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Preface

The elimination of organic solvents from a film-coating system circumvents
problems associated with residual solvents and solvent collection. The use of
aqueous-based coatings, however, presents its own challenges to the pharmaceu-
tical scientist. While aqueous film-coating technology has advanced to a level
where it has become a matter of routine, there are still factors and parameters that
must be considered and controlled for the development and commercialization
of an optimized finished product. During the past ten years, since the second edi-
tion of Aqueous Polymeric Coatings for Pharmaceutical Dosage Forms was pub-
lished, considerable advances in aqueous-based film-coating technologies have
been made and new polymeric coating materials have been introduced. Publica-
tions in the scientific literature have focused on many issues, including the inter-
action of drugs with functional polymers, the influence of processing parameters
on coating quality, and the stabilization of polymeric film coats, as well as basic
properties of latex and pseudolatex colloidal dispersions.

The third edition has been revised and expanded to capture the most recent
scientific advancements from the literature. Some of the world’s leading experts in
aqueous film-coating technology have contributed to this edition. Chapters from
the second edition have, for the most part, been updated and expanded consider-
ably. New chapters address subjects such as the adhesion of polymeric films to
solid substrates, the influence of pigments on the properties of polymeric coating
systems, drug interactions with polymers, and the physical aging of polymeric
films. The contributing authors have attempted to explain in detail, using illus-
trated examples, appropriate steps to be taken in order to solve formulation, pro-
cessing, and stability problems and to achieve an optimized dosage form.

As with the prior editions, the prime objective of this third edition is to fur-
ther expand the number of new researchers to this field of pharmaceutical technol-
ogy and to stimulate new ideas, concepts, and product opportunities. Trade names
and chemical names of commercially marketed coatings are used throughout the
text to help familiarize the reader with the various polymers available for phar-
maceutical applications. This book will be a valuable resource for anyone in the
pharmaceutical industry working in the area of aqueous-based film coating.



vi Preface
The editors would like to thank the chapter authors for their contributions
and our readers who over the past several years have given us many useful com-
ments and suggestions. As usual, your comments and constructive criticism on

this third edition will continue to be appreciated.
James W. McGinity

Linda A. Felton
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Pseudolatex Dispersions for Controlled
Drug Delivery

Brian Carlin and Jian-Xin Li
FMC BioPolymer, Princeton, New Jersey, U.S.A.

Linda A. Felton

College of Pharmacy, University of New Mexico, Albuquerque,
New Mexico, U.S.A.

INTRODUCTION

Reservoir systems, widely used for oral-controlled or sustained drug release,
consist of a polymer coating on solid substrates (reservoir), such as powders,
beads, granules, capsules, or tablets. Latex or pseudolatex presentations of water-
insoluble polymers have largely superseded the use of organic solvents for apply-
ing such coatings. Aqueous polymer dispersions are preferred on environmental
and safety grounds, as solvents are not used during the coating process. These
dispersions or aqueous polymer emulsions may be prepared by emulsion poly-
merization of a monomer (latex) or by emulsification of a polymer (pseudolatex).
Dispersions of biopolymer derivatives, such as the cellulosics, can only be pre-
pared as pseudolatices.

A number of emulsification procedures can be used to prepare pseudolatices
from pharmaceutically acceptable polymers, avoiding the problem of monomer
residues (1). They are typically prepared by dissolving the polymer in a water-
immiscible solvent and emulsifying the organic phase into water. After homog-
enization, the solvent is removed by vacuum distillation, leaving a 30% solids
dispersion in water. Pseudolatices are colloidal dispersions containing spherical
solid or semisolid particles in the nanometer to micron range, typically 0.1 to
0.3 um (Fig. 1). Because the 30% polymer loading is in suspension rather than in
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Figure 1 (A) Cross-section: free Aquacoat® ECD film cast on glass, showing discrete
polymer spheres. (B) Cross-section: same Aquacoat film as coalescence proceeds. (C) Top
view, free film freshly cast on glass. (D) Liquid latex. (Magnification: A, B, D: 8000x).

solution, viscosity is low and the dispersions are free-flowing mobile liquids that
can be easily atomized and sprayed. The particle size is also low enough for the
particles to be self-suspending.

The Emulsion Polymers Institute, Lehigh University, developed the process
for converting water-insoluble polymers into colloidal aqueous dispersions (1)
and the Industrial and Physical Pharmacy Department at Purdue University ap-
plied the Vanderhoff process to pharmaceutical polymers useful in controlled re-
lease technology (2). Ethylcellulose Aqueous Dispersion NF, JP is commercially
available as Aquacoat® ECD. A cellulose acetate phthalate (CAP) dispersion for
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enteric coating, Aquacoat® CPD, is also available. Both Aquacoat ECD and CPD
are plasticizer-free for maximum stability and to afford flexibility to the formula-
tor in terms of performance and regulatory acceptability.

Aquacoat ECD is used to illustrate the formulation, manufacture, and uti-
lization of aqueous polymer dispersions for extended release, taste masking, and
moisture barrier applications. Other methods of preparing aqueous dispersions
of ethylcellulose have been developed, such as the emulsification of an extrusion
melt (ethylcellulose, plasticizer, and oleic acid) into ammoniated water, used
for Surelease® (U.S. patents 4,123,403, 4,502,888). Aquacoat CPD is discussed
at the end of the chapter for delayed release (enteric) applications and colonic
drug delivery.

ADVANTAGES OF PSEUDOLATEX DISPERSIONS

Aqueous pseudolatex colloidal polymer dispersions offer several advantages over
polymers dissolved in organic solvents, including lower spraying viscosities,
higher solids loading, higher spray rates, no solvent environmental, toxicity, or
flammability issues, and reduced energy requirements relative to aqueous poly-
mer solutions. Wesseling and Bodmeier (3) showed equivalent release profiles
of cured plasticized Aquacoat ECD coatings against the corresponding coatings
deposited from an organic solvent.

The viscosity advantage is demonstrated by the concentration—viscosity
plot (4) in Figure 2. Polymer solution viscosities are dependent on concentration
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Figure 2 Concentration—viscosity relationship of ethylcellulose pseudolatex and poly-
mer solutions. Source: From Ref. 4.
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and molecular weight and usually limit the maximum loading that can be sprayed.
With pseudolatices, viscosity is independent of the molecular weight of the poly-
mer in the dispersed system, and greater (undissolved) polymer concentrations
(30%) are possible at extremely low viscosities (<150 MPa s).

Water in pseudolatices evaporates more readily compared to aqueous
polymer solutions. Figure 3 shows a solvent loss—time curve for a pseudolatex
versus an idealized curve for a polymer solution. With a pseudolatex, there
is a zero-order loss of water independent of the solids concentration. This is
due to the film formation mechanism involving coalescence of discrete sub-
micrometer latex spheres. At about 85% water loss, the curve begins to tail
off due to particle—particle contact. Then there is a slow exponential water
loss during coalescence. In contrast, the rate of solvent loss from a polymer
solution, such as ethylcellulose in an organic solvent, is proportional to the
vapor pressure of the solvent. As the concentration of the solids in the solu-
tion increases, the vapor pressure drops and there is a concurrent decrease in
the rate of solvent loss. Thus, latex dispersions give up water more quickly
and completely.

Table 1 compares the water vapor transmission rates (WVTRs) of ethyl-
cellulose films from organic solvents against films from a plasticized ethylcellu-
lose pseudolatex as a function of film thickness. The water vapor pressure across
the films was 29.0 mmHg at 30°C in each case. The WVTRs of the pseudolatex
films were about one-half the value of the ethylcellulose polymer film from an
organic solvent.

100

Solvent
Loss

0 Time

Figure 3  Solvent loss—time curves for pseudolatex and polymer solution.
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Table 1 Water Vapor Transmission Rates

Plasticized Ethocel® Ethocel 50 cP Ethocel-Methocel®
pseudolatex organosol E-50 organosol

Film thickness WVTR? Film thickness WVTR? Film thickness WVTR?

(cm) (x107%) (cm) (x107%) (cm) (x107%)
0.0050 3.9480 0.0046 7.5002 0.0070 13.332
- - 0.0078 6.0013 0.0093 11.844
0.0101 3.6824 0.0094 5.5723 0.0105 11.023
0.0120 3.3350 0.0124 5.1478 0.0116 10.921

“Water vapor transmission rate in g/hr cm?> mmHg.

MANUFACTURE OF AQUEOUS POLYMER DISPERSIONS
OF ETHYLCELLULOSE

Aquacoat ECD is used for aqueous film coating of solid dosage forms to extend
drug release, taste mask, or protect against moisture. It consists primarily of
ethylcellulose with a surfactant and a stabilizer from the emulsion stage [sodium
lauryl sulfate (SLS) and cetyl alcohol], as shown in Table 2. Traces of dimeth-
ylpolysiloxane (<400 ppm) to suppress foaming during distillation may also be
present. Ethylcellulose is a cellulose ether made by the reaction of ethyl chloride
with alkali cellulose. Each anhydroglucose unit has three replaceable OH groups
some or all of which may react with ethyl chloride. Figure 4 shows the molecu-
lar formula for ethylcellulose and the method of manufacture is illustrated in
Figure 5. The ethylcellulose is dissolved in a water-immiscible organic solvent
and cetyl alcohol (cetanol) is added as a dispersion stabilizer. The solution is
then emulsified into an aqueous SLS solution. The resulting crude emulsion is
passed through a homogenizer to yield a submicron “fine” emulsion, which is
then distilled to remove the organic solvent and sufficient water to yield a 30%
solids dispersion.

Table 2 Composition of Aquacoat® ECD

Finished
Solids (%) product (%)
Ethylcellulose 87.1 26.1
Cetyl alcohol 8.7 2.6
SLS 4.2 1.3
Water - 70.0
100.0 100.0

Abbreviation: SLS, sodium lauryl sulfate.
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Figure 4 Ethylcellulose polymer.

MECHANISM OF FILM FORMATION

The mechanism of pseudolatex film formation is different from that of polymer
deposition from a solvent and must be understood in order to avoid unanticipated
effects. Polymer and plasticizer deposited from a solution are intimately mixed
on a molecular scale. In contrast, a pseudolatex is initially deposited as discrete
polymer spheres, which must coalesce to form a continuous film. A plasticizer is
often included in the formulation to promote the coalescence process. Chevalier et
al. (5) defined four stages of the film formation process for pseudolatices:

1. ordering and close packing of the particles due to water evaporation to
give a face-centered cubic construction;

Solvent Water

Ethylcellulose, SLS
Cetanol . ™ A_‘f—_j"

Organic Phase ,Aqueous Phase

Homogenization

l Distillation _(Antifoaming

U.S. Patent 4,177,177
Agent)

Figure 5 Manufacturing process of Aquacoat® pseudolatex. Abbreviation: SLS, sodium
lauryl sulfate.
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2. deformation and filling the voids left by the removal of water to give a
foam structure;

3. coalescence or fusion of the particles due to fragmentation of the hydro-
philic layers between particle cores, leading to phase inversion where
the remaining water is no longer the continuous phase; and

4. Polymer interpenetration between cores, forming a continuous polymer
matrix and erasing the original particle identity.

Figure 6 provides an example of film formation from a pseudolatex disper-
sion (6). As water evaporates, the spheres come in contact as a close-packed array.
The capillary force of the interstitial water then deforms the particles, causing
the spheres to fuse, resulting in complete coalescence. The properties of partially
coalesced films may be radically different from that of the corresponding fully
coalesced films. Partially coalesced films are also inherently unstable, as coales-
cence typically continues slowly over time, resulting in decreases in the drug-
release rates. It is essential to ensure complete coalescence for long-term stability.
Unfortunately, verification of complete coalescence is not always described in the
pseudolatex literature, which complicates interpretation of data.

Figure 7 illustrates the forces exerted on spherical particles as water evapo-
ration proceeds. Energy required for the coalescence of the spheres results from
the surface tension of the polymer generated by the negative curvature of the
particle surface as approximated by Frenkel’s equation (7,8):

0 — 3ot

B 2mr

where 0 is the half-angle of coalescence (contact angle) at time ¢, ¢ is the sur-
face or interfacial tension, r is the radius of a sphere, and 7 is the viscosity of

00 0000, 000000000 OO
o S0¥5885.9%5
00576 D TH W 2SO

Aqueous Dispersion Deposited on Surface

Water evaporation

Close Packed Spheres With Water Filling Voids

Water evaporation +
polymer deformation

Continuous Polymer Coating

Figure 6 Film formation from a pseudolatex dispersion. Source: From Ref. 6.
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Force exerted on two spheres Force exerted on three spheres
wet by water film wet by water film

Water evaporation brings
spheres together

Water evaporation fuses l

deformable spheres
Figure 7 Particle coalescence during the evaporative phase.

the spheres. The contact angle is initially zero at the point of first contact and
increases as the two particles fuse together.

This equation illustrates the inverse relationship between polymer viscosity
of the spheres and the degree of coalescence, which is the rationale for adding a
plasticizer to the coating formulation to soften the spheres and promote fusion.
The equation also illustrates the utility of smaller (submicron) spheres, as less
force is required to completely fuse or coalesce the particles. The Frenkel equa-
tion uses the air—polymer interfacial tension (dry sintering) as the driving force
for coalescence, but Brown (9) proposed that the capillary pressure of interstitial
water between the closely packed spheres is the driving force. This is consistent
with the presence of surfactants in aqueous polymer dispersions, which would
otherwise reduce the driving force implied by the Frenkel equation. According
to Brown, when the force due to the capillarity of the interstitial water is large
enough to overcome the resistance of the polymer spheres, coalescence to form a
continuous film will occur, as shown in Figure 7. “Porous, incompletely coalesced
films may be formed from many polymers simply by maintaining, during water
evaporation, a temperature lower than a certain critical value. It is observed that
for certain polymers a higher temperature exists which is insufficient for coales-
cence of the porous structure previously formed at a lower temperature, but is
adequate for complete coalescence if applied during the entire course of water
evaporation. In addition to the plasticization of polymers by the water, the water
exerts a strong force responsible for coalescence. The role of water in the process
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is of extreme importance.” Thus, temperature and rate of water evaporation are
critical parameters for film formation.

Brown derived the capillary pressure, P, for the sphere of radius R, between
three contiguous latex particles (Fig. 8), in terms of the latex particle radii, r:

P.=2y /R=129yIr

where y, = polymer—water interfacial tension.

Whether attributed to dry sintering or capillary pressure, both mechanisms
share the same pseudolatex particle size dependency. The smaller the particle
size, the greater the driving force for coalescence, as shown in Figure 9 (9). Vari-
ous authors have further refined the Brown equation, as reviewed by Steward (10)
in his thesis. Steward provides a very comprehensive online review and discus-
sion of the relevant detailed theory on his Web site (11).

Sperry et al. (12) used predried controls to investigate the role of water in
film formation using the transition from an opaque to a clear film [the minimum
film-forming temperature (MFFT)]. Latices predried at temperatures below their
MFFT were compared to wet latices. Using hydrophobic polymers, the dry MFFT
was virtually identical to the wet MFFT, indicating that capillary forces contrib-
uted little to film formation. However, the author was unable to rule out that cap-
illary forces may have an effect in more hydrophilic systems. Plasticization by
water was said to be the cause of hydrophilic polymers yielding wet MFFTs,
which were lower than the dry MFFTs by up to 10°C.

Lissant (13) postulated that closely packed spheres above the maximum
packing volume (74%, face-centered cubic configuration) will deform at a con-
stant volume to fill all of the space, forming a rhomboid dodecahedron. Joanicot
et al. (14) showed that such polyhedra formed when a latex had lost most of its
water, creating a structure similar to that of a foam.

Figure 8 A cross section of sintered latex particles and a plane view showing the inter-
particle capillary.
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Figure 9 Capillary pressure is inversely proportional to particle size.

Using small-angle neutron scattering (SANS), Chevalier et al. (5) demon-
strated a reversible compression of the latex-in-water dispersion to a latex-in-
water foam, followed by irreversible coalescence of the foam with inversion to a
water-in-latex topology. Water is involved in both stages. Coalescence depends
on the fragmentation of the foam membranes. The phase inversion involves con-
nection of latex domains and fragmentation of water domains, driven by the spon-
taneous curvature of membranes according to their water content. This work thus
differentiated between coalescence, which was defined as the break-up of the hy-
drophilic layer, and subsequent polymer chain interdiffusion.

Nicholson and Wasson (15) divided coalescence mechanisms into two groups:
(i) those dependent on sintering or capillarity processes, which dominate when there
are polar repulsions present; and (if) those dependent on polymer chain interdiffu-
sion, when there is very little repulsion between particles. According to Voyutskii
(16), interdiffusion of polymer chains (autohesion) across what was the interface
between discrete polymer spheres is the final step in the formation of integral ho-
mogeneous latex films. Voyutskii and Vakula (17) provided a comprehensive re-
view of the effects of self-diffusion and interdiffusion in polymer systems. This is
consistent with the strength and cohesiveness of films obtained immediately when
deposited from good organic solvents due to complete solvation and maximum ex-
tension of polymer chains. Interdiffusion may take longer in latex films, especially
if coalescence is not complete. Bradford and Vanderhoff (18) studied the changes in
structure occurring in an uncured, continuous, transparent film as a function of film
age. Using transmission electron microscopy, within hours of casting, vestiges of
the original latex particles could be seen, which disappeared over a 14-day period,
accompanied by the exudation of material from within the film, assumed to be a
hydrophilic stabilizer.
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Bradford and Vanderhoff (19) coined the term “further gradual coalescence”
and showed that it occurred at the film—substrate and film—air interfaces as well
as within the film’s interior where a stabilizer was exuded into “pockets.” The
size of the holes and porosity due to the leaching of surfactant was reduced if the
film was aged or heat-treated before testing. Interdiffusion requires temperatures
above the glass transition temperature (Tg), as there will be insufficient polymer
segment mobility in the glassy state.

Using SANS, Hahn et al. (20,21) demonstrated “massive” interdiffusion
of polymer chains from different latex particles during particle coalescence. A
30-fold increase in diffusion coefficients was observed on increasing the “tem-
pering” or curing temperature from 70°C to 90°C. Also using SANS, Sperling
et al. (22) concluded that the rate of coalescence was dependent on where the
polymer chain ends lie with respect to the particle surface and that films form
faster when the ends lie on the particle surface.

Distler and Kanig (23) postulated that upon deformation of the particles
into a film, hydrophilic surface boundary layers would interdiffuse to form an in-
terconnected hydrophilic “honeycomb,” which might inhibit further hydrophobic
polymer interdiffusion. The authors pointed to the fact that a normally transparent
film may turn opaque, or even show Bragg diffraction iridescence, when swollen
with water, both of which require latex-particulate-sized features to cause the nec-
essary difference in refractive index and crystalline structure, respectively.

The increased water absorbency, reduced surfactant leachability, and re-
duced tendency to whiten (swell) in water were attributed by Aten and Wassen-
burg (24) to the redistribution of surfactant molecules from the surfaces of the
latex particles to a more even distribution throughout the film, following a period
of secondary “drying” above the polymer T, Such redistribution was ascribed to
the increased polymer chain mobility, which was not apparent in films annealed
below the Tg.

