrier in an economical manner yet achieve a release
profile that best fits the situation. These two de-
8ires are often in opposition of one another so com-
promises must be made. Frequently the desired release
profile is a constant rate of delivery of the active
agent which in analogy with chemical kinetics has be~-
come known as a "zero order" process since it does not
depend on how much of the agent has been delivered or
remains. Many of the formulations used in controlled-
release technology do not meet this objective. At
this point it will be useful background to categdrize
as generally as possible the techniques of formulation
that are employed in the subsequent papers and to dis-
cuss their inherent release kinetic characteristics.
Following this, some other techniques not employed:
here will be mentioned.

The classification scheme preferred here divides
the devices of interest into the following basic types
which in some cases may be combined in various ways:

I. Erodible Devices that Disappear

In.this category the active agent is released as
the carrier is eroded away by the environment through
physical processes such as dissolutioning or by chemi-
cal processes such as hydrolysis of the polymer back-
bone or crosslinks. The kinetics of release cannot be
simply stated since they depend on the details of the
erosion mechanism and geometry. The central distinc-
tion is' the complete disappearance of the device in
time which has obvious advantages providing the
erosion products are of no health or environmental
concern.

II. Membrane Encapsulated Reservoir Devices

In this category a rate controlling membrane
completely encloses a cavity which contains the active
agent appropriately dispersed.  These systems have
also been referred to as depot devices (8). The mem-
brane may be porous or non-porous, and in the case of
the latter the environmental fluids may or may not
appreciably swell the membrane. The most useful situ-
ation is when the reservoir contains a suspension of
the active agent in a fluid since this will maintain a
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constant activity of the agent in the reservoir until
the excess has been removed. This situation creates

a constant steady-state release rate by diffusion
across the membrane as illustrated below for an ideal-
ized situation: : .

Membrane Reservoir

Release Rate = SDCZ/E

S = surface area
D = diffusion coefficient
of active agent in
Sink membrane

c® = solubility of active
agent in membrane

If the active agent is totally dissolved in the
reservoir fluid, then its activity will change and the
release rate will decay more or less exponentially
with time as expected for "first order" kinetics.

These devices may be rather large (macroencapsu-
lation) or very small in which case microencapsulation
is the usual terminology (10-16).

In general the release profile for encapsulated
systems has the form shown by the graph at the top of
the next page. The duration and rate for each of the
three stages shown can usually be engineered within
certain limits by the design of the device.

A special case of encapsulated devices depends on
rupture of the membrane by some mechanical action to
release the active agent (13).
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A Transients caused by

membrane initially
saturated with agent

Release
Rate
\\\ reservoir
steady-state being de-
pleted of
dissolved
agent
’
time

ITI. Matrix Devices

In this type of system there is no membrane per
se but rather the active agent is dispersed in a
carrier - usually a polymer - from which it is ulti-
mately extracted. These have also been referred to as
monoliths (8) and have obvious advantages of fabrica-
tion, but generally they do not yield "zero order"
release kinetics. Matrix devices may be divided into
two categories depending on the mechanism by which the
agent is released:

A. Release Caused by Simple Diffusion of Agent.
In this case the active agent always has some mobility
within the carrier and its release depends on the jux-
taposition of a suitable exterior sink. We can
further divide this category depending on whether the
initial loading per unit volume of the agent within
the matrix, A, exceeds the agent's solubility in the
matrix, Cs, or not

17 7R VA0
. s

For this situation gll of the agent at equil-
brium is dissolved in the matrix and release involves
its diffusion from the device following simple notions
similar to desorption as treated in most classical
works on diffusion (17-19, 22). The total amount
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released in time t, M_, follows the usual Vvt reiation
as shown below until about 60% has been removed and
then the rate falls off more rapidly.

Agent dissolved

M

t S Dt

initially, ﬁ: = 2 v T

S = surface area
V = volume

-
>

e

2. A > C
s

In this case, the excess agent above that which
is dissolved at equilibrium is dispersed in the matrix
as small particles. The details of the extraction may
be very complicated; however, for the usual case when
diffusion is rate limiting rather than other processes
such as dissolutioning, Higuchi (25,26) has shown that
a very simple but extremely clever pseudosteady-state
analysis describes the release rather accurately (30).
The figure at the top of the next page shows the phys-
ical picture envisioned. The mathematical result
Higuchi obtained for the release rate from planar
geometrics 1is

. i DCakhamsdf2: C.)
Release rate = S £ 7t =
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Eole Yefs e
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The release in this situation follows the same V¢t
dependence that exists when A < C_; however, the
dependence of the rate on 1oading?>A, is not the same.
While neither situation gives true "zero order"
release profiles, it 1s generally felt that the rate
characteristics can be made adequate for some purposes
by proper design, and this drawback must be weighed
against the ease and economy of fabricating such
devices.

The Higuchi model has been extended to other geo-
metrical shapes (26, 27) and ‘to include boundary
layer resistances (28, 30).

B. Release Triggered by Ingression of Environ-
mental Agent. In this case the agent may be dis-
persed within the matrix either physically or chemi-
cally bound to it, but in either case it is initially
not mobile - for physical dispersions this may be
owing to very small diffusion rates. Its release may
be triggered by the penetration of some environmental
agent, e.g. water, into the matrix. This event could
lead to a chemical reaction to unbind the agent, e.g.
hydrolysis, or simply_ to plasticize the matrix to
allow physically bound molecules to diffuse. The re-
lease rate may be controlled by the penetration of
the environmental agent or the reaction it produces
or some combination thereof and then the exact form
of the rate depends on the details of the particular
system. This class of devices differs from erodible
systems in that the matrix remains physically intact.
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iV. Reservoir Devices Without a Membrane

This final category of devices covered in this
book confines the active agent in a reservoir but does
not employ any membrane to control its release. A
simple example is hollow fibers which hold the agent
'in their bore and release it by diffusion through the
air layer above the agent in the bore. A somewhat

- more complex example is porous networks in which the
agent is physically imbibed into the pores and re-
leased by diffusion through the fluid which fills
these pores. Strictly speaking this configuration
might also be thought of as a matrix device, Both of
these examples ordinarily may be expected to follow a
YT type release pattern although external factors
may moderate the diffusion and change the release pro-
file. This is true for all of the other devices de-
scribed earlier, and it is not uncommon for the exter-
nal resistances to make systems composed of devices
with an intrinsic ¥/t release profile approach "zero
order" kinetics.

The above concepts are discussed in one form or
another in the papers which follow., There are con-
cepts which have been or could be used that are not
included in this book and "osmotic pumps" (8,29) are
an important example. ]

Role of the Polymer

As mentioned earlier, one of the objectives of
this book is to focus on the function and selection of
the polymer used in the controlled release formulation.
The requirements of the polymer are obvious in some
cases but it is useful to summarize here what a few of
the considerations in its selection might be:

1. Diffusion and solubility characteristics with
the active or environmental agents to pro-
vide the desired release control (see e.g.

B9 el 2l 232 31 .

24 Compatibility with the environment (e.g. not
toxic or antagonistic in medical applica-
tions).

3. Stability in the environment (should not
degrade or change undesirably).

4, Compatibility with the active agent (no