PRACTICAL ASPECTS OF PSEUDOLATEX FILM COATING

Pseudolatex film coating is a complex process, and the formulation scientist
must carefully consider the coating formulation, the physicochemical proper-
ties of both the dosage form and the drug, and the processing parameters used.
In addition to the pseudolatex dispersion, a coating formulation often includes
plasticizers to enhance the flexibility of the film and facilitate polymer sphere
coalescence, antiadherents to prevent substrate agglomeration during both the
coating process and storage, surfactants to promote spreading of the atomized
droplets own the substrate surface, and pigments. The addition of other excipi-
ents can significantly impact the physical stability of the dispersion, drug release,
and film quality. The dosage form should be strong enough to withstand attrition
during coating. The drug itself must be stable to the temperatures used during
processing. For these aqueous-based systems, the drug should also be stable to
the moisture challenge of aqueous film coating or a seal-coat must be used to
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protect the active. Processing parameters must be carefully controlled to opti-
mize film formation. This section discusses some of the most critical concerns
during pseudolatex coating processes.

Drying and Curing

Aqueous pseudolatices have the appearance and consistency of milk and are
therefore easily sprayable using conventional aqueous coating techniques, such as
fluid bed (Wurster) or perforated pan coating. The coated substrate is dried in situ
during the coating process and may or may not require subsequent heat treatment
(curing) to complete coalescence of the polymer spheres, depending on the coat-
ing formulation and conditions employed during coating. This additional curing
may sometimes be described as “drying” at elevated temperature.

As discussed previously, the mechanism of film formation from aqueous
pseudolatices of water-insoluble polymers, such as Aquacoat ECD, is very dif-
ferent from simple deposition of a polymer from solvent-based coatings. Water
evaporation concentrates the polymer particles in a closely packed arrangement
on the substrate surface, and the capillary force of the interstitial water deforms
the particles to cause coalescence and produce a dense, continuous film. When the
coated substrates are cured at a temperature higher than the MFFT, the interstitial
water in the coating layer will ensure an adequate capillary force for the comple-
tion of film coalescence. Unfortunately, the warnings against overdrying given
by Brown (9) are not always heeded, and overdrying remains a leading cause of
partial coalescence and associated problems, particularly decreasing release rates
on storage due to further gradual coalescence.

The rate of heat transfer not only affects the rate of evaporation of the sol-
vent, but also, in the case of latex and pseudolatex systems, regulates the rate and
degree of coalescence of the polymeric material. Rapid drying rates, though gen-
erally desirable, may at times have a negative effect. The rapid loss of water will
not permit sufficient capillary pressure to develop, and the latex particles cannot
coalesce to form coherent films. Excessive drying conditions also do not allow the
coating formulation to spread evenly over the substrate and thus inhibit particle
deformation and coalescence (25). The drying rate is determined by several pa-
rameters, including the latent heat of vaporization and the relative humidity (RH)
of the incoming drying air (26).

Ideally, humidity should be controlled during the coating or curing process
itself to avoid such overdrying, as illustrated in Figure 10. Curing at elevated
temperatures using ambient humidity may not be sufficient to complete coales-
cence of overdried particles. The resulting drug-release profiles may decrease on
high-humidity storage. When high-humidity curing gives lower release profiles
than the corresponding dry curing, this may be a sign of overdrying during coat-
ing, resulting in partial coalescence. High-humidity coating conditions facilitate
pseudolatex coalescence and can be created by using low-dispersion solids (e.g.,
diluting the Aquacoat ECD to below 15%) and humidifying the inlet drying air.
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Figure 10 Film formation from aqueous lattices.

Curing to achieve complete coalescence and provide stable drug-release profiles
can thus be minimized or eliminated (27).

To determine if a curing step is necessary, the coated substrates may be
challenged with heat and humidity. There should be no decrease in release rate
if the film has fully coalesced during coating, with the caveat that thermal stress-
ing alone (i.e., without elevated humidity) will not distinguish overdried partially
coalesced from fully coalesced films. Both should give thermostable release pro-
files, but the overdried profile will be faster and potentially could decrease on long-term
storage, especially on humidity challenge. This interplay is demonstrated in Figure 11,
where the challenge times (24—48 hours) are significantly higher than the curing
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-8-60C, Dry/1 Day
=e=50C, Dry/2 Days
-~ 60C, 80% RH/1 Day
80 & 60C, 80% RH/2 Days
—£-80C, Dry/1 Day
—#B0C, Dry/2 Days
-=-80C, 80% RH/1 Day
-o-80C, 80% RH2 Da

High Humnidity conterproductive
for high humiduty coating

601

Release %

) Convergent (4) release profiles|
at 60C and 80C dry, 1-2 days
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Figure 11  Effect of curing conditions on theophylline release from coated pellets (15%
solids, high-humidity coating, TEC/ECD = 1:4, 4% weight gain). Abbreviation: TEC,
triethyl citrate. Source: From Ref. 30.
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time used in practice. High humidity was maintained during coating by direct
humidification of inlet air and the use of low solids in the coating dispersions (i.e.,
higher water spray input). The substrate was 70% theophylline pellets coated with
Aquacoat ECD plasticized with triethyl citrate (TEC) (1:4 TEC: Aquacoat ECD
solids). Although a significant degree of release retardation was achieved during
coating (40% released at 12 hours), curing with dry heat further reduced the re-
lease rate to approximately 10% at 12 hours. This profile shows no further time or
temperature dependence, as demonstrated by the convergence of the four profiles:
24 hours, 48 hours, 60°C, and 80°C. No further retardation was achieved on high-
humidity challenge at the same temperatures, which indicates convergence to a
true minimum release rate. In this case, the elevated humidity challenge proved
detrimental to coating performance as evidenced by the time- and temperature-
dependent increases in release rate. High-humidity curing has been claimed as
being necessary for stable release profiles (28), but if humidity is adequately con-
trolled during coating (29), curing may not be required at all, or simple dry curing
may suffice.

Results from a dry counter-example are shown in Figure 12. Note the es-
sentially immediate release of the uncured pellets and the sensitivity of the “false”
thermostable dry-cured profile to the humidity challenge. Full-strength plasticized
Aquacoat was used without humidification of inlet air.

The ideal release profile should not exhibit time, temperature, or humidity
dependence on short-term challenges, as shown in Figure 13. This example used
low solids loading to maintain high humidity (no humidification of inlet air). Note
that during this and the two preceding examples, the coating loading was simulta-
neously lowered from 4% to 3% to 2% to maximize the amount of drug released.
Fully coalesced films of Aquacoat ECD provide significant release retardation,

1001 " —® Uncured
L Little or no coalescence during low
humidity coatin
801 ty g
2
@ 60-
w
= - -
o= A S 60°C
@ i A
c 40 ' — A
'y But humidity * Uncured
7 sensitive 0-60C, Dry/1 Day
201 E{ﬁ . # 60C, Dry/2 Days
&-60C, 80% RHA Day
5 o- 60C, 80% RH/2 Days
0 2 4 6 8 10 12

Time (hrs)

Figure 12 Effect of low-humidity coating and curing conditions on drug release (35%
solids, TEC/ECD = 1:4, 3% weight gain). Abbreviation: TEC, triethyl citrate. Source:
From Ref. 30.
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Figure 13 Drug-release profiles independent of time, temperature, and humidity. 15%
solids, low humidity coating, TEC/ECD = 1:4, 2% weight gain. Abbreviation: TEC, tri-
ethyl citrate. Source: From Ref. 30.

which may be too much for some poorly permeable drugs, requiring precision
coating using very low loadings. To increase permeability in such cases, pore-
forming excipients may be added to the coating formulation.

Typically, curing for one to two hours at 60°C will be sufficient, as shown in
Figure 14. Curing can be carried out by oven heating or in situ heating in a fluid-
bed coater using increased fluidization to avoid pellet agglomeration. Coating is
normally carried out below the 7' of the film to minimize tackiness, especially
under the low bulk fluidization conditions in the slowly percolating pellet bed out-
side the Wurster column. If necessary, a conventional clear (e.g., LustreClear®)
or colored (e.g., Opadry®) water-soluble polymer top coating can be applied to
enable low fluidization curing above the T, If maximum retardation is ensured
initially, then the long-term storage stability should be good, including elevated
humidity, as shown in Figure 15, which is the same batch as in Figure 14 retested
after storage at 40°C/75% RH for periods of up to eight months.

It should be noted that Aquacoat ECD contains SLS, which tends to reside
on the surface of the dried polymer spheres. Faster release of nonionic or basic
drugs from ECD-coated substrates at high pH is strongly indicative of partial
coalescence. Because SLS is insoluble in acid but soluble at neutral pH, pH-
dependent SLS channels in partially coalesced ECD films may be observed (3).
Such pH dependency is not seen in fully coalesced Aquacoat ECD or ethylcel-
lulose spiked with SLS and deposited from organic solvents.
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Figure 14 Drug release as a function of curing time (1.5% weight gain, TEC/ECD =
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humidity coating, 15% solids, 1.5% weight gain, cured at 60°C, dry/1 hr). Abbreviation:
RH, relative humidity. Source: From Ref. 30.
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Plasticizers

Plasticizers are commonly added to film coating formulations to increase the flex-
ibility of the film, decrease the Tg and MFFT, and for pseudolatex dispersions, to
facilitate coalescence. The type and level of plasticizer may also affect the drug
release by changing the diffusivity of the film. Plasticizer effects are due to a
decrease in the cumulative intermolecular forces along the polymer chains (reduc-
tion in cohesion), which generally lowers the softening temperature and decreases
the Tg (31). Plasticizers impart flexibility and reduce brittleness, as shown in
Figure 16, where insufficient plasticizer was used in the batch on the right and the
coating cracked upon drying. Pseudolatex spheres of Aquacoat ECD have a Tg of
~89°C and must be adequately plasticized to reduce the film-forming temperature
to within the processing temperature range.

The basic requirements of any plasticizer in a polymer system, includ-
ing latex emulsions, are compatibility and permanence. To be compatible, the
plasticizer should be miscible with the polymer. To be permanent, plasticizers
should be nonvolatile, with a high boiling point. The effectiveness of a plasti-
cizer can be evaluated by measuring the Tg of the film. Table 3 gives data for six
plasticizers useful in sustained or prolonged release applications of pseudolati-
ces for oral solid dosage forms. These plasticizers are all high-boiling organic
materials, have low vapor pressures, and, with the exception of TEC, are rela-
tively insoluble in water.

Glass Transition Tempe rature and MFFT

The T, is the temperature at which a polymer changes from a glassy state to a
rubbery state. Below the Tg, the polymer is rigid and glassy, with very limited
polymer segment movement. Above the 7, the polymer is in a soft rubbery state,
with significant segmental mobility of the polymer chains. If the polymer T, is

Aquacoat® ECD 24% DBS Aquacoat® ECD 16% DBS

Figure 16 Effect of sufficient/insufficient plasticizer content on coating morphology.
Abbreviation: DBS, dibutyl sebacate.
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Table 3 Plasticizer Physical Constant Data

Vapor density Vapor pressure

BP (°C) (air=1) (mmHg) Water solubility

DBS 349 10.8 10 at 200°C Negligible
DEP 298 7.66 100 at 220°C Insoluble
TEC 294 9.7 1at107°C 6.5%
TBC 170 12.4 1 at 170°C Insoluble

(1 mmHg)
ATBC 173 14.1 0.8 at 170°C Insoluble

(1 mmHg)
Myvacet 9-45 >500 NA Nonvolatile Negligible

Abbreviations: DBS, dibutyl sebacate; DEP, diethyl phthalate; TEC, triethyl citrate; TBC, tributyl
citrate; ATBC, acetyl tributy] citrate.

higher than the desired operating temperatures for coating, it is necessary to add
a plasticizer to the dispersion to obtain good film formation. The formation of a
continuous film (i.e., transparent and crack free) also depends on the MFFT of the
polymer film, which in turn depends on the elastic modulus (resistance to particle
deformation). Above the MFFT, coalescence of latex particles can occur, giving
clear films, while friable discontinuous opaque powdery films result when the
temperature is below the MFFT. A balance must be struck, however, as too low a
7; or MFFT may cause tackiness and particle adhesion during coating (32).

Figure 17 and Table 4 show the effect of plasticization on the Tg of an ethyl-
cellulose latex. Aquacoat ECD films containing various plasticizers were cast,
dried at room temperature overnight, and then oven-dried at 60°C for eight hours.
These films were evaluated after 12-hour equilibration at room temperature. The
study was conducted on a Perkin-Elmer TMA?7, initially at 20°C/min heating rate
and then at 5°C/min, resulting in more detailed data collection. All measurements
were replicated. It can be seen that as the concentration of the plasticizer was in-
creased, the T, for the ethylcellulose pseudolatex was lowered, thereby promoting
coalescence and film formation. The rank order of effectiveness was TEC > dibu-
tyl sebacate (DBS) > diethyl phthalate (DEP) > acetylated monoglyceride (My-
vacet 9-45). For the first three, the optimum level is about 20% to 24%, and for
Myvacet 9-45, approximately 30%. These percentages are with respect to Aqua-
coat ECD solids (i.e., parts plasticizer to 100 parts Aquacoat ECD solids) and not
the percentages in the final coating formulation. For example, 25% wrt Aquacoat
ECD solids (1:4) is 20% of the total.

Solubility Parameter

The compatibility or miscibility of a plasticizer can be determined by the solubility
parameter as investigated by Hildebrand and Scott (33). These can be calculated
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Figure 17 Glass transition (7') of plasticized ethylcellulose latex.

40

for the polymer and plasticizer or found in the literature. In their calculations,
Hildebrand and Scott relied on the molar energy of evaporation and the density
of cohesive energy to define the solubility parameter of a known plasticizer. For
nonpolar systems, the enthalpy of polymer—plasticizer mixing depends on their
respective solubility parameters, §, and §,. Onions (6) explored in more detail
the Hildebrand-Scott and Flory-Huggins approaches to characterizing the extent
of polymer—plasticizer affinity. With a known latent heat of evaporation for

Table 4  Glass Transition Temperature ) Study for Ethylcellulose Latex

Temperature (°C)

Plasticizer Myvacet
(%) DBS DEP TEC 9-40
0° 89 89 89 89

5 77 81.5 84 78

10 74 60 73 72.5
20 44 44 36 59

25 - 43 355 -

30 425 38 333 39

40 39.5 38 333 37

“Ethylcellulose (neat) Tg =129°C.
Abbreviations: DBS, dibutyl sebacate; DEP, diethyl phthalate; TEC, triethyl citrate.
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solvent or plasticizer, Hildebrand proposed that the solubility parameter & could
be calculated as:

. AE, 1/27 AH,RT 172
Vv Vv

where AE, is the molar energy of evaporation of the plasticizer in its pure state,
AH ., is the latent heat of evaporation of the plasticizer, R is the ideal gas constant,
T is the absolute temperature, and V is the molar volume of the plasticizer. The
term AE| /V is usually referred to as the density of cohesive energy and represents
the energy required to vaporize 1 cm? of liquid.

Once the solubility parameters of the polymer itself (ethylcellulose) and
the candidate plasticizer are known, the enthalpy of the mixture (AH) can be
determined:

2

¢1¢2 - Vm (61 - 62 )¢1¢2

1/2 1/2

AE,
V.

2

AE,

AH=V,

1

where the subscripts 1 and 2 refer to the polymer and plasticizer, respectively. The
total molar volume of the mixture is V_, V|, and V, are molar volumes, AE| and
AE, are molar energies of vaporization, ¢, and ¢, are volume fractions, and 6, and
0, are the respective solubility parameters.

The mixture enthalpy, AH, depends on the relative solubility parameters
(8, —9,), and the best theoretical case is a binary mixture miscible in all propor-
tions (8, = 3,). Mixture entropy is positive and the Gibbs free energy (G = H-TAS)
is negative. The solubility parameters for a range of plasticizers and ethylcellulose
are given in Table 5. Plasticizers with solubility parameters close to that of the
polymer are generally considered to be more miscible.

Table 5 Solubility Parameters

Solubility parameter

Polymer/plasticizer (cal/cm®)'?
Ethylcellulose 8.5-10.1
DEP 8.9-9.9
DBS 7.7-9.2
TEC 8.6-9.5
Glyceryl triacetate (Triacetin) 8.8-9.9
Caster oil 8.53
TBC 9.04

Abbreviations: DBS, dibutyl sebacate; DEP, diethyl phthalate;
TEC, triethyl citrate; TBC, tributyl citrate.
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Figure 18 Plasticizer uptake in aqueous polymer dispersions.

Plasticizer Incorporation: Mixing Time

The mechanism of plasticization of pseudolatex dispersions needs to be con-
trasted with that of solvent systems. In a solvent system, the polymer and plasti-
cizer are dissolved together. On stirring into aqueous pseudolatex dispersions, a
water-insoluble plasticizer forms a coarse emulsion due to the presence of the
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S -O- partitioned in polymer phase
& 40 y
o

20

0 10 20 30

Plasticization Time (hrs)

Figure 19 ATBC uptake in aqueous ethylcellulose dispersion (solids content, 15%; plas-
ticizer/polymer, 1:5). Abbreviation: ATBC, acetyl tributyl citrate. Source: From Ref. 35.
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Table 6 T, Calculated from Homologous Series

Plasticizer T,, (min) Plasticizer T (Min)
ATBC 220 ATEC 50
TBC 100 TEC (25)
“Predicted.

Abbreviations: DBS, dibutyl sebacate; DEP, diethyl phthalate; TEC,
triethyl citrate; TBC, tributyl citrate; ATBC, acetyl tributyl citrate;
ATEC, acetyl triethyl citrate.

pseudolatex process surfactants, as shown in Figure 18. High shear disper-
sion of a plasticizer is not recommended due to potential destabilization of the
pseudolatex.

For the plasticizer to be effective, it must partition into the polymer spheres.
Due to their low aqueous solubility, transfer via the aqueous medium is rate limit-
ing. Siepmann et al. (34) quantified the rates of partitioning of various plasticizers
into Aquacoat ECD, as exemplified in Figure 19, and the authors considered a
minimum uptake of 85% to be reasonable with respect to common curing condi-
tions. The greater the aqueous solubility, the faster the time to reach 85% par-
titioning (7). T, values for a range of citrate homologs are shown in Table 6.
Although Siepmann et al. did not measure a T, for TEC, a reasonable estimate
can be made from the other homologs.

2.6
()
22 - .
y =-0.3953x + 2.0454
= R? = 0.9356
@
E 18 -
(=]
]
-
1.4 -
1 I I I I I 1
-1 -0.5 0 0.5 1.5 2
Log Solubility

Figure 20 Effect of plasticizer solubility on T

85%.
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Correlation of the aqueous solubility of the plasticizer with the T, is
shown in Figure 20. The practical significance of extended plasticizer mixing
times depends on the degree of coalescence of the plasticized film. If fully co-
alesced, the degree of partitioning (or plasticizer mixing time) is not of practi-
cal significance, and the time allowed for plasticizer mixing with the Aquacoat
ECD does not affect the release rates (35). Siepmann et al. measured partition-
ing in an aqueous system but, even if not fully partitioned in the mixing tank,
partitioning will still proceed during coating, especially as the water is progres-

sively removed.

APPLICATIONS DATA

As shown in Table 7, variables that greatly affect the release-rate profiles through
a pseudolatex film relate to both the substrate and the drug physicochemical char-
acteristics, most notably solubility. The release patterns for coated beads were
analyzed for two model drug systems: phenylpropanolamine (PPA) HCI and an-
hydrous theophylline. Aquacoat ECD was applied at various levels and the in vitro
drug-release rate was shown to be inversely proportional to film loading (thick-
ness), suggesting that constant drug diffusion through the film is maintained. Such
zero-order release is characteristic of a reservoir and rate-limiting barrier, as long
as a concentration gradient is maintained in the bead.

Flux of drug across the membrane where a water-insoluble membrane en-
closes a core reservoir (containing the drug) is given by Fick’s first law:

dM _ ADKAC

dr l

where A is area, D is the diffusion coefficient, K is the partition coefficient of
drug between membrane and core, / is the diffusional path length (film thickness),
and AC is the concentration difference across the film. The surface area avail-
able for drug diffusion is a critical variable where the mechanism of drug release
is diffusion controlled by a thin film membrane and the kinetics are apparently
zero order and Fickian. It is necessary to control particle size and size distribu-
tion of the nonpareil beads to be coated, otherwise batch-to-batch differences in
release rates might be observed for a given film loading under identical coating

Table 7 Variables Affecting Release Rate from Drug Beads Coated
with Ethylcellulose Aqueous Dispersion

Bead size distribution Film continuity
Bead diameter/surface area Drug solubility
Bead surface Coated bead sample uniformity

Bead moisture content Film thickness
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conditions. Variability can be minimized by the use of beads of the same sieve
fraction, same manufacture, narrowest size distribution, and regular geometry
(sphericity). It has been demonstrated by mathematical analysis that as the thick-
ness of coating increases from zero, the release profile will gradually decrease and
change from first order to zero order, since the release mechanism of the coated
sphere changes from a matrix-dominant mechanism to diffusion from a reservoir
through a rate-limiting membrane (36,37).

Figure 21 shows the effect of various coating (pseudolatex) levels applied to
beads of a fairly regular geometry containing anhydrous theophylline. The plasti-
cizer was DBS at a level of 24% (pseudolatex solids:DBS = 4:1). Coating levels
of 6% to 8% were necessary on nonpareils of 18 to 20 mesh size (0.84—1.00 mm)
in order to sustain apparent zero-order drug release. The level of plasticizer,
shown at 24%, is not an arbitrary amount, as seen in Figure 22. Here, cumulative
release curves for identical beads coated to constant film weight addition (6%)
were compared as a function of the level of DBS in the coating formulation. At
lower plasticizer levels, there is insufficient plasticizer to soften the ethylcellulose
spheres and promote coalescence and film formation at the processing tempera-
tures employed.

PPA HCI represents a more water-soluble drug, which poses an additional
dosage design challenge when coating with a water-based polymeric disper-
sion. Coating conditions employed in the application of an aqueous film to such
water-soluble drugs must be modified to minimize partitioning into the coating.
An example is given in Table 8, where the ethylcellulose pseudolatex was applied
at 30% coating solids to a 10% theoretical coating level. A slow/fast technique
was employed, whereby fluid spray rates were held at 2 to 3 mL/min until the
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Figure 21  Effect of film coat level on dissolution.
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Figure 22  Effect of plasticizer level on dissolution.

beads were sealed and the coating system stabilized; then the rate was increased to
up to 10 mL/min. The time, temperature, and humidity parameters were not opti-
mized in this comparative study, so the degree of coalescence may have varied.

Six plasticizers were studied at a constant film weight addition and incor-
poration level (30% based on latex solids) to ascertain effects on in vitro release
of PPA HCI as shown in Figure 23. The three slowest formulations employed the
more hydrophobic butyl ester plasticizers. Faster release was obtained from for-
mulations with ethyl ester or acetylated monoglyceride plasticizers. The stability
of drug release after storage at room temperature and at 35°C for three and six
months was determined for three formulations as shown in Figures 24 to 29.

Figure 24 shows the room temperature stability profile for PPA beads coated
with an ethylcellulose latex plasticized with tributyl citrate, while elevated tempera-
ture (35°C) stability is shown in Figure 25. An increase in release was observed when
stored for three months at 35°C, the profile remaining unchanged between three and
six months of storage. The increase in release rate for these coatings could not be
explained by loss of plasticizer (Table 9) or changes in film porosity (Table 10).

Figures 26 and 27 show the corresponding room temperature and 35°C sta-
bility profiles for PPA release using TEC as plasticizer. For beads stored at either
condition, the drug-release rate slowed at three months, with a further slight slow-
ing at six months. This decreased release rate on storage is characteristic of an
incompletely coalesced film at the time of initial dissolution testing. Pseudolatex
coating containing TEC showed the largest loss (Table 9) in plasticizer content
after six months of storage at both room temperature and at 35°C, which did not
correlate with the decrease in release rates.

(Text continues on page 30.)
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Table 8 Coating Conditions Employed in Application of Aqueous Pseudolatex to

Water-Soluble Drug

Process equipment

Column Wurster 4 in./6 in.
Nozzle Spraying systems J series 285070SS
Partition 3/8 in. setting
Pump Masterflex 16 pump head
Coating conditions
Bead load (kg) 1.0
Process air temperature (°C) 55-56
Pumping rate (mL/min) (normal) 10
Pumping rate (mL/min) (slow coating) 2-3
Atomizing air (psi) 15
Coating time
10% film weight (min) 65-73
Slow coating (min) 29-34
Normal coating (min) 32-41
Postdrying (min) 30
30% Plasticizer
80 r O DBS
O Citroflex-2
¢ Citroflex-4
A Citroflex A-4
5 60F D DEP
% 0O Myvacet 9-40
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Figure 23  Effect of various plasticizers on drug release from ethylcellulose latex.
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Figure 24 Stability profile (room temperature) of phenylpropanolamine released from
beads coated with TBC-plasticized Aquacoat® ECD. Abbreviation: TBC, tributyl citrate.
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Figure 25 Elevated temperature (35°C) stability for beads coated with TBC-plasticized
Aquacoat® ECD. Abbreviation: TBC, tributyl citrate.
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Figure 26 Stability profile (room temperature) of phenylpropanolamine released from
beads coated with TEC-plasticized Aquacoat® ECD. Abbreviation: TEC, triethyl citrate.
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Figure 27 Elevated temperature (35°C) stability for beads coated with TEC-plasticized
Aquacoat® ECD. Abbreviation: TEC, triethyl citrate.
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Figure 28 Stability profile (room temperature) of phenylpropanolamine released from
beads coated with acetylated monoglyceride-plasticized Aquacoat® ECD.

80 F
O Initial
0O 3 Months
® ¢ 6 Months
@ 60
R
[0)
[an
R
S 40r
kS
>
IS
>
O 20}
0 1 1 1 1
0 2 4 6 8

Time (hours)

Figure 29 Elevated temperature (35°C) stability for beads coated with acetylated mono-
glyceride-plasticized Aquacoat® ECD.
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Table 9 Analysis (Gas Chromatography) of Plasticizer Content in Ethylcellulose
Pseudolatex Film

3 mo 6 mo
Plasticizer (% remaining) Initial RT 35°C RT 35°C
DBS
100 106 106 99 103
Citroflex-2
100 - - 92 82

Abbreviations: DBS, dibutyl sebacate; RT, room temperature.

Results using acetylated monoglyceride (Myvacet 9-40) as plasticizer are
shown in Figures 28 and 29. These profiles showed a slight increase in release
rates, which was more pronounced at 35°C storage.

To further investigate the differences in drug release on storage, the porosity
of the coated beads was measured by mercury porosimetry (Table 10). The coated
beads had been stored for approximately six months at room temperature or 35°C
when submitted for analysis. The porosity of the beads was calculated from cumula-
tive pore volume (cm?/g) and particle density (g/cm®) using intrusion porosimetry.
The coated beads were of low porosity, varying from 1.6% to 2.0%, with no signifi-
cant difference between samples stored at room temperature or 35°C. The pore sur-
face area (m*g) generally correlated with the porosity; i.e., as the porosity decreases,
so does the pore surface area. The pores that were present were very small.

Table 10 Mercury Intrusion Porosimetry Data for Drug Beads Coated with Aqueous
Polymeric Dispersion

Surface area of pores

Plasticizer (30%) Porosity (E) (m?/g)
DBS RT 0.018 2.07
35°C 0.018 1.97
TEC RT 0.019 1.94
35°C 0.016 1.81
TBC RT 0.020 1.90
35°C 0.019 1.89
ATBC RT 0.019 2.04
35°C 0.018 1.87
DEP RT 0.019 1.93
35°C 0.018 1.96
Myvacet 9-40 RT 0.020 2.05
35°C 0.019 1.81

Abbreviations: DBS, dibutyl sebacate; DEP, diethyl phthalate; TEC, triethyl citrate; TBC, tributyl
citrate; ATBC, acetyl tributyl citrate; RT, room temperature.
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Unanticipated pH-dependent release from aqueous ethylcellulose coatings
(38,39) may be attributed to partial coalescence (3). Dressman et al. (40) dem-
onstrated that heating pellets coated with ethylcellulose above the Tg of the film
stabilized the release profile with respect to the pH of the test media. Additional
studies were conducted (41) to identify changes in the film that would explain the
stabilization of the release profile. Curing converted the film from a surface hav-
ing a finite contact angle to a surface instantly wetted by the dissolution media.
Scanning electron micrography indicated that film morphology changed during
curing with latex particles less distinctly after heating, which they called “film
relaxation,” i.e., coalescence. It was concluded that film wetting is an important
determinant of the release profile of dosage forms coated with ethylcellulose
aqueous dispersions, and these properties are changed when the film is relaxed
or coalesced by heating above the Tg. This is consistent with the phase inversion
and expulsion of the hydrophilic components (including surfactant) from the co-
alesced ethylcellulose film (5).

Nesbitt et al. (42) published release rates of pseudoephedrine HCI and di-
phenhydramine HCI from pellets coated with ethylcellulose pseudolatex. They
concluded that drug release through a pseudolatex film occurs through a capil-
lary network whose porosity varies with drying conditions, driven by solubility-
dependent osmotic and diffusive forces.

Ozturk et al. (43) cited as possible mechanisms for release solution/dif-
fusion through the continuous polymer phase and/or plasticizer channels, diffu-
sion through aqueous pores, and osmotically driven release through aqueous
pores. To distinguish among these mechanisms, the release rate was studied as
a function of coating thickness, plasticizer content, and osmotic pressure in the
dissolution medium. As the coating thickness was increased from 9 to 50 pum, the
rate of release fell from 9.93 x 107 to 1.71 x 10~ g PPA/100 mL/hr (Fig. 21).
Release as a function of plasticizer content was studied over the range of 12%
to 24% DBS (Fig. 22). At 18% or 24% DBS, the release rates were virtually
identical, about 50% in six hours. At 12% DBS, over 80% was released in the
first hour, and these results were attributed to the presence of cracks in the coat-
ing. Release was also studied as a function of the osmotic pressure in the me-
dium (Fig. 30). A plot of release rate versus osmotic pressure revealed a linear
relationship with a nonzero intercept (Fig. 31). The steep dependency of release
rate on osmotic pressure of the medium suggested that osmotically driven re-
lease is a major mechanism for release, whereas the nonzero intercept indicated
some contribution from diffusion mechanisms. For all batches, SEMs indicated
that the film exhibited pores approximately 2 um in diameter, consistent with
these mechanisms. Ozturk et al. concluded that the release of PPA from pel-
lets coated with the ethylcellulose-based pseudolatex formulation was mainly
driven by osmotic pressure, with a minor contribution by diffusion through
aqueous pores and perhaps solution/diffusion through the polymer membrane.
Osmotic pressure measurements showed that the osmotic pressure generated
by both PPA-HCI and the sugar (Nu-pareils) would contribute significantly to
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Figure 30 Effect of osmotic pressure on PPA*HCI release profiles (at a 10% coating
loading). Abbreviation: PPA, phenylpropanolamine.

the driving force for release. Assuming that these mechanisms operate inde-
pendently and in parallel, the release of PPA from pellets coated with the eth-
ylcellulose-based film (J) can be mathematically described by an equation that
combines these mechanisms:

P,+P
J:\ﬂlﬂ% (Cs—Cy)

where ¢ is the osmotic driving force, All is the osmotic pressure difference
across the coating, P, and P, are the permeability coefficients for aqueous pores
and membrane, respectively, 0 is the film thickness, and C and C, are the core
surface and bulk drug concentrations, respectively. The same mechanism is op-
erative over a coating range of 5% to 16%, so film thickness may be used as
a means of modifying the release rate without changing the release mechanism
(within the range of 10-50 um). Important factors in determining the release rate
from these systems include the volume fraction and size of pores generated during
processing, the permeability of the film to water, the rate of core dissolution, and
the ability of the core constituents and drug to generate osmotic pressure.

Fluidized Bed Processing

Ethylcellulose latices function well not only in Wurster-type coating equipment
but also in other types of fluidized bed equipment, e.g., conventional air suspen-
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Figure 31 Effect of osmotic pressure difference on PPAHCl release rate (at a 10% coat-
ing loading). Abbreviation: PPA, phenylpropanolamine.

sion chamber or granulator and the rotary fluid bed coater. Conventional air sus-
pension chambers or fluidized bed granulators are characterized by a random or
turbulent movement of particles and by spray nozzles positioned at or near the top
of the processing chamber. PPA-HCI beads were coated with an ethylcellulose
latex in two types of fluidized bed equipment, e.g., Wurster versus top/bottom
granulating spray inserts (44). The coating trials are summarized in Tables 11
and 12. PPA release from beads coated by the top or bottom spray methods
were faster than beads coated by the Wurster method (Fig. 32). The differ-
ence in drug-release profiles between the two coating process techniques can
be explained on the basis of the method of application of coating and on film
formation and structure. In the Wurster process, the coating liquid is applied
concurrently with the flow of the product. The Wurster system combines a
partition (column) and an air distribution plate to organize the flow of par-
ticles in close proximity to the spray nozzle. Because the nozzle is immersed
in the air flow in order to spray concurrently into the fluidized particles, the dis-
persion droplets travel only a short distance before impinging on the product.
As a result, the film is applied more evenly. On the other hand, spray drying of
the coating dispersion is most severe in the counter-current top spray granulating
insert. SEM examination showed the top spray samples to be much rougher in
surface appearance and more porous than the Wurster-coated samples, as shown
in Figures 33 and 34.

Ethylcellulose latex dispersions have also been successfully applied to
beads by a rotary fluid bed coater. In the rotor (tangential spray) method, the
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Table 11 Summary of Coating Process Conditions

Constants Wourster insert Granulating insert
Pump type Peristaltic Peristaltic
Atomizing air pressure 1.5 bar 1.5 bar
Inner partition height 3/g in.
Port size 1.0 mm 1.2 mm
Nozzle height Bottom 0.7
Spray angle 0.7
Coating level 10% (2% slow/8% fast)
Coating suspension Aquacoat® ECD with DBS
24%* applied at 30%

solids concentration

“Based on ECD solids.

coating dispersion is sprayed tangentially in the same direction as the moving
beads in the bed. The beads are rotated in a homogeneous, spiral motion by the
combined action of the fluidized air, centrifugal force, and gravity. The differ-
ences in action between the two coating process techniques again accounts for
the faster release shown in Figures 35 and 36. Examination of the coated drug
beads by SEM showed similar morphological differences as the top spray ver-
sus Wurster.

Figure 37 shows how release patterns can be modified by the addition of
a water-soluble polymer hydroxypropyl methylcellulose (HPMC). However
HPMC destabilizes the aqueous ethylcellulose dispersion, which can result in

Table 12 Batch-specific Details of Fluid Bed Coating Trials

Equipment (insert) Wourster Granulating Granulating
Spray mode Up Down Up

Product 1 kg PPA beads 1 kg PPA beads 1.4 kg PPA beads
Inlet set temperature (°C) 55-64 55-64 60-64

Actual temperature (°C) 60-80 52-80 62-81

Outlet temperature (°C) 44-47 44-48 33.5-42
Product temperature (°C) 27-38

Spray time (min) 46 50.5 51

Dry time (min) 30 30 30

Spray rate (mL/min)—slow 3.4 3.4 5.6

Spray rate (mL/min)—fast  11.7 9.9 12.4
Recovery (%) 99.5 98.6 98.3

RH (%) 10 14 12

Abbreviations: RH, relative humidity; PPA, phenylpropanolamine.
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Figure 32 Release of PPA*HCI from seeds coated by top spray method versus Wurster
method. Abbreviation: PPA, phenylpropanolamine.

Figure 33 Surface view of PPA°HCI seed coated by top spray (granulating) method.
Abbreviation: PPA, phenylpropanolamine.
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Figure 34 Surface view of PPA*HCI seed coated by Wurster method. Abbreviation:
PPA, phenylpropanolamine.

N0

80 [ O Wurster Process - DBS 24%
O Rotor Process - DBS 24%

% PPA Released

Time (hours)

Figure 35 Release of PPA*HCI from seeds coated by the rotor process versus Wurs-
ter process. DBS plasticizer. Abbreviations: PPA, phenylpropanolamine; DBS, dibutyl

sebacate.
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Figure 36 Release of PPA*HCI from seeds coated by the rotor process versus Wurster
process. TEC plasticizer. Abbreviations: PPA, phenylpropanolamine; TEC, triethyl citrate.
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Figure 37 Effect of water-soluble polymer incorporation on dissolution.
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partial coalescence and unpredictable release profiles. Siepmann et al. have iden-
tified soluble polymers physically compatible with aqueous ethylcellulose disper-
sions, such as polyvinyl alcohol (PVA)—polyethylene glycol (PEG) copolymer,
propylene glycol alginate (PGA), and carrageenan, which are better suited to giv-
ing concentration-dependent release modulations (45-47).

AQUEOUS ENTERIC POLYMER DISPERSIONS

Enteric film-forming polymers such as CAP contain ionizable functional groups
and exhibit pH-dependent solubility (48—50). At low pH, the functional groups are
unionized and the film is insoluble. At elevated pH, these functional groups ionize
and the polymer becomes soluble. These systems are typically used to protect a
drug from the harsh environment of the stomach, to prevent a drug from irritat-
ing the stomach mucosa, or to target drug release to the small intestine or colon.
Aquacoat® CPD is an aqueous dispersion of CAP and consists primarily of CAP
together with a surfactant from the emulsion stage, as shown in Table 13. Traces
of dimethylpolysiloxane to suppress foaming during distillation may also be pre-
sent. CAP is prepared by reacting a partial ester of cellulose acetate with phthalic
anhydride. CAP (Fig. 38) is a cellulose ester with three hydroxyl groups per glu-
cose unit available for substitution. About half the hydroxyl groups are acety-
lated, and another quarter esterified with one of the two acid groups of phthalic
acid. The dispersion is manufactured by an emulsion process in which the CAP
polymer is converted to a pseudolatex in a procedure similar to that used in the
production of Aquacoat® ECD.

Table 14 defines the processing conditions used to apply plasticized aqueous
CAP dispersion to aspirin tablets in a 24-in. Accela-Cota (Thomas Engineering,
Hoffman Estates, IL, U.S.A.). Peristaltic pumps are typically used to minimize
stress on the latex material and to accurately measure unit fluid rates. Bed tem-
peratures are fairly low (36-38°C) for water-based film application.

According to the United States Pharmacopeia, enteric-coated products
should resist 0.1 N hydrochloric acid, such that not more than 10% of the ac-
tive is released in two hours. When placed in pH 6.8 phosphate buffer, the
film coating should dissolve rapidly to release the active, typically in less than
10 minutes. Enteric tablets containing alkaline actives may disintegrate prema-

Table 13  Composition of Aquacoat® CPD

Finished
Solids (%) product (%)
CAP 78 23.3
Pluronic F68 22 6.7
Water 70.0

Abbreviation: CAP, cellulose acetate phthalate.
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Figure 38 CAP polymer. Abbreviation: CAP, cellulose acetate phthalate.

turely in acid as the coating solubilizes due to a high pH microenvironment.
To prevent the formation of soluble alkali phthalate salts, the substrates can be
seal-coated first with HPMC before applying the Aquacoat® CPD.

As with sustained-release coatings, film thickness is of critical importance
to the functional performance of enteric coated products. Too thin a coating can
result in tablet failure in an acidic environment. Too much enteric coating may
lengthen the intestinal disintegration time. In fact, high loadings of Aquacoat®
CPD can be utilized for colonic drug delivery systems. A film level of at least
5% wlw was required to ensure the integrity in acid of coatings made from either
aqueous CAP dispersion or CAP applied from an organic solvent system (Fig. 39).
At levels higher than 5% film weight, the CAP pseudolatex coatings exhibit
slightly faster disintegration times than the corresponding CAP/solvent coatings
applied at the same coating level.

In Figure 40, the disintegration time for aspirin cores coated with CAP
pseudolatex and CAP/solvent formulations are compared. It was found that at
pH 6.4 and higher, no significant differences in disintegration time were noted
for aspirin tablets coated with either the aqueous latex or the organic solu-
tion of CAP. However, disintegration time increased substantially as the pH
dropped below 6.4, and a significant difference in disintegration time was ob-
served between the two film-coating systems. Table 15 shows that there was no
significant change in disintegration time for the latex product after 12 months
of storage at room temperature and 35°C, whereas the aspirin product coated
from organic solvent exhibited a substantial increase in disintegration time
upon aging.
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Table 14 CAP Pseudolatex Enteric Coating—Equipment and Conditions

Equipment: Accela-Cota 24 in.
Baffles Four straight bar and four scoop
Pump Masterflex 7562-10
Pump heads 2 Masterflex 7015
Tubing size 0.1925, 0.3920 in. o.d./in. i.d.
Spray guns Two spraying systems, 7310-1/4 JAU
Fluid cap 40100 SS
Air cap 134255-45° SS
Conditions:
Tablet charge 9.5 kg
Fluid rate 64 mL/min (total)
32 mL/min per gun
Atomizing air 35 psi per gun
Air temperature:
Inlet 80-82°C
Outlet 36-38°C
Pan speed 9.5-10.5 rpm
Magnehelic 1.5in. HO
Tablet bed warming 10 min jogging
Coating time 120 min
Postdrying:
Accela-Cota pan Intermittent jogging
Air temperature, inlet 60°C
Time 60 min
Film weight addition 8.9% wiw

Figure 41 shows the disintegration time of tablets coated with Aquacoat
CPD as a function of plasticizer content and plasticizer type. Two plasticizers
were investigated: DEP, which is water insoluble, and the water-soluble propyl-
ene glycol. Twenty-five percent by weight of either DEP or propylene glycol
was insufficient to achieve adequate film quality, and the coatings failed in 0.1 N
HCI. However, when the plasticizer level was increased to at least 30% (based on
pseudolatex solids), the coatings were resistant to the low pH test media. At higher
(54%) levels of propylene glycol, the enteric film coatings failed in acid medium,
which was attributed to plasticizer leaching.

Another study evaluated aspirin release at various pH media using the USP
(basket) method I at 100 rpm. Aspirin release was shown to increase with increas-
ing pH. The USP enteric dissolution specification is not more than 10% release of
aspirin after two hours of testing in a pH 1.5 acid medium. Figure 42 shows that
aspirin tablets coated with CAP pseudolatex do not show any significant release
of aspirin until pH 6, the pH at which the acid functional groups of the CAP poly-
mer begin to ionize (51).
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Figure 39 Disintegration time of aspirin tablets coated with CAP pseudolatex or CAP/
organosol in phosphate buffer as a function of film thickness. Abbreviation: CAP, cellulose
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Figure 40 Disintegration time of aspirin tablets coated with CAP Pseudolatex or CAP/
solvent coating as a function of pH. Abbreviation: CAP, cellulose acetate phthalate.
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Table 15 Stability Profiles for Aspirin Tablets Coated with Enteric Latex

Disintegration time (min)

Aspirin with Commercial CAP/organosol

Time Condition CAP Pseudolatex coating coated aspirin
Initial 6-8 34
6 mo RT 5 11.5

35° 6.5 12
9 mo RT 4-7 6-19

35°
12 mo RT 4-6 8-10

35° 4-6 8-16

Abbreviation: CAP, cellulose acetate phthalate.
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Figure 41 Disintegration time of aspirin tablets coated with CAP pseudolatex as a func-
tion of plasticizer content.
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Figure 42 Dissolution of aspirin tablets coated with CAP pseudolatex as a function of
changing pH media.

SUMMARY

Colloidal aqueous dispersions of ethylcellulose and CAP provided effective and
versatile rate-controlling membranes in the design of modified-release oral solid
dosage forms. Aqueous pseudolatex coatings avoid the environmental, safety, and
toxicological problems associated with organic solvents. The formulation scien-
tist must understand the mechanisms of film formation from such aqueous-based
systems in order to achieve stable drug-release rates. Interactions between the
coating formulation, substrate, and processing parameters require the formulator
to give careful consideration to the entire coating process.
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INTRODUCTION

Technology is constantly advancing to improve efficiency and lessen overall cost.
Therefore, it is incumbent on the pharmaceutical development scientist to be aware
of and become proficient in the use of these new technologies. Although aque-
ous film coating has been employed in pharmaceutical development for several
years, the use of the technology to enhance the performance of drugs to optimize
delivery from dosage forms will forever be an emerging application due to the
fact that no two drug molecules will have the same physicochemical properties.
Thus, to achieve the desired results, formulations and processes must be tailored
to the specific drug entity and dosage form. The term “enabling technologies”
has become part of the conversation during the drug development process. These
are the technologies that are being applied to enhance the properties of drugs
ranging from enhancing stability to improving absorption in order to improve
the pharmacological outcome. Modifying drug release by applying aqueous film-
coating technology to achieve optimum therapeutic benefits can be considered an
enabling technology.

The objective of preformulation research is to characterize the physico-
chemical properties of new drug substances and provide a rational basis for
subsequent dosage-form development. In addition, preclinical pharmacokinetic
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studies are conducted in animals to provide insight into the absorption and elimi-
nation characteristics of the compound. Currently, a high level of emphasis is
being placed on the economics of health care, and the impact of pharmaceuticals
has become an area of study (pharmacoeconomics). Therefore, it is now more
important than ever to consider these early findings about the potential new drug
substance during the development phase, particularly when designing the dos-
age form. That is, the overall cost of therapy is becoming a very important as-
pect in new drug development, and the optimum therapeutic regimen requires
careful consideration of the cost of goods even at this early stage of develop-
ment. For example, if the therapeutic class that the compound is being developed
for requires long-term therapy, and the compound demonstrates good gastroin-
testinal absorption properties but has a short plasma half-life, effective dosage
form design could enhance the beneficial aspects of the compound. Compounds
with short plasma half-lives require several doses per day, and this could poten-
tially be a competitive disadvantage in the marketplace. Modified-release dosage
forms have always been more effective therapeutic alternatives to conventional or
immediate-release dosage forms. By reducing side-effect profiles of drug entities
and allowing for less frequent dosing regimens, these dosage forms may improve
the overall cost of drug therapy. Therefore, modified-release dosage forms for
new chemical entities are being considered on a more routine basis than ever be-
fore. In the past, new chemical entities were typically formulated and developed
clinically as immediate-release dosage forms and introduced to the marketplace
as such. A modified-release dosage form of the same compound usually found
its way to the market after several years of dosing experience with the immedi-
ate-release version. In today’s environment, it has become prudent to consider
the physicochemical and pharmacokinetic properties of the compound from the
outset of new drug development.

The objective of developing a modified-release dosage form for oral ad-
ministration is to control the release of the therapeutic agent and thus control drug
absorption from the gastrointestinal tract. Such a dosage form effectively reduces
adverse effects associated with a peak plasma concentration beyond that needed
for therapeutic effectiveness, and at the same time, it maintains the plasma level
above or at that needed to achieve the therapeutic effect for a longer period of
time. Thus, the number of times the medication has to be administered is reduced
without compromising efficacy. The dosage form, in effect, controls the amount
of drug available for absorption from one dose administration to the next, with
the result being a more stable plasma level profile. Target drug-release profiles for
oral administration are achieved either by applying a release-controlling barrier
around drug-loaded granules, pellets, and/or tablets, or by incorporating poly-
meric or wax systems in formulations.

It is essential that these types of dosage forms are manufactured in a repro-
ducible manner in order to deliver the drug at a controlled and consistent rate.
Release rate reproducibility within a given batch and between batches is critical
for both the patient and the manufacturer. The manufacturer must meet rigid spec-
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ifications set for the product not only to satisfy regulatory agencies, but also to
avoid the loss of profits if a batch fails to meet these specifications and cannot be
salvaged. In addition, the patient loses the therapeutic benefits of the specialized
dosage form if the product fails. It can even have a detrimental effect on the pa-
tient if the failure is associated with dose dumping, i.e., release of the entire drug
load all at once. It is precisely this critical end-product performance that has led to
the use of coated pellets and/or granules in the development of controlled-release
dosage forms. Such a dosage form is made up of multiple units with controlled-
release properties, and thus the dose is divided up into several units as opposed to
a single unit. This is accomplished by combining these units into either a capsule
or tablet for ease of administration. Since the dose is divided into several units,
failure of a few pellets or granules does not significantly impair the performance
of the dosage form as a whole, and a larger margin of safety against dosage form
failure is realized.

Modified-release dosage forms have been fabricated by a variety of meth-
ods including forming a slowly eroding matrix made up of mixtures of polymers,
waxes, gums, sugars, talc, or other components (1). In the case of pellets, this
was accomplished by ladling solutions or suspensions and dusting solid compo-
nents onto starter seeds or granules in coating pans equipped with external drying
air and heat sources. The technique employed was somewhat analogous to the
sugar coating of tablets. The process was laborious and tedious and required ex-
perienced artisans to achieve reproducibility. Even then, reproducibility was still
difficult to accomplish. Therefore, to attain the target release rates, pellets of dif-
ferent release rates were blended before filling into capsules. The ratio of pellets
that are blended to make up the final dosage form was determined by conducting
dissolution testing on the pellets and inputting the results into equations. This
method of manufacture would clearly be a difficult process to carry out in today’s
regulatory environment where reproducibility of a manufacturing step is critical
for the establishment of a validated process.

Pellet technology as applied to controlled release has advanced with the
advent of new processing equipment and the development of film coating as a
technique for pharmaceutical applications. These developments have given the
pharmaceutical scientist the opportunity to apply scientific principles to the de-
velopment of well-designed and predictable controlled-release dosage forms.
The design of the dosage form is driven by the desired dosing regimen and more
importantly, the pharmacokinetic properties of the drug substance. During the
development phase, an attempt is made to attain a certain degree of flexibility to
vary the release properties of the dosage form with minimum changes to the basic
composition of the formulation. This in turn would shorten the development time
and provide the formulation development scientist as well as scientists in pharma-
cokinetics and clinical research to optimize the delivery of the drug substance at
the desired site of absorption.

Drug-loaded pellets are manufactured today mainly by solution, suspension,
or powder layering of the drug substance onto starter sugar spheres (e.g., Sugar
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Spheres NF) or granules. In some cases, pellets may be formed by blending the
drug substance with appropriate excipients followed by the application of a
binder liquid onto the powder blend in a rotary equipment. Most or all of these
applications now employ sophisticated high-speed rotary granulation fluid bed
equipment, although to some extent, dish pelletizers are also used. Another tech-
nique that is widely used to manufacture pellets is extrusion-spheronization.
Extrusion-spheronization is a multistep process that is time consuming and la-
bor intensive; however, in certain instances, it is preferred since it is capable of
generating a highly concentrated matrix core and/or higher density drug pellets,
which are critical requirements for higher-dose drugs. The pellets formed by
all of these methods are generally spherical in shape and do not exceed 1.7 mm
in diameter. Although matrix pellets with inherent controlled-release properties
can still be manufactured in a single step, the prevailing climate in the phar-
maceutical industry favors the development of core pellets coated with a rate-
controlling membrane (2,3). This is because the release characteristics of the
pellets can be easily modulated by simply altering the composition or thickness
of the film coat.

While the formulation and processing variables of pellets were being re-
fined and optimized, research in the area of membrane technology was also in-
tensified and led to significant discoveries. Natural and synthetic polymers such
as ethylcellulose have been incorporated in coating formulations employing or-
ganic solvents to provide rate-controlling membranes. Although the technique
has become increasingly popular, the flammability and toxicity of organic sol-
vents and stringent government regulations that restrict and control their appli-
cability are hurdles that constrain their use. These restrictions, coupled with the
ongoing quest to become as environmentally friendly as possible in all of our
actions, have prompted some pharmaceutical companies to prohibit the use of
organic solvents in dosage form manufacture. As a result, water became the sol-
vent of choice for dosage form development, and consequently, various aqueous
polymeric dispersions that have applicability in modified-release dosage forms
were developed.

The utility of the water-based polymeric dispersions depends to a great ex-
tent on the manufacturing conditions of the dispersions. Equally important are
the coating conditions, which could determine the success or failure of the final
product. Since the formulation development scientist does not have control over
the manufacture of the dispersion, he or she must carefully and systematically
characterize the commercially available products and optimize the formulation
and processing variables in order to develop well-defined and reproducible dos-
age forms. It is in this context that Aquacoat® ECD, a dispersion of ethylcellulose
in water that is manufactured and distributed by the FMC Corporation (Phila-
delphia, Pennsylvania, U.S.A.), is discussed in this chapter. Nevertheless, other
polymeric dispersions are also available for use as film-coating materials, such as
Surelease®, Eudragit®, and Kollicoat® (4).
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DESCRIPTION AND METHOD OF PREPARATION
Description

Aquacoat ECD is an aqueous dispersion of ethylcellulose, a polymer generally
recognized as safe and approved for use in food and pharmaceutical products.
Because of its safety, ethylcellulose has been widely used in pharmaceutical for-
mulations. The Aquacoat ECD dispersion conforms to the specifications for Eth-
ylcellulose Aqueous Dispersion USP/NF. It exists as a milky white liquid with
the characteristic odor of ethylcellulose. It contains 29% to 32% solids. Sodium
lauryl sulfate and cetyl alcohol are included as stabilizers. Their concentrations
are in the ranges of 0.9% to 1.7% and 1.7% to 3.3%, respectively. Ethylcellulose
is present in the dispersion as spherical particles in the size range of 0.1 to 0.3 um.
The pH of the dispersion ranges from 4.0 to 7.0, and the specific gravity ranges
from 1.025 to 1.040. These properties are tabulated in Table 1 (5).

The key items to note regarding the properties of Aquacoat ECD from a
formulation point of view are (i) the high solids content of a water-insoluble poly-
mer, (ii) the low viscosity, (iii) the inclusion of an anionic surfactant, and (iv) the
pH of the dispersion. The impact of these properties on dosage form development
will be discussed later in the chapter.

The dispersion is stable and has a shelf-life of 12 months when stored at
room temperature; it will rarely settle upon standing because of the colloidal na-
ture of the dispersed solids. As a precaution, however, the manufacturer’s label
suggests that the dispersion be shaken before use. Since the dispersion has proper-
ties similar to those of an emulsion, the normal precautions applicable to emul-
sions should be adhered to with Aquacoat ECD.

Table 1  Aquacoat® ECD Specifications

Component or property Specification
Total solids 29-32%
Ethylcellulose content 24.5-29.5%
Sodium lauryl sulfate content 0.9-1.7%
Cetyl alcohol content 1.7-3.3%
pH 4.0-7.0
Viscosity NMT 150 cps
Heavy metals NMT 10 ppm
Total aerobic microbial count NMT 100 cfu/g
Total yeast and mold count NMT 20 cfu/g

Abbreviation: NMT, not more than.
Source: From Ref. 1.
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Method of Preparation

Aquacoat ECD is classified as a pseudolatex as opposed to a true latex because
of the differences in the methods of preparation of the two systems. Neverthe-
less, a pseudolatex has the same general properties as a latex. A latex is prepared
by emulsion polymerization, where the chemical reactions to form the polymer
are carried out in an emulsified state. In contrast, a pseudolatex is made from an
already existing thermoplastic water-insoluble polymer. Emulsion polymerization
techniques have been used for many years to generate latexes suitable for paints
and other industrial applications. The basic technology used to make pseudola-
texes was developed at the Center for Surface and Coating Research at Lehigh
University. This technology was further refined to develop pseudolatexes for use
in pharmaceuticals at the Industrial and Physical Pharmacy Department of Purdue
University (6,7). The ethylcellulose pseudolatex is made by first dissolving the
ethylcellulose polymer and cetyl alcohol in an organic solvent. The polymer solu-
tion is then emulsified in water with the aid of the anionic surfactant, sodium lauryl
sulfate. The emulsion is homogenized to reduce the particle size of the polymer
droplets, and then the organic solvent is removed by steam distillation, leaving
a dispersion of 30% w/w solids content. The dispersion is low in viscosity and
fluid, even at the high solids content. In contrast to polymer solutions, the viscosity
of latex dispersions is independent of polymer molecular weight. Moreover, the
pseudolatex is strongly resistant to microbial attack, a property that is unmatched
by aqueous solutions of polymers, which generally require preservatives or have to
be prepared immediately before use to preclude microbial contamination.

Mechanism of Film Formation

Ethylcellulose generates very hard or tough films and needs a plasticizer to soften
the film, i.e., to improve flexibility and reduce brittleness. The glass transition
temperature of ethylcellulose is 120°C. The glass transition temperature is de-
fined as that temperature below which the polymer is in a glassy state and above
which it is in a rubbery state. Thus, an unplasticized ethylcellulose film would be
in the glassy state, i.e., brittle, at temperatures at which pharmaceutical products
are manufactured and stored and would not perform its intended function. The
plasticizer must be able to dissolve the polymer to promote chain mobility and
flexibility. Thus, a comparison of the solubility parameters of plasticizers with
that of ethylcellulose would help predict the effectiveness of a given plasticizer
(8,9). Alternatively, free films can be prepared with various plasticizers at dif-
ferent levels and examined thermomechanically to determine effectiveness (10).
Free films can also be used to investigate the release properties employing in vitro
techniques, although caution must be exercised during interpretation of the results
(11). Table 2 lists some selected plasticizers with their solubility parameters and
softening effects on Aquacoat ECD films.

Aquacoat ECD is compatible with a number of plasticizers, some which
are listed in Tables 2 and 3. The ideal plasticizer should not only be compatible
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Table 2 Solubility Parameters and Film-Softening Effects on Aquacoat® ECD Films of
Selected Plasticizers®

Level in film
(percentage of
Solubility parameter Aquacoat ECD Softening temperature

Plasticizer (j/m3”x 1073 solids) (°C)
Diethyl phthalate 20.5 NT
Dibutyl phthalate 19.0 NT
Dibutyl sebacate 18.8 24 54
30 46
40 45
Triethyl citrate 24 59
30 52
40 48

“The solubility parameter for ethylcellulose is 21.1.
Abbreviation: NT, not tested.

with Aquacoat ECD but must also (i) be safe for use in pharmaceuticals, (ii) be
compatible with the drug and the other components, and (iif) remain permanently
in the resultant film. Also, since the film is to be used as a barrier membrane for
controlling drug release, the plasticizer’s aqueous solubility should preferably be
low to avoid its dissolution, which eventually leads to disruption of the film in an
aqueous environment.

The plasticizer serves a dual role in the formation of Aquacoat ECD films.
It does not only render hard and brittle films flexible, as it does with films derived
from solutions, but it also softens the dispersed polymeric particles and facili-
tates their deformation and eventual coalescence. Film formation from a pseu-
dolatex is different from that from a polymer solution (9). Film formation from
a polymer solution occurs through a series of phases, where initially the bulk of
the solvent evaporates, which then increases the viscosity of the solution, and
leaves the polymer chains in close proximity. Upon more complete evaporation

Table 3 Plasticizers that Are Suitable for Use
with Aquacoat® ECD Formulations

Castor oil Tributyl citrate
Diethyl sebacate Triethyl citrate
Dibutyl sebacate Glyceryl tributyrate
Diethyl phthalate Myvacet 9-40

Note: Numerous other plasticizers have been studied with
Aquacoat ECD.
Source: From Ref. 12.
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of the residual solvent, the individual polymer chains align themselves in such
a way that they form a cohesive film. In the case of a pseudolatex, the water
serves only as a carrier for the dispersed particles and not as a solvent. As water
evaporates, the dispersed particles, which contain numerous polymer chains,
become closely packed. Upon further evaporation, the softened particles de-
form, due to capillary pressure effects, and coalesce to form a continuous film.
The plasticizer then embeds itself between the layers of polymer chains to en-
hance flexibility as it would with solutions. Because plasticizers have a dual role
in the mechanism of film formation from pseudolatexes, the level of plasticizer
required to achieve equivalent film properties may be higher for a pseudolatex
than for a solution.

The formation of an acceptable film for controlling drug release is also de-
pendent on numerous other parameters such as the processing conditions and sub-
strate effects. Examples of the impact of these parameters on drug release will be
covered later in the chapter.

Free Film Evaluation

In cases where the suitability of a film composition for membrane application
is unknown, it may be prudent to study film properties by utilizing laboratory
techniques such as thermomechanical analysis, tensile strength measurements,
microscopic examination, and diffusion experiments. A free film may be pre-
pared by pouring or spraying the dispersion mixture onto an inert substrate, e.g., a
glass slide or Teflon® plate. The film is allowed to dry completely and then gently
removed from the substrate. Subjective examinations for such properties as flex-
ibility can be easily conducted. More quantitative analyses can also be performed
as demonstrated by the following examples.

Free films were prepared by spraying triethyl citrate or dibutyl sebacate—
plasticized Aquacoat ECD formulations onto a rotating Teflon plate (the Teflon
plate was attached to a conventional rotating coating pan) (10). The films were
lifted off the plate with a Teflon-coated spatula. Areas of similar thicknesses were
isolated from the various films and used for thermal analysis. A thermomechani-
cal analyzer was used to measure the temperature at which a load of 2 g began to
penetrate the film. This laboratory experiment allowed comparison of the effects
of a plasticizer and plasticizer concentration on Aquacoat ECD films, as shown
in Table 2.

Several plasticizers were incorporated in Aquacoat ECD formulations to
evaluate the effect on the mechanical properties of Aquacoat ECD—free films
(12). The films were cast by spraying the plasticized dispersion onto Teflon tape.
The results demonstrated that the plasticizer type (chemical class) and amount
as well as the storage conditions influence the mechanical strength of Aquacoat
ECD films.

The microscope can also be a valuable tool to characterize and compare
films. The homogeneity of the components of a film, which is a critical property
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for a rate-controlling film, can be studied with the use of a scanning electron
microscope (13). Various other characterization tests that can assist in the se-
lection of suitable film-coating systems are reported in the literature (14). A
judicious laboratory procedure for the characterization of films intended for use
as a release rate—controlling membrane is the diffusion test. This test can be
utilized to determine the diffusivity of the drug through films of various compo-
sitions prior to application of the film coating on the substrate. The application
of such a method for the determination of the diffusion process was carried out
employing theophylline as the model drug (11). This technique provides the
formulation development scientist another tool to evaluate and characterize the
formulation of the rate-controlling membrane. However, the results could be
misleading unless proper care is taken when extrapolating to actual processing
conditions as mentioned earlier. A dramatic difference in a drug permeation
was observed between the diffusion test results from a free film and dissolution
data derived from pellets coated using the same formulation (15,16). The dif-
ference was attributed to migration of the water-soluble substances into the film
during the coating process. During dissolution testing, the soluble components
dissolved to create water-filled pores that served as channels for drug release. In
addition, the osmotic pressure difference between the solubilized core and the
dissolution medium leads to an increase in the release rate of the film-coated
pellets as compared to the diffusion properties observed with free films. Free
film evaluations have also been conducted to study the effect of the solubility of
the drug in the film on membrane performance (17).

FORMULATION VARIABLES
Dispersion Concentration

Aquacoat ECD is available at a 30% solids content and it may or may not be ap-
plied as is in a plasticized formulation. The manufacturer recommends that the
dispersion be diluted with water after the addition and mixing of the plasticizer.
However, experience has shown that the addition of water to Aquacoat ECD be-
fore the addition of plasticizer has not made a significant difference in either film
properties or film stability as long as the plasticizer is thoroughly mixed into the
dispersion. The typical working solids content after the addition of plasticizer in
our laboratories is 15% to 24% w/w. This range is intended for the coating of pel-
lets and may vary depending on the particle size of the cores. Therefore, determi-
nation of the optimum solids content of the dispersion for a particular application
or product is a critical step that needs to be carried out on a case-by-case basis.
The solids content in a pseudolatex formulation, even after dilution of the disper-
sion, is usually higher than the concentrations employed with solutions. Also, the
viscosity is always lower. With these highly concentrated formulations, care must
be taken to optimize the spray pattern and drying efficiency of the process in order
to allow the proper spreading of the droplets onto the substrate, which, in turn,
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leads to an optimum film formation. Otherwise, the capillary pressure required
to deform and coalesce the polymer particles will not be fully developed, and the
coating efficiency will be drastically reduced. As indicated earlier, the choice and
level of plasticizer determines the behavior of the film and should be evaluated
carefully. The plasticizer level in a modified-release formulation is typically 20%
to 30%, expressed as a percentage of Aquacoat ECD solids. However, levels as
high as 35% plasticizer have been studied (16). No steadfast rule is appropriate,
as each drug and/or application will have different properties, and thus the choice
and level of plasticizer should be optimized with respect to processing, release,
and stability properties.

Water-Soluble Additives

In some cases, water-soluble additives are incorporated into plasticized disper-
sions or formulations to aid in modifying the release characteristics of the pellets.
Since ethylcellulose is completely insoluble in water, its film is impermeable to
most drugs. As a result, a film formed from Aquacoat ECD may not be perme-
able enough to provide the target release profile. Therefore, a water-soluble ad-
ditive may be included in the film to increase the permeability of the membrane
when the product is exposed to an aqueous environment during the dissolution
phase. The additives dissolve in the medium, leaving behind water-filled chan-
nels, which increases the release rate. Water-soluble polymers such as hydroxy-
propylcellulose and hydroxypropyl methylcellulose (HPMC) as well as other
small molecule substances such as sucrose and mannitol have been used for this
application. The use of carrageenan has also been explored for this purpose (18).
The use of electrolytes should be avoided since electrolytes tend to disrupt the
colloidal nature of the dispersion and lead to coagulation. Invariably, the amount
of the additive is optimized at a certain coating level to achieve the targeted re-
lease rate. For example, a coating level of 10% weight increase may have been
determined to be the level necessary to achieve a uniform coating on the sub-
strate. However, if the release rate of the drug is too slow, it can be increased
with the addition of a water-soluble substance in the film. Often a difference of
1% to 2% w/w in coating level significantly alters the drug-release rate. This is
especially true if the permeability of the film is very low and partitioning of the
drug through water-filled pores in the film is the major mechanism of release. In
this situation, small changes in film thickness translate into large differences in
drug-release rate. Thus, the reproducibility of release rates between batches may
become difficult. Since there is always the possibility of over- or underspraying
during the coating process, the film system should be optimized so that a 1% to
2% difference in coating level will not cause a significant change in the release
rate. This task may be accomplished by the addition of a water-soluble additive in
the formulation, and increasing the coating thickness. In other words, the addition
of a water-soluble additive may improve the reproducibility of release-rate prop-
erties and compensate for variability in processing conditions. The water-soluble
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additive is usually dissolved in water prior to addition and should be thoroughly
mixed into the dispersion.

Water-Insoluble Additives

Certain processing aids may be necessary to reduce tackiness during film coating.
These components are sometimes termed “separating agents.” Talc is the most
common of these agents used in tablet coating. Kaolin has proved to be valuable
as a separating agent for Aquacoat ECD in that it is insoluble yet hydrophilic and
easily remains suspended in the dispersion with little agitation. This is important
because the amount of shear intended to disperse the additive may coagulate the
Aquacoat ECD dispersion.

The separating agent should be inert with respect to the drug and the release
characteristics of the film. That is, the ideal separating agent should be chemically
compatible with the drug substance, not have an impact on the release properties
of the film, and function only as a processing aid during manufacture. The amount
of separating agent required to exert this function must be optimized without ex-
ceeding the maximum carrying capacity of the polymer in the film. The effect of
adsorption capacity of a polymer on film behavior is illustrated in Figure 1, where
the critical pigment volume concentration is identified for a hypothetical film. At
low levels of pigment, there is a small effect on water vapor transmission (slowly
decreasing rate) until a critical concentration is reached. At this concentration,

INTENSITY

PIGMENT VOLUME CONCENTRATION

Figure 1 The effect of pigment volume concentration on film properties. Solid line, ten-
sile strength; dashed line, moisture permeability. Source: From Ref. 1.
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the film properties change dramatically, and the water vapor transmission rate in-
creases rapidly. Although the example demonstrates the effect of pigment concen-
tration on water vapor transmission rate, it can easily be translated to drug-release
characteristics, and thus emphasizes the need to evaluate the effects of separating
agents on release rate. This criterion also applies to the inclusion of lake dyes and
any other insoluble additive to the film. As with water-soluble additives, the usual
order of addition involves suspension of the water-insoluble additive in water,
followed by mixing the suspension with the polymeric dispension.

pH-Sensitive Additives

If the objective is to design a dosage form to achieve drug release independent of
the pH of the medium irrespective of the physicochemical properties of the drug,
pH-sensitive components may have to be incorporated in the film to compensate for
differences in solubility that may occur in gastric and intestinal fluids. For example,
a coated pellet formulation of a weakly basic drug that exhibits poor dissolution in
media of pH 5 or higher may show different release rates in simulated gastric and
intestinal fluids, the most common media used for dissolution testing. Based on
dissolution properties, the release rate in this case would probably be faster in the
acidic media and slower in the neutral to alkaline media. However, the release rate
could be made to remain constant by adjusting the film composition. One way of
accomplishing this is to include an enteric coating material in the Aquacoat ECD
formulation. A mixture of Aquacoat ECD and Eudragit L 30 D (an aqueous disper-
sion for enteric coating) was successfully used in our laboratories to address such
a problem. Other aqueous-based enteric systems that are commercially available
may also be utilized for this purpose. The principle behind this approach is that the
enteric polymer remains as integral part of the membrane under acidic conditions
and may even contribute to slowing the release rate. However, at pH 5 or higher,
the enteric polymer dissolves and leaches out of the film, creating large pores for
drug release. Thus, the in vitro release rate superficially remains constant by reduc-
ing the impact of reduced drug dissolution rate at the higher pH. Siepmann et al.
have examined the use of propylene glycol alginate for the same purpose (19). They
found that the release of theophylline from pellets coated with dispersions contain-
ing propylene glycol alginate was pH dependent, with the release being higher at the
higher pH. One major liability of such an approach is the variability of drug release
that may occur in vivo due to differences in stomach-emptying times, and therefore
the administration of the dose with regard to the consumption of meals may become
an important factor in product performance.

GENERAL APPLICATIONS

Although the components of the coating formulations and the processing condi-
tions are important variables that need to be optimized to develop modified-release
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pellets, they are by no means the only parameters that should be considered. Coat-
ing thickness and physicochemical properties of the substrate also play major roles
in controlling the rate and extent of drug release from coated pellets.

Effect of Coating Level

The amount of coating applied to drug pellets or granules is inversely propor-
tional to the release rate. That is, the thicker the film coat, the slower the release
rate. The release mechanism obeys the theory of diffusion applicable to reservoir-
type systems. Several release rates may be obtained with the same formulation by
adjusting the level of coating and hence the diffusional path length. Moreover, a
lag time to the initiation of release may be observed at higher coating levels due
to the time required for the media to penetrate through the film to the core pellets.
Changing coating levels is a convenient way to study the effect of varying release
rates on in vivo performance, since the qualitative composition of the formulation
remains the same.

Substrate Effects

Controlling the properties of the substrate is essential to obtaining a reproduc-
ible and uniform product. The consistency of core pellets from lot to lot is as
important as maintaining the same film-coating conditions. The most critical
properties are drug concentration and particle size. According to Fick’s first law
of diffusion, the release rate depends on, among other variables, the diffusional
area and the concentration gradient across the film coat. Therefore, with film-
coating level, drug content in the core, and all other variables held constant, the
larger the size of monosize pellets, the faster the release rate will be. However, in
practice, pellets and granules are not monosize; as a result, pellets or granules of
well-defined particle size ranges are used. The ultimate release rate is a compos-
ite of the release rates of multisize pellets or granules. Therefore, tolerances on
the particle size of the substrate must be established to maintain the consistency
of the product. Typical ranges are mesh fractions covering two sizes of standard
screens, e.g., 16 to 20. A further tolerance may be applied to define that a certain
percentage of these pellets or granules not pass through an 18 mesh screen.

The drug concentration of the pellet also plays a critical role in determin-
ing the release rate, since diffusion occurs across a concentration gradient. It is
this property that accounts for the first-order release patterns that are routinely
observed with membrane controlled-release systems. As drug is released from the
core through the membrane into the dissolution medium, the drug reservoir is de-
pleted and the concentration in the medium is increased. The concentration gradi-
ent is greatest in the initial phase of drug release and decreases with time. Thus,
the release rate decreases with time. This behavior is most prevalent with highly
soluble drugs, which are typically formulated into modified-release dosage forms.
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Other substrate properties that have significant effects on the release char-
acteristics of coated dosage forms are described in the literature (15-17). Drug
solubility in the film and migration of soluble components of the substrate into
the film coat during processing may not only affect release rate, but also stability
of the product over time. The lipophilic drug ibuprofen was shown to migrate
through an Aquacoat ECD film forming drug crystals on the surface over time
due to its solubility in the film. This phenomenon can be eliminated or, at least,
minimized by the application of a seal coating between the core and the con-
trolled-release film. An example of a polymer that may be used as a seal coating
is HPMC. However, the effect of the seal coating on the final release of drug from
the dosage form must be studied.

COATING AND PROCESSING EQUIPMENT

Several types of coating equipment may be used to film coat pellets or granules
with Aquacoat ECD. These include fluid-bed equipment, perforated coating pans,
and conventional coating pans. Air suspension (fluid-bed) processes are more ef-
ficient at removing water due to high air throughput and are characterized by
short processing times. This factor, coupled with the small size of pellets, makes
air suspension the process of choice for coating pellets with Aquacoat ECD
formulations. It is important, however, with fluid-bed machines and any other
coating equipment, that specific processing parameters be established to obtain
an acceptable film coat. Even within the fluid-bed family of coating machines,
different parameters are appropriate for different setups. For example, top spray,
bottom spray, and tangential spray processes commonly employed in fluid-bed
coating provide coated pellets with surface morphologies that are unique to each
process (20). Since this is a property that may ultimately determine the release
profiles that are envisioned, judicious selection of processing equipment can help
circumvent potentially disastrous coating operations. In some cases, the transfer
of processes from one type of equipment to another may require a change in the
composition of the formulation to generate matching release profiles.

Once the processing equipment has been selected, coating parameters are es-
tablished to maximize efficiency and to maintain reproducibility. These parameters
include (i) the inlet air humidity, temperature, and volume; (i7) the batch size; (iii)
the spray rate; (iv) atomization air pressure; and (v) any other parameter specific
to the equipment such as rotor speed and air slit opening for rotary fluid-bed pro-
cesses. In addition, product variables such as batch size and substrate properties
must be carefully monitored. During film coating with Aquacoat ECD polymeric
dispersions, an air-handling system that provides consistent drying air to the product
chamber is essential to ensure the reproducibility of the process with a given set
of parameters. Whenever a set of processing conditions do not provide the perfect
end result, a compromise may be necessary to achieve an acceptable product. For
example, if a fast application rate does not provide reproducible results, the applica-
tion rate may have to be reduced, thereby increasing processing time.
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FILM CURING AND STABILITY
Curing

Films formed from Aquacoat ECD dispersions require a curing stage before
the release rate characteristics of the coated product stabilize (5). As discussed
earlier, film formation from a pseudolatex consists of several steps. The coales-
cence process is initiated during the application stage. However, microscopic
coalescence occurs after the coating event has been completed. This process has
been termed “further gradual coalescence” (5). Depending on the formulation
and the coating conditions, this process has been reported to take as long as two
weeks at room temperature. Thus, a formulator would have to wait at least two
weeks to determine the true release characteristics of a product.

One way of accelerating the further gradual coalescence process is to use high
processing temperatures and/or store the film-coated product at an elevated tem-
perature after coating. However, the processing temperature cannot be much higher
than the film-softening temperature during the coating process, because tackiness
of the film leads to severe handling problems and agglomeration. Due to the level
of plasticizers usually included in Aquacoat ECD formulations, the inlet air tem-
peratures are typically adjusted to keep the product temperature below 45°C. In
some cases, even lower temperatures may be required. Storing the coated product
in ovens at 60°C for short periods of time has also been shown to further shorten the
gradual coalescence time. Based on this premise, a process was developed utilizing
fluid-bed technology to film coat and ensure full coalescence of the film coating in a
30-minute curing step (21). The procedure involved the application of an Aquacoat
ECD formulation on pellets to impart sustained release characteristics, followed
by an overcoat composed of HPMC. The HPMC film, which is derived from an
aqueous solution, has a higher glass transition temperature and thus a higher soften-
ing temperature than the plasticized Aquacoat ECD film. This allows the product
to be exposed to high temperatures (60°C) in the fluid-bed equipment without the
creation of a sticky surface, as was true with the plasticized Aquacoat ECD film.
Li et al. have studied the effects of temperature and humidity on film coalescence
and curing (22). The optimization of temperature and humidity during the curing
step may significantly accelerate the process. Naturally, the high curing temperature
associated with Aquacoat ECD formulations may not be applicable to substrates
containing temperature-sensitive and/or low-melting drugs and formulation aids.

Storage and Stability of Coated Pellets

Film-coated pellets should not be stored or transported above the softening tem-
perature of the film to avoid an unwanted change in dissolution characteristics,
even for cured pellets. Generally, this should not be a problem since most drug
products are stored in environments of controlled temperatures, and a change in
dissolution characteristics is not expected to occur during the established shelf-
life of the product. Experience has shown that the release profiles of Aquacoat
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ECD-coated pellets remained stable over a four-year period. To ascertain the
dissolution stability of coated pellets, not only during controlled storage but
also during transport and patient use, it is critical that the coated product be sub-
jected to elevated temperatures. One could also use the temperature/relative hu-
midity (RH) conditions for stability storage recommended by the International
Committee on Harmonization: 25°C/60% RH and 40°C/75% RH. Samples may
also be stored at 30°C/60% RH (backup to the 40°C/75% RH condition).

PRACTICAL EXAMPLES
Ibuprofen Pellets

Ibuprofen pellets were prepared by solution layering in a Glatt Roto-granulator
and film coated with an Aquacoat ECD dispersion in a Glatt WSG-5 unit with a
Wourster insert to achieve sustained release of the drug over an eight-hour period
in pH 7.2 buffer (23). Myvacet® 9-40 (distilled acetylated monoglycerides) was
used as the plasticizer. Successful sustained release was attained with a 13% film
coat (Fig. 2); however, no stability data were given.

Phenylpropanolamine HCI Pellets

Phenylpropanolamine HCI pellets were prepared by the extrusion-spheronization
technique and film coated in a laboratory fluid-bed machine (Aeromatic Strea)
employing the bottom spray apparatus to achieve sustained release (10). By com-
paring plasticizers and drying parameters, it was shown that sustained release was
attained under a variety of conditions (Fig. 3).
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Figure 2 Dissolution profile of ibuprofen pellets coated with Aquacoat ECD® plasticized
with Myvacet® 9-40. Source: From Ref. 23.
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Figure 3 Dissolution profile of phenylpropanolamine HCI pellets coated with Aquacoat®
ECD plasticized with triethyl citrate. Source: From Ref. 10.

Theophylline Pellets

Theophylline pellets of 75% potency and 20 to 40 mesh size were coated with Aqua-
coat ECD films containing HPMC to obtain the target dissolution profile (24). The
coating equipment was the Glatt WSG-5 unit with a Wurster insert. The plasticizer
used was dibutyl sebacate at the 24% (based on polymer solids) level. The coating
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Figure 4 Dissolution profile of theophylline pellets coated with Aquacoat® ECD and
10% HPMC. Abbreviation: HPMC, hydroxypropyl methylcellulose. Source: From
Ref. 24.
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Table 4 Coating Formulation Containing 10% HPMC and 25%
Total Solids

Ingredient Amount of solids (g) Amount of dispersion (g)
Aquacoat® ECD 139.5 450.00
Dibutyl sebacate 33.48 33.48
HPMC E-5 18.58 132.71
(14% solution)
Water 149.97
Total 191.56 766.16

Abbreviation: HPMC, hydroxypropyl methylcellulose.

level was held constant at 13%, and various release rates were obtained by modi-
fying the level of HPMC in the film (Fig. 4). The total solids concentration of the
dispersion formulations was 25% to 30%. The rotating bottle, changing pH method
was used to study dissolution. The target release was obtained with formulations
containing 7% to 10% HPMC. The coating formulation containing 10% HPMC
and 25% total solids is shown in Table 4. Other authors have also shown sustained
release with theophylline using dibutyl sebacate as the plasticizer (25).

EVALUATION OF COATED PELLETS

The most obvious way to evaluate coated pellets physically is to conduct the dis-
solution test. To date, this is the best physical test available to correlate with in
vivo performance. There is no method of choice for conducting the dissolution
test. The USP/NF currently recognizes two apparatuses for conducting dissolu-
tion testing that would be convenient for pellets. These are the rotating basket
and paddle apparatuses. A flow-through apparatus is also now recognized by the
USP/NF that could also be used to evaluate the release of drug from coated pel-
lets. Some investigators still utilize the rotating bottle, changing pH method.
Other physical tests that may be used to evaluate film-coated pellets include
macroscopic and microscopic observations and porosimetry (26). Application of
these tests may or may not lead to a correlation with in vivo performance. The use
of the microscope allows the investigator to examine the surface characteristics of
the film. Mercury intrusion porosimetry can be used to determine the porosity and
pore volume of the film coat. The porosity of the film may be correlated with the
release rate. Caution, however, must be exercised when mercury intrusion is used
to determine pore size at elevated pressures, since it is difficult to accurately mea-
sure pore size in a flexible film. However, the ultimate performance test for the
modified-release dosage form is adequate drug bioavailability and sustained phar-
macological activity. The goal is to achieve a dosage regimen with less frequency
of administration without lowering the overall oral bioavailability relative to an
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immediate-release dosage form. Since it is the physicochemical properties of the
drug substance that dictate the outcome, it is extremely important that each drug
and product be optimized on a case-by-case basis to accomplish this goal (27).

SUMMARY

Properly formulated and processed, an Aquacoat ECD aqueous polymeric dispersion
can provide all the quality attributes of solvent-based ethylcellulose coatings without
the concerns associated with the use of organic solvents. It has the added advantage
of a high solids content, which facilitates relatively short processing times and is cost
effective. Due to the compatibility of the dispersion with a number of plasticizers
of different chemical classes of compounds, the formulation development scientist
can tailor film coatings that are suitable for a given drug candidate or substrate. It is
essential that the coating formulations and coating processes are optimized and care-
fully controlled to ensure reproducibility of the product from batch to batch.
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Processing and Equipment
Considerations for Aqueous Coatings

Atul M. Mehta

Elite Laboratories, Inc.,
Maywood, New Jersey, U.S.A.

INTRODUCTION

Environmental and economic factors have caused an ambitious shift from organic-
solvent—based to water-based film coatings for pharmaceutical dosage forms. The
significantly higher heat of vaporization of water has required improved efficiency
in coating equipment, such that conversion to aqueous systems can be achieved
with a minimum of difficulty. The choice of proper equipment and the creation of
a suitable processing environment are as essential to achieving a good film coat-
ing as is the selection of the appropriate coating formulation. This is particularly
true for aqueous film coating.

Initially, aqueous processes were met with skepticism because of the longer
process time and the inferior appearance of the coated product. A few desired
release functions were obtainable only with organic solvent—soluble films. How-
ever, the development and introduction of latex and pseudolatex materials as well
as improvements in equipment design have broadened the spectrum of aqueous
coating. With correctly selected equipment and processing conditions, it is now
possible to apply water-based films to small particles without agglomeration or to
tablets containing superdisintegrants without core penetration and dissolution of
the tablet surface.

The expanding and competitive market for pharmaceuticals has led to many
products with unique forms and release characteristics. Tablets, pellets, granules,
and crystals coated for esthetic reasons or for functional release are increasingly
being prepared from water-based coating systems. Newly developed films can be

67
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Coating delivery system

Coating droplets

Substrate contact

Spreading
Coalescence
Adhesion

Evaporation of solvent

Film formation

Figure 1 Dynamics of the coating process.

applied for enteric release, for the masking of unpleasant tastes, and for sustained
and controlled release, as well as for protection from environmental conditions.
However, it has also placed a greater demand and emphasis on the equipment
design and processing conditions for such products.

The film-coating process requires a delicately balanced environment (Fig. 1).
Formation of an acceptable layer of film on the substrate requires the following:

Formation of appropriate-size droplets
Contact of these droplets with the substrate
Spreading and coalescence of the droplets
Evaporation of the solvent

Sl

An equilibrium must be established such that the coating material adheres
and coalesces properly upon contact with the surface of the substrate, yet it also
must dry rapidly so that core penetration of solvent and dissolved coating mate-
rial is minimized and agglomeration of core material is prevented. To create the
necessary environment for such a process to occur, specialized coating equipment
and optimal processing conditions are mandatory.

EQUIPMENT

Equipment used in film coating can be classified into three general categories:
pans, perforated pans, and fluid-bed processors. These systems are used to contain
the materials being coated and provide an environment for the coating to dry. They
should also provide a means to ensure that an equal amount of coating material is
applied evenly to each particle. The delivery system conveys the coating material
to the coating equipment in a controlled and desired fashion. Support equipment
contributes to automation and includes the control systems. The available coating
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equipment systems vary from simple air handlers and manual process control to
automated processes and dew point control.

Coating is an old processing technique and has been utilized for centuries.
Early coatings were applied to products by rolling the product in a mass of wet
coating material and continuing the rolling until it was dry. The rolling action dis-
tributed the coating uniformly over the surface of the object being coated as it was
slowly drying. Heat was sometimes applied at various stages during the process to
accelerate the drying. The process was typically carried out in a shallow pan hung
from the ceiling over an open fire. Needless to say, coating was a slow process and
achieved inconsistent results.

Conventional Pan

Approximately 140 years ago, the coating pan was invented. A great many prod-
ucts were and still are being coated in round pans (Fig. 2). Primarily used for sugar
coating, this system uses drying air blown onto the surface of the tumbling bed;

Figure 2 Conventional pan. Source: Courtesy of Colorcon, Inc., West Point, PA, U.S.A.
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exhaust air is withdrawn by a manifold situated at the outer perimeter of the pan
opening. Much of the heat energy supplied to the bed is deflected off the surface.

Initially a deep pan was placed at the end of a tilted rotating shaft. The
shaft was turned at a constant speed by means of a hand crank, and heat was ap-
plied by placing an open fire under the pan as it turned. Up until approximately
25 years ago, the only real improvements to this design were the replacement of
the hand crank with a motor and the use of forced hot air instead of an open flame.
This type of coating equipment was well suited for the kind of coating then be-
ing done—sugar coating. Sugar coating is a long and sensitive process, usually
defined as “art” as opposed to “science.” Validation of this process has been dif-
ficult. Although there are now some automated sugar coating processes, film coat-
ing is replacing them as the method of choice. When film coating was introduced
to improve coating efficiency, attempts were also made to improve the drying
efficiency of the coating equipment. Improvements were made to the design of the
hot air handling equipment, and better exhaust systems were installed to increase
the flow of air in the pans. These alterations proved adequate for film coatings
based on highly volatile organic solvents, and this type of coating became the
standard of the industry and remained so for many years. Solvent film coating
adapted rather easily to conventional pans, but aqueous systems presented serious
problems due to the high latent heat of vaporization of water (539 kcal/kg), which
is much greater than that of the popularly used organic solvents (e.g., 200 kcal/kg
for ethanol). However, as the need to reduce the use of organic solvents became
important, it was found that these modifications did not provide adequate drying
conditions for coatings using water as a solvent. Core penetration by water is the
main concern, especially when the core contains water-soluble drugs or water-
sensitive drugs or when the tablets contain superdisintegrants.

To improve the utilization of the drying air, the immersion sword was
developed (Fig. 3). This device consisted of a supply and exhaust air manifold,

Figure 3 Immersion sword. Source: Courtesy of Glatt GmBH, Binzen, Germany.
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which is immersed in the tumbling bed. Drying efficiency is improved but there
are some disadvantages. The stationary sword, which displaces some product
(reducing batch size), can affect mixing in the pan. Additionally, as tablets cas-
cade into the device, attrition of the core or abrasion of the coating may occur.
This problem is minimized by positioning the sword carefully and supplying the
drying air in the direction of the tumbling tablets; this provides a cushion of air
that reduces the impact of the tablets against the sword. Also, the sword should
penetrate the bed so that the tablets pass it only by gravity. If it is too deep and
enters the lower bed, which contains tablets being returned to the surface by the
pan, abrasion or attrition may result. The sword is applicable to both conven-
tional round pans and the Pellegrini pan (Fig. 4), which is a somewhat angular
pan that rotates on a horizontal axis. Typically, the drying air is supplied to
the batch surface, as in the conventional pan, but mixing baffles and improved

Figure 4 Pellegrini pan. Source: Courtesy of Colorcon, Inc., West Point, Pennsylvania, U.S.A.



72 Mehta

design make the Pellegrini better suited for aqueous film coating than the con-
ventional pan. This type of coater is available in batch sizes up to approximately
1000 kg.

Perforated Pans

The perforated pan was developed to improve drying efficiency, which it does
by drawing the air through the bed as opposed to supplying air to the bed sur-
face only (Fig. 5). Drying air is supplied to the bed in several ways. In one
type, it is supplied from outside the pan, drawn through the bed, and exhausted
by a duct behind the tumbling bed. Another approach supplies air from a duct
located just inside the loading or access opening of the pan. Deflector baffles
direct the air across the bed, and the air is exhausted from behind the tum-
bling tablets. Yet another type of system uses a split duct behind the tablet bed,
which allows air to be supplied underneath the front of the bed, which may be
advantageous for tablets with friability problems. Additional drying air may be
supplied to the bed surface. Exhausting is accomplished through the top half
of the split duct.

There are variations in these systems (Fig. 6), depending on the vendor,
but the intention is to maximize the drying capability of the machine so as to
minimize core penetration at high spray rates. Batch sizes in these systems range
from 0.5 kg to approximately 800 kg. The choice of one pan over another is a
very individual decision, depending on the types of coatings to be performed, the
degree to which the system is to be customized, the materials to be coated, and
a host of other possible considerations. However, they all can be effectively em-
ployed for aqueous film coatings. For example, an equipment evaluation study (1)

Exhaust

Figure 5 Perforated pan.
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Figure 6 Various designs of perforated pans.

compared five commercially available pans for aqueous enteric coating of tablets.
The pans were evaluated for feasibility, coating application rates, efficiency of
application, air utilization efficiency, frequency of gun plugs, and ease of applica-
tion and cleaning.

For high-volume products, a continuous coating equipment such as that
shown in Figure 7 may be utilized. It is a modular design system that enables start-
ing with a basic treater and expanding into a full range coating system. Figure 8 is
the schematic of such a system, and Figure 9 depicts an inside view of the coating
chamber. The continuous process machine allows the product to flow continuously
throughout the product run. New product enters the machine in a steady stream
to replace coated product that has exited the machine. The throughput is depen-
dent on product and/or coating treatment objectives. Volumes range from 100 to
30,000 1b/hr.

The process begins with the product entering the machine through an infeed
chute. In the first drum, the product is coated and transferred into another infeed
chute; the process is repeated in the second drum. At the conclusion of the process,
the product should be dry and ready for further treatment such as packaging.
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Figure 7 The Workhorse continuous coating system. Source: Courtesy of Vector Corpo-
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Figure 8 Typical equipment required to operate continuous coating system. Source:
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Figure 9 Main processor unit. Source: Courtesy of Vector Corporation, Marion, lowa, U.S.A.

The continuous series includes an intricate spraying setup that involves 10
spray guns, individually controlled to provide uniform coverage. One gun can
be spraying a small amount of coating solution while the next gun is spraying a
larger amount and the next might not be spraying any solution at all. The controls
enable the operator to adjust the amount of spray on the product.

A complete continuous coating system provides centralized controls for all
parameters such as inlet temperature, air flow, drum speed, and differential pres-
sure. Such a system can also monitor dew point.

Fluid Bed

The fluid-bed equipment is well known for its drying efficiency, having been
used for drying and granulating for many years. A typical fluid-bed system is de-
picted in Figure 10. The use of fluid-bed equipment in applying aqueous coating
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Figure 10 Typical fluid bed installation.

systems has increased greatly primarily due to (i) improved drying efficiency, (ii)
improved design considerations, and (iii) increased experience.

Fluidized-bed equipment is the preferred choice of equipment for aqueous
coating systems applied for reasons other than esthetics such as taste masking,
enteric coatings, sustained- or controlled-release coatings, and coatings applied

Filter
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Expansion
Chamber

Product
Container

Expanded View
A — Product Container C — Spray Nozzle

Lower
Plenum

B — Air Distribution Plate D — Expansion Chamber

Figure 11 Top-spray coater. Source: Courtesy of Glatt Air Techniques, Inc., Ramsey,
New Jersey, U.S.A.
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for protection. Aqueous film coating can be applied to the fluidized material by
a variety of techniques, including spraying from the top (granulation or conven-
tional mode), from the bottom (Wurster), or tangentially (rotary granulator).

Top Spray (Granulator Mode)

Although it is not applicable for tablets, the top-spray granulator can be used to
coat small particles successfully. The films formed in this process are not as uni-
form, but for releases that are not dependent on membrane thickness or perfection
(such as taste masking), it is a viable and simple approach. The substrate is fluid-
ized up to the nozzle, which sprays counter-currently into the material (Fig. 11).
The high particle velocity and efficient heat transfer allow aqueous coating of
small particles with little or no agglomeration. Batch sizes range from 0.5 kg to
approximately 1000 kg.

Bottom Spray (Wurster)

The Wurster coating system, invented about 25 years ago, has had some success
in table coating. The flow pattern is formed by a partition and an orifice plate,
which control the air flow (Fig. 12). The majority of the air is diverted through

Filter
Housing

® Expansion
Chamber

Product
U Container Product Container
Expanded View
Lower A — Coating Chamber D — Spray Nozzle
Plenum B — Partition E — Expansion Chamber

C — Air Distribution Plate

Figure 12 Bottom-spray (Wurster) coater. Source: Courtesy of Glatt Air Techniques,
Inc., Ramsey, New Jersey, U.S.A.
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the partition, causing fluidization and upward travel of the cores. As the tablets
or particles exit the partition and enter an expansion zone, air velocity decreases
and the cores drop outside the partition. The air in this down-bed acts to cushion
the tablets as they travel downward to continue their cycling through the coating
zone. The balance between the air inside and that outside the partition and the

(B)

Figure 13  Cross sections of tablets coated with Eudragit® L 30 D in Wurster coaler (Glatt
GPCG-5): (A) magnification X25; (B) magnification x100.
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(A)

(B)

Figure 14 Cross-sectional views of tablets coated with Opadry in Wurster coaler (Glatt
GPCG-5): (A) magnification X25; (B) magnification x100.

gap between the orifice plate and the partition are critical. The proper combina-
tion of these factors results in a very dense concentration of core material in the
coating zone and a rapid down-bed, indicating a short bed cycle time (under these
conditions, liquid application rates may be quite high). Additionally, the up-bed
height (the distance the tablets rise above the partition) is small and is the key to
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(A)

(B)

Figure 15 Cross sections of tablets coated with Aquacoat® in Wurster coater (Glatt
GPCG-5). (A) magnification X25; (B) magnification x100.

minimizing the attrition that is usually associated with air suspension tablet coat-
ing. Figures 13 to 15 illustrate tablets coated in a Wurster system (Glatt GPCG-5)
with three different aqueous polymeric materials.

The Wurster system is growing in popularity in the coating of smaller par-
ticles. It is able to apply droplets to the substrate before much evaporation occurs
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and rapidly evaporates surface solvent (or water) prior to core penetration. This is
evident in Figure 16 where different layers of applied coatings are visible. This is
critical for stability as well as endproduct performance of the product. Discretely
dividing the particles by air suspension allows the application of films to pellets,
granules, and materials as fine as 50 pm with little or no agglomeration (depend-
ing on the coating substance). The organization of the particles in close proximity
to the liquid nozzle and rapid bed cycle times yield uniform distribution of the
film. Depending on the vendor, there are variations in the geometry of the total
system. However, it is recommended that longer expansion chambers be used to
coat small particles (Fig. 17). The system allows batch sizes from 0.5 kg to ap-
proximately 500 kg.

The recently introduced Wurster HS™ technology (U.S. Patent 5,236,503)
involves the use of a proprietary device to influence the behavior of the coating
zone (Fig. 18). It is designed to keep particles away from the nozzle until the
spray pattern is fully developed. As a result, more of the excess drying capacity
can be used and the application rate can be substantially increased. The high-at-
omizing air velocities can provide droplet sizes small enough for coating of par-
ticles smaller than 100 um without causing attrition, since the velocity decreases
prior to contacting the substrate. This is because the product is kept away from

Figure 16 Cross section of a drug-containing particle coated with polymers in Wurster
column. Source: Courtesy of Elite Laboratories, Inc., Maywood, New Jersey, U.S.A.
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Tablets Pellets or Powders
Granules

Figure 17 Expansion chambers for Wurster columns. Source: Courtesy of Glatt Air
Techniques, Inc., Ramsey, New Jersey, U.S.A.

the nozzle tip. However, success depends on the type of product to be coated,
liquid characteristics which must be amenable to atomizing to well below 10 um
droplets, and the processing conditions employed. It is to be noted that the high
surface area of fine particles requires high amounts of coating to ensure adequate
coverage of particles.

Another recently developed approach to improve on the coating applica-
tion in a Wurster column makes use of Swirl Accelerator (particle accelerator;
Fig. 19), a guiding system in which the air is accelerated, stabilized, and given a
precise amount of swirl. The objective is to provide a highly controlled air flow
pattern in the coating zone. Particles are entrained into the swirling air flow,
which leads to greater probability of impact with droplets of atomized coating
liquid. This can lead to a reduction of the amount of coating material needed, and
the process times are reduced as a result. Again, the product and coating liquid
characteristics have to be considered and will dictate the ultimate success of the
process.

Precision coaters are configured such as to allow removal and inspection of
nozzles during processing—a major advantage over conventional Wurster nozzle
configuration whereby the process has to be interrupted and the column emptied
before access to the nozzles is possible.

Tangential Spray (Rotary Granulator)

A recently developed fluid-bed system (Fig. 20) uses a rotating disk to add cen-
trifugal force to the forces of fluidization and gravity and offers very rapid mix-
ing. Applicable for coating of pellets, granules, and particles as small as 200 pum,



Processing and Equipment Considerations 83

Figure 18 Waurster HS™ system. Source: Courtesy of Glatt Air Techniques, Inc.,
Ramsey, New Jersey, U.S.A.

this device is also capable of producing pellets from seed material or powders.
A gap between the rotating disk and the wall of the product container allows
for fluidization air and controls the liquid application rate. This design achieves
greater drying efficiency and hence increased spray rates. The rotary type of air
suspension system is available for batch sizes ranging from 1 kg to approximately
500 kg. The particle cycling time in tangential spray fluidized-bed equipment is
very rapid, so that the films are uniform in thickness as are those applied using the
processes discussed previously.
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Figure 19 Precision coater. Source: Courtesy of Niro Inc., Columbia, Maryland, U.S.A.
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Figure 20 Rotor tangential spray coater. Source: Courtesy of Glatt Air Techniques, Inc.,
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The evaluation and advantages and disadvantages of each of these fluidized-
bed techniques have been reported in the literature (2,3) and are summarized in
Table 1. Figures 21 to 23 illustrate similar morphological characteristics for caf-
feine pellets coated with the aqueous system (2) in all three fluid-bed techniques,
corresponding to similar release profiles (Fig. 24).

Delivery Systems

The fluid-delivery systems used in film coating consist of the pumping system and
the nozzles. Several types of pumps and nozzles are available.

Pumps: There are several types of pumps used in coating applications, and
the choice may depend on the type of coating material to be applied. The peristaltic
pump is the simplest and easiest to clean. It uses a multilobed, adjustable-speed
head to deliver liquid through a flexible hose, which is usually silicon rubber. The
disadvantages of this pump include pulsation as the lobes change, low liquid pres-
sure, inability to pump viscous liquids, and fluctuations in the liquid delivery rate.
Some of the disadvantages can be overcome, and with some coating substances,

Table 1 Comparison of Three Fluid-Bed Coating Processes
Processing
method Advantages Disadvantages Applications
Top-spray coat- Large batch sizes Limited applications  For esthetics and
ing (granulator Simple setup enteric coatings;
mode) Easy access to not recommended
nozzle for sustained-
release products
or tablet coating
Bottom spray Moderate batch Tedious setup Sustained release,
(Wurster) sizes Impossible to access enteric release,
Uniform and nozzles during layering, esthetics
reproducible film process
characteristics Tallest fluid-bed
Widest application machine for fine
range particle coating
Tangential spray Simple setup Mechanical stress Very good for lay-
(rotary mode) Nozzle access on product ering, sustained

during process
Higher spray rate
Shortest machine

release and
enteric-coated
products; not
recommended for
friable products
and tablets
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the peristaltic pump is the system of choice. Pulsation can be damped by selecting
a nozzle port that offers some back pressure to the liquid supply. Since the pump
does not develop much pressure, it is ideal for latex and pseudolatex coatings,
which are low in viscosity and will coagulate when subjected to the high pressure,
or shear, that exists in other types of pumps such as gear and piston pumps.

(B)

Figure 21 Caffeine pellets coated to 5% w/w using an aqueous system (Eudragit®
L 30 D) and the top-spray method: (A) magnification x70; (B) cross section, magnification
x1000. Source: From Ref. 2.
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The gear pump consists of a cavity of specific volume in which two gears
mesh at very close tolerance. This results in very smooth and precise liquid deliv-
ery—the major advantage of this type of pump. Cleaning is a bit more difficult, but
not overly so. The disadvantage of this system is that the close tolerance between
the gears can present a problem when using liquids that contain undissolved solids

(A)

(B)

Figure 22 Caffeine pellets coated to 5% w/w using an aqueous system (Eudragit®
L 30 D) and the bottom-spray method: (A) magnification xX70; (B) cross section, magnifica-
tion x1000. Source: From Ref. 2.
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(A)

(B)

Figure 23 Caffeine pellets coated to 5% w/w using an aqueous system (Eudragit®
L 30 D) and the tangential spray method: (A) magnification x70; (B) cross section, magnifica-
tion x1000. Source: From Ref. 2.

(depending on the particle size). In addition, the pressure developed between the
gears may make it unsuitable for use with latex and pseudolatex materials.

The piston pump, used in both air (pneumatic) and airless (hydraulic)
systems, uses adjustable stroke length or speed to control flow rate. It has the
greatest number of parts and is therefore the most difficult pump to clean. The
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Figure 24 Dissolution profiles of caffeine pellets coated to a level of 5% w/w using an
aqueous system (Eudragit®L 30 D). For 0~120 min, pH = 1.2; for 120-150 min, pH = 6.8.
Source: From Ref. 2.

advantage of the piston pump is its ability to clear minor clogs in nozzles due to
its pressure “reserve.” A disadvantage is that there is pulsation in the flow as the
piston changes direction (severity varies with the check valve type and travel of
the piston). A pulse damper may minimize this effect. Although the line pressure
found in the air spray systems is low, the pressure between the contact points
in the check valves may cause coagulation of latex and pseudolatex materials,
reducing the effectiveness of the valves and resulting in loss of precision of
liquid delivery.

In yet another type of system, the container in which the coating liquid is
prepared is a pressure vessel. This system is easy to clean and supplies the liquid
in a very smooth manner. The delivery rate is controlled by vessel pressure and
a flow controller to the nozzle. There are no high-pressure points in this type of
“pump”’; therefore, it can be used for latex and pseudolatex coating materials.

Nozzles: Multiple nozzles are typically used in production coating equip-
ment. It is highly recommended that each nozzle be supplied by a separate pump
head or be monitored by a flow meter to assure that if a nozzle clogs, the liquid
that would be supplied to the clogged nozzle is not distributed to the other guns
or nozzles, which would lead to localized overwetting. Nozzles can be classified
as either pneumatic or hydraulic, perhaps better known as air and airless nozzles.
The primary difference is the manner by which liquid is atomized by the nozzle.

Most aqueous film-coating systems use pneumatic nozzles. The droplet size
can be smaller than with hydraulic nozzles and can be controlled independently
of flow rate. The droplet pattern is usually flat fan in coating pans and solid cone
in fluidized beds. In the pneumatic nozzles, the fluid is pumped to the nozzle un-
der relatively low pressure, and the outer nozzle opening is larger. Atomization
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is achieved by blowing high-pressure air through the fluid stream as it leaves the
nozzle opening. These atomization techniques lead to other important differences
between the pneumatic and hydraulic nozzles. The advantage of being able to
independently adjust the fluid-delivery rate and atomization is very beneficial in
the case of pneumatic nozzles. Also, the airstream used for atomization serves
to provide an additional drying force during the process. Perhaps the greatest
advantage of pneumatic nozzles in aqueous film coatings is that these nozzles can
be readily used with pumps that can deliver fluid at an easily measured uniform
rate. In the hydraulic nozzle, fluid is pumped at a relatively high pressure through
a small nozzle opening, causing atomization of the fluid. It uses the relationship
between fluid-line pressure and the nozzle opening to determine the degree of at-
omization. Thus, changes in the fluid-delivery rate with no corresponding change
in the nozzle will result in a change in atomization. An increase in the delivery
rate will also increase the atomization and vice versa. This can lead to problems,
particularly if a relatively slow delivery rate is desired. With a low delivery rate,
a small nozzle opening is required to keep proper atomization, and that may lead
to such things as nozzle blockage.

The number of nozzles depends on the surface area exposed to spraying and
may range from one to six nozzles in a coating pan, one to seven nozzles in the
fluidized-bed Wurster system, one to six nozzles (or nozzle ports in a single noz-
zle) in the conventional top-spray fluid-bed granulator, and one to three nozzles
in a rotary granulator/coaler.

Filters

A typical fluid-bed machine uses filter bags made of a variety of materials and
mesh sizes. They are generally mechanically shaken and can be designed so that
the batch continues to fluidize during the shaking mode. This is of particular
advantage during coating of small particles to avoid agglomeration and allows
continuous spraying. However, the disadvantages include (i) tedious setup and
clean-up, (ii) filters that can rupture, resulting in product loss, and (iii) coating
material that can deposit into the filter, causing occlusion of filters leading to loss
in fluidization.

Alternately, fluid-bed machines can be fitted with a cartridge filter system
(Fig. 25). It can filter down to 2 pm, resulting in higher batch yields. They too can
provide the ability to perform continuous fluidization. They use a pneumatic pulse
design rather than mechanical shaking to reintroduce the product in the process.
Their biggest advantage lies in their ease of removal, and they can be designed
to provide clean-in-place capability. Their disadvantage may include occlusion,
difficulty in cleaning during the process, and the possibility of the product adher-
ing to the outer surface. They too can affect the fluidization pattern during pulse
mode.

Support Equipment and Options

Success in the reproducibility of the film-coating process is dependent on the in-
strumentation, automation, and control systems of the selected equipment.
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Figure 25 Fluid-bed equipment showing cartridge filters. Source: Courtesy of Vector
Corporation, Marion, lowa, U.S.A.

Air Handling: Dew Point Control

Holding process variables such as spray rate, inlet temperature, and air volume
constant without controlling the process air dew point can lead to problems in all
types of coating, both aqueous and solvent. The use of high inlet air temperatures
tends to minimize the problem, but some products and coatings have thermal sen-
sitivity, and film formation may be adversely affected by excessive heat.

Since the evaporation rate is a crucial variable, process temperature control
is important. Old-style heat exchangers with modulating system valves were at
best controllable to +5°C when calibrated at the given air volume. If the air vol-
ume was changed, the response and restabilization of temperature was slow. New
heat exchangers use face and bypass, which incorporates a constant-temperature
steam heater and a bypass tunnel. As the chosen inlet temperature is approached,
air dampers modulate air flow through the heater and bypass to reach and main-
tain the set point. This system is very responsive and is not nearly as sensitive as
older systems to changes in air volume.
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Automation

There are many types of automation packages available, from timers to micro-
processing controls. The simplest involves the use of electric or pneumatic timers
and product or outlet temperature interlocks to step the process from warm-up
to spraying and drying. New installations use control packages consisting of a
programmable controller, which handles machine interlocks and digital functions
and also communicates with the process controller, which monitors and controls
the process variables. The system may be used manually for process development
or to run a program automatically for production. For use in rooms designed for
hazardous operations, the electronics are installed in a remote control room and
are interfaced with the machine through electric/pneumatic switches. Programs
are typically stored in the controller’s memory and on E-Prom memory chips.

Taking automation a step further, process conditions, including inlet and
outlet air dew points, are monitored and altered by a microprocessor system that
adjusts the processing variables according to a predetermined hierarchy.

The accuracy of the entire system depends on the compatibility of the sen-
sors, controllers, and control devices (dampers, pumps, etc.). Dew point, incom-
ing air temperature and volume, outlet or product temperature, spray rate, and pan
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Figure 26 Clean-in-place system. Source: Courtesy of Glatt AG, Pratteln, Switzerland.
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speed (where applicable) must be very precisely controlled for alarm tolerances
to be of any benefit.

Material Handling

Several material-handling options are available for both pans and fluidized-bed
systems. The fluid bed may be vacuum or gravity fed and discharged by a hoist or
a turning bottom. Pans may be rear loaded or front loaded by a bin and unloaded
by a scoop attached to the pan or by a flap in the drum that opens and discharges
into a storage hopper under the drum.

Clean-in-Place System

Although the fluidized bed does not lend itself to clean-in-place systems because
of the exhaust filter, low-porosity bottom screen, and gaskets, the perforated pan
does. Spray nozzles positioned inside the pan housing spray the outside of the
drum, and a spray ball cleans the inside (Fig. 26). Detergent solution is injected
into the water supply, and drain walls can be kept closed to allow the drum to
tumble in a pool of cleaning solution. After draining the soap solution, a clean
water rinse is applied and the turbines are engaged to dry the pan and prepare for
new product.

FACTORS AFFECTING EQUIPMENT CHOICE

Many factors affect the choice of process or equipment. The physical characteris-
tics of the product, such as surface area, shape, and friability, all affect final dosage
form performance. The surface area of tablets is reproducible because they are
compressed to the same size continuously. It is not as easy to achieve uniformity
with small particles. Most, if not all, types of equipment that are used to make
pellets or granules result in a product that varies from batch to batch. To help
reduce surface area variations, a narrow sieve cut is used in products coated for
controlled release, but with many materials, it is still not enough. Variation in sur-
face porosity and friability may result in poor reproducibility of release. Attrited
particles scuffed from the surface become entrapped in layers of coating, altering
the characteristics of the film (Fig. 27). Release that is triggered by other mecha-
nisms (enteric, taste mask) is not so severely affected. Fines may be embedded
early enough in the coating process if it is possible to include an overage of coat-
ing substance to allow for variation in substrate material. With this in mind, a look
at the delivery provided by each type of machine is in order. In coating pans and
the top-spray fluidized bed, droplets travel through the drying air before imping-
ing on the product, spreading, and drying. In the Wurster and rotary systems, the
nozzle is immersed in the fluidized particles, which are sprayed concurrently with
the substrate flow. A scanning electron microscope analysis (3) reveals that the
most uniform films are those that are applied wet to the surface but under condi-
tions whereby the solvent or water is evaporated before core penetration becomes
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Figure 27 Scanning electron photomicrograph showing drug particles in the coating;
magnification X250/x1000.

a problem (Figs. 28-31). If droplets are applied after too much of the liquid has
evaporated, spreading is inhibited and imperfections in the coating are seen. Ad-
ditional coating can eventually result in the desired release profile but reproduc-
ibility may be difficult to achieve. For this reason, controlled-release coating of
small particles from aqueous or solvent systems should be limited to the Wurster
or rotary granulator fluid-bed systems. Water-based enteric and taste mask coat-
ings can be applied in top-spray equipment and possibly with perforated pans
adapted for coating small particles. For these reasons, it may be worthwhile to
evaluate the effect of different spray modes on product performance during the
product development phase in an equipment that allows different spray modes
such as the one shown in Figure 32.

PROCESS VARIABLES AND SCALE-UP CONSIDERATIONS

Besides the method of spraying, nearly 20 other variables are involved in the film-
coating process. It may be necessary to prioritize these variables in order of sig-
nificance to avoid the expenditure of an enormous amount of time in the product
development phase as well as the scale-up phase. The most significant variables
are summarized in Table 2. The significance of these variables and scale-up fac-
tors is highly dependent on the type of equipment and process. Often, the scale-up
factor selected for a given equipment and process may not be applicable to other
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equipment and/or processes. As a result, it is very difficult to generalize and dis-
cuss these variables in terms of scale-up. However, scale-up considerations for
specific processes are reported in the literature (4—6).

Spray rate is probably the most important consideration in the aqueous
film-coating process. As stated earlier, film coating requires both uniform depo-
sition of the film and controlled drying of the coating fluid. These two operations
occur simultaneously during the coating process. They occur independently but
also are interrelated. The drying rate for this process is determined by the rate
of heat transfer from the air to the solvent and the rate of mass transfer of the
solvent to the coating surface. Since pharmaceutical coatings are typically quite
thin, the rate of heat transfer is critical. The rate of heat transfer not only affects
the rate of evaporation of the solvent but also, in the case of latex and pseudolatex
systems, regulates the rate and degree of coalescence of the polymeric material.
The drying rate is determined by several parameters, including the latent heat of
vaporization, the surface area of the material being dried, the relative humidity
of the incoming drying air, the velocity and direction of the air stream, and the
geometry of the drying chamber. For the most part, these are established by the
choice of coating equipment and are therefore not easily varied. It is these param-
eters that dictate the maximum drying ability of the system. Certainly, it would
be impossible to dry more solvent than the drying air can accept or to dry it any

(Text continues on p. 100.)

Figure 28 Pellets coated using an aqueous system in a conventional pan: (A) magnification
x100; (B) magnification x1000; (C) cross section, magnification X1000. Source: From Ref. 3.
(Continued)
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Figure 28 Pellets coated using an aqueous system (Continued)



Processing and Equipment Considerations 97

(B)

Figure 29 Pellets coated using an aqueous system in a modified perforated pan: (A) mag-
nification x100; (B) cross section, magnification x1500. Source: From Ref. 3.
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(B)

Figure 30 Pellets coated using an aqueous system in a laboratory-scale fluidized bed us-
ing the top-spray method: (A) magnification xX100; (B) cross section, magnification x1000.
Source: From Ref. 3.
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(B)

Figure 31 Pellets coated using an aqueous system in a pilot-scale Wurster coater using
the bottom-spray method: (A) magnification x100; (B) cross section, magnification x1000.
Source: From Ref. 3.
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Figure 32 Fluid-bed processing equipment design for three coating processes: (A) rotor
coater, (B) top-spray coater, (C) Wurster coater. Source: Courtesy of Glatt Air Techniques,
Inc., Ramsey, New Jersey, U.S.A.

faster than it can be heated to its rapid transition temperature. It is important to
determine and understand the physical limitations of the coating system that are
dictated by these factors and to work within them. It is probably wise to monitor
the inlet air temperature, the outlet air temperature, the surface bed temperature,
and the spray rate. The outlet temperature will give an indication as to the overall
drying conditions, while the bed temperature will indicate drying conditions at
the substrate surface.

Problems are often encountered when scaling up the process from one size
of equipment to another. The problems are typically a result of either exceeding
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Table 2  Critical Coating Process Variables

Spray rate Type of equipment
Atomizing air pressure Method of spraying
Inlet air temperature Nozzle distance

Air volume Drying time

Batch size Effect of moisture
Exhaust air temperature Pan or rotor speed
Product temperature Equipment dimensions

the stress limitations of the substrate or upsetting the delicate balance between the
drying abilities of the equipment and the rate of solvent introduction.

Perhaps one of the more easily overlooked problems is that of exceeding the
stress limits of the substrate. As the size of the coating equipment is increased, so,
obviously, is the weight of the substrate load. This also results in an increase in the
stress applied to the individual substrate particles during the coating cycle. As the
bed moves in the equipment—for example, in the pan—tablets tumble onto each
other. Depending on the configuration of the equipment, the stress on the tablets can
become quite severe. Tablets that survive well in a 150-kg batch size may not survive
in a 500-kg load. The manner in which the equipment manufacturer has increased the
capacity of the equipment becomes an important consideration. If the diameter of the
pan has been increased significantly, particularly if there has not been at least a corre-
sponding increase in the pan depth, the stress on the tablets will be greatly increased.
Changes in the geometry of the coating pan affect more than just the stress on the
tablets; the geometry is also very important to the drying characteristics. Changes in
the dimensions of the coating equipment can also affect the air flow patterns. If the
air flow becomes turbulent or nonuniform, serious problems can be expected.

As the size of coating equipment is changed, there is also a change in the
equipment’s air handling capacity. Changes in air flow volume have dramatic ef-
fects on the drying capacity. As the volume of air is increased, so is the drying
capacity. The air volume, temperature, and humidity have the greatest impact on
the drying capacity and therefore the spray rate. It is tempting to use the maximum
possible inlet air temperature in order to more efficiently evaporate water, which has
a high heat of vaporization, allowing for a greater spray rate. However, it has been
demonstrated in the literature (5) that the dissolution rate of the drug can be affected
by the spray rate. The use of a very high inlet temperature can also cause problems
such as decreased yield if the product remains too dry, which may subject it to attri-
tion, and with certain thermoplastic polymeric systems, it may cause agglomeration.
The most desirable inlet air temperature setting is the one that allows an equilibrium
between the application of liquid and subsequent evaporation so that proper film
formation occurs. The effect of moisture, also known as the “weather effect,” has
been discussed in the literature (7). It is a known fact that the heat content of moist
air is higher than that of dry air. A thermodynamic model for aqueous film coat-
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Figure 33 Enteric test surface response analysis for tablets coated with Sureteric®.
Source: Courtesy of Colorcon Inc., West Point, Pennsylvania, U.S.A.

ing (8) may enable the prediction of the behavior of a tablet-coating process under
different environmental conditions. However, the variation in heat content could
result in different release profiles, depending on the solvents and types of polymeric
systems used. Residual water in the coating layers may affect the film-formation
process. It is therefore recommended that the effect of ambient air dew points be
examined as a part of the scale-up program in any coating operation.

The effect of process variables must be examined not only individually but
also in combination with the formulation variables. The data in Figure 33 illustrate
the predictive value of surface response analysis for optimizing processing para-
meters. In this case, the influences of inlet air temperature and coating suspension
solids [for a study conducted in a laboratory-scale Accela-Cota in which 325-mg
aspirin tablets were coated with an 8% w/w enteric coating applied as an aqueous
polyvinyl acetate phthalate (PVAP) coating system] on enteric performance are
illustrated. These data clearly indicate that for the fixed process conditions shown
(spray rate, 70 g/min; atomizing air pressure, 35 psi), the best enteric results are
achieved when the suspension solids content is kept below 20% w/w and the inlet
air temperature is maintained above 57°C. The optimum results are obtained when
the coating solids and drying air are set at 10% w/w and 71°C, respectively.

SUMMARY

In response to a rapid growth in aqueous film coating, equipment manufactur-
ers have developed new and improved machines to effectively coat materials
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ranging from small particles to tablets. Control and automation advancements
are resulting in reproducible, well-documented processes. Combined with newly
introduced low-viscosity, high-solids latex and pseudolatex materials and process
optimization, water-based coating is becoming a safe, economical alternative to
organic solvent coating.
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INTRODUCTION

Pharmaceutically acceptable polymers used in the film coating of solid dosage
forms are primarily based on acrylic or cellulosic polymers. Many of these poly-
mers have been formulated into aqueous colloidal dispersions (e.g., latexes or
pseudolatexes) in order to overcome the high costs, potential toxicities, and envi-
ronmental concerns associated with the use of organic polymer solutions (1-3).
Film coating has been successfully utilized to control the release of active ingredi-
ents, prevent interaction between ingredients, increase the strength of the dosage
form to maintain product integrity during shipping, and protect the dosage form
from the environment (2,4-7).

Coating formulations usually contain many additives, in addition to the
polymer, that aid in processing, appearance, and product performance. Most for-
mulations contain plasticizers that impart flexibility to the films and reduce the in-
cidence of crack formation (8,9). Pigments may be added to alter the appearance
of the final product (10), and lubricants may be required to prevent agglomeration
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Figure 1 Factors affecting the mechanical properties of polymeric films.

of the coated substrates (11). Numerous polymer blends for controlled drug re-
lease have been investigated (4,5,12), and the release characteristics of these
coated dosage forms are strongly dependent on certain properties of the film, e.g.,
permeability and mechanical strength (13—16). The amount and type of plasticizer
in the film and the presence of other additives in the coating can significantly im-
pact the film’s mechanical properties (17-21). In addition, factors such as storage
conditions and processing temperature will influence coalescence and film forma-
tion and thus product performance (22-24). Figure 1 illustrates the relationship
between these factors.

FILM PREPARATION METHODS

Studies to investigate the mechanical properties of polymers may be conducted
using free films or films applied to a substrate. Free films can be obtained by the
casting method, where a polymeric solution or dispersion is cast onto a nonstick
substrate and the solvent is evaporated (25-27). In formulations containing solid
particles, however, sedimentation may occur during the drying stages, resulting
in nonuniform films. The preparation of multilayered films by the cast method is
also difficult because the solvent present when casting secondary layers may dis-
solve or interact with previous layers (28).

To avoid different film surfaces that may result from casting polymeric dis-
persions, a spray atomization technique may be employed. This type of spray box
apparatus, shown in Figure 2, consists of a rotating drum inset into a box with
heat introduced to facilitate solvent evaporation. The polymeric material is then
sprayed onto the nonstick surface of the rotating drum (29,30). This technique
better simulates coating processes and produces more uniform surfaces (28).
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Figure 2 Schematic of a spray box apparatus used to prepare free films.

In contrast to the study of free films, the evaluation of applied films has
recently gained in popularity (31-33). Applied films can be used to investigate
substrate variables, processing parameters, storage conditions, and physical ag-
ing in addition to coating formulation factors. Since most solid dosage forms are
designed to dissolve in water-based biological fluids and the majority of coating
systems used today are aqueous-based, the dissolution of the outermost surfaces
of the substrate occurs during the coating process, permitting physical mixing at
the film—tablet interface, which could lead to migration of drug or excipient into
the film (34). This physical mixing and migration of components into the coating
can affect the mechanical, adhesive, and drug-release properties of the polymer
film (35,36).

MECHANICAL TESTING TECHNIQUES

Stress—Strain Testing of Free Films

Stress—strain testing in the tensile mode has been a popular and widely used me-
chanical test for polymeric films. The tensile test is practical, and analysis of its
data is relatively straightforward. The tensile test gives an indication not only
of the elasticity and strength, but also of the toughness of the film. In the de-
velopment of a film coating system, evaluation of the mechanical properties of
free films can readily characterize the fundamental properties of the coating (37).
However, polymers are viscoelastic, and their mechanical behavior is dependent
on many factors, including environmental conditions and experimental testing
parameters.
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Stress

Strain

Figure 3 Example of a stress—strain profile generated from tensile testing of free films.
(A) Region of elastic deformation, where stress is proportional to strain; (B) yield point; (C)
region of plastic deformation, where polymer chains orient themselves; (D) film breaks.

A tensile-testing instrument such as an Instron (Norwood, Maine) or a MTS
Systems Corp (Eden Prairie, Minnesota) mounted with a load cell may be used
for the measurements. According to the American Society for Testing Materials
(ASTM) guidelines, the data for tensile properties may be acquired in the form of
a load-time (elapsed) profile or, more typically, a load—displacement or stress—
strain profile, as shown in Figure 3. The data collected for a load—time or load—
displacement profile can be converted mathematically to a stress—strain curve.
Four mechanical properties, namely tensile strength, elongation, work of failure,
and Young’s modulus, are then computed. The theory behind the computation of
these parameters is well documented (21,38). The final equations that define each
of these parameters are presented below.

Tensile Strength

Tensile strength is the maximum stress applied to a point at which the film speci-
men breaks (Fig. 3D). Tensile strength can be computed as the applied load at rup-
ture divided by the cross-sectional area of the film, as described in Equation 1:

Load at failure 1)
Film thickness X Film width

Tensile strength =
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Tensile strength measurement alone is not useful in predicting the mechani-
cal performance of films; however, higher values of tensile strength are indicative
of abrasion resistance (27).

Strain

A film sample will stretch under applied stress, which is referred to as strain.
Strain can be calculated as the deformation in the film divided by the original
dimension of the sample. Strain is typically reported as percent elongation at frac-
ture and is calculated using Equation 2:

Increase in length of film

Percent elongation = %100 2

Initial length of film between the grips
Elongation of a film will generally increase as the plasticizer level in the
coating is increased (19,39).

Work of Failure

Work of failure is a function of work required to break the film specimen and rep-
resents the film toughness. It can be calculated from the area under the curve of
the stress—strain diagram, cross-head speed, and the film dimensions, as described
in Equation (3):

Work of failure = Area under curve X Cross-head speed

Film thickness X Film width 3)

Young’s Modulus

Young’s modulus, sometimes referred to as elastic modulus, is the most basic
and structurally important of all mechanical properties and is a measure of the
stiffness of the film. It is the ratio of applied stress and corresponding strain in
the region of approximately linear elastic deformation and can be computed using
Equation 4:

Slope @)

Young’s modulus = — -
Film thickness X Cross-head speed

Since most amorphous polymers behave as viscoelastic materials, their me-
chanical properties will depend on the temperature and the application rates of
stress and strain. The profile in Figure 4 shows typical changes in polymer chain
arrangement that occur during tensile testing of a free film. Initially, there is a lin-
ear portion in the stress—strain profile (Fig. 3A), where elongation is directly pro-
portional to applied stress and polymer chains are randomly oriented (Fig. 4A).
The slope of this straight line portion of the graph is used to calculate Young’s
modulus. The greater the slope of the curve, the higher the Young’s modulus. As
the stiffness and the strength of the film increase, more stress will be required to
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Figure 4 Schematic of the changes in polymer chain arrangement that occur during ten-
sile testing of a free film.

produce a given amount of deformation. At the yield point (Figs. 3B and 4B),
polymer chains begin to orient themselves to the applied stress and are completely
aligned during the plastic deformation stage of stress—strain analysis (Figs. 3C
and 4C). Finally, the film specimen fractures (Figs. 3D and 4D).

Not all polymers behave in a typical manner, and depending on the mechan-
ical response of the polymer, a family of stress—strain profiles can be obtained to
clearly define elasticity, tensile strength, and film elongation at the break of the
plasticized polymer. Some examples are illustrated in Figure 5. Hard and brittle
films exhibit a high tensile strength and Young’s modulus with little elongation.
In contrast, a soft and tough film will possess a low tensile strength but much
greater elongation and a higher area under the curve (toughness).

Stress—Strain Testing of Applied Films

Compression testing of applied films is similar to tensile testing of free films in
that uniform displacement rates are applied to a sample, and force and displace-
ment values are recorded. The primary difference between the two techniques is
in the direction of the applied stress. The substrate has been shown to significantly
influence the mechanical strength of applied films (40,41). The affects of process-
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Figure 5 Examples of characteristic stress—strain profiles obtained from tensile testing
of free films.

ing parameters, storage conditions, and physical aging of the applied film can be
evaluated using compression testing (22,33). In addition, compression testing of
applied films can provide qualitative information on adhesion of the coating to the
substrate (6,41), with simultaneous fracture of the substrate and film indicating
good adhesion.

Knowledge of the compression properties of applied films is critical if the
coated substrate is to be tableted. If the compressional force exceeds the coating
strength, the film will fracture and faster dissolution will result (32). The for-
mation of matrix tablets when tableting coated pellets has also been reported,
resulting in slower drug release as the polymer coatings fuse during compression
(42). To reduce friction during compression and to prevent direct contact of the
coating, readily compressible excipients are often blended with the coated pellets
prior to tableting (43).

Glass Transition Temperature

The glass transition temperature () is the temperature at which the mechanical
behavior of a film changes. Below this temperature, the polymer exists in a glassy
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state that is characterized by a substructure in which there is minimal polymer chain
movement. Above the Tg, the polymer is in a rubbery state, which is characterized
by increased polymer chain movement and polymer elasticity. The Tg is typically
measured using a differential scanning calorimeter (DSC), where a sample and
reference pan are heated at a programmed rate, and thermal transitions, where more
energy is absorbed or emitted, are determined. There are numerous examples in the
literature of determining 7', values to evaluate polymer properties and interactions
with excipients (44—46). The DSC instrument can also be used to determine melt-
ing temperature, detect polymorphism, study polymer miscibility, and investigate
oxygen degradation (7,47-49). A number of variations in DSC testing have been
developed, including a triple-cell system for more precise measurements of en-
thalpy, temperature-modulated units to separate reversing and nonreversing transi-
tions, and high-sensitivity models (50,51).

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is another type of test used to study the
mechanical properties of polymeric films. In DMA testing, a free film is placed
between two grips, one stationary and the other oscillatory. The free film is then
deformed by torsion oscillation as a function of temperature. The storage modu-
lus, loss modulus (dissipated energy), and damping coefficient (ratio of loss mod-
ulus to storage modulus) are determined. Several different modes are available,
including fixed frequency, creep relaxation, and stress relaxation. DMA can be
used to determine the 7, as well as other smaller, sub-T' transitions that can pro-
vide some indication of polymer structure (52). Modifications to the instrument
have permitted the mechanical properties of polymeric films applied to individual
pellets to be determined (40).

EFFECTS OF PLASTICIZERS IN THE COATING FORMULATION ON
MECHANICAL PROPERTIES

Many polymers used in film coating of pharmaceutical dosage forms display brittle
properties at ambient temperature and humidity conditions, and the addition of a
plasticizer is essential to achieve effective coatings without cracks or splitting de-
fects (9). Plasticizers are added to polymeric solutions or dispersions to increase the
workability or flexibility of the polymer and reduce brittleness, improve flow, and
increase toughness and tear resistance of the films. These effects are the result of the
plasticizer’s ability to weaken intermolecular attractions and allow the polymeric
molecules to move more easily. Several theories have been proposed to explain the
mechanism by which the plasticizing agents impart flexibility to polymeric films
(53). According to the lubricity theory, the plasticizer functions as an internal lubri-
cant and facilitates movement of the polymer chains. The gel theory proposes that
the unplasticized polymer exists as a three-dimensional gel and that the plasticizer
functions by cleaving the intermolecular bonds within the gel. Finally, the free
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volume theory states that plasticizers increase the free space around the polymer
chains, providing a greater area for movement of the polymer molecules.

In addition to enhancing the flexibility of the film, plasticizers influence per-
meability and drug release (13,14,54). Many compounds can plasticize polymeric
films, including water, drugs, and excipients (35,55). The selection of a plasti-
cizer, therefore, is an important decision in the development of controlled-release
pharmaceutical dosage forms. Ideally, the plasticizer level in the film should be
optimized to reduce the brittle character of the film without adding excess plas-
ticizer. Higher levels of plasticizer can cause sticking or agglomeration of the
coated product during storage, which will compromise the release properties of
the drug from such dosage forms (56).

The effectiveness of a plasticizing agent is dependent to a large extent on
the amount of the plasticizer added to the coating formulation and the extent of
polymer—plasticizer interactions. The interaction of a plasticizer with the polymer
decreases the T of the film and is considered a common measure of plasticizer
effectiveness, with the more effective plasticizers producing greater decreases in
T The influence of water-soluble and water-insoluble plasticizers on the T of
Eudraglt® L 100-55 is shown in Figure 6 (19). The presence of 10% plast1c1zer in

Water-soluble Water-insoluble

plasticizers plasticizers

D)

Glass Transition (°C
Glass Transition (°C)

i | L L L L]
0 10 20 30 0 10 20 30
Plasticizer % Plasticizer %

Figure 6 Effect of different levels of plasticizers on the glass transition temperature of
Eudragit® L 100-55 films stored for 60 days at 23°C, 50% RH followed by 30 days at
23°C, 0% RH (n =5). Water-soluble plasticizers: (¢) TRI, triacetin (1) TEC, (A) ATEC;
water-insoluble plasticizers: (V) TBC, (M) ATBC. Abbreviations: TRI; TEC, triethyl cit-
rate; ATEC, acetyl triethyl citrate; TBC, tributyl citrate; ATBC, acetyl tributyl citrate; RH,
relative humidity. Source: From Ref. 19.
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the polymer film caused a dramatic decrease in the 7', for all the plasticizers stud-
ied. This decrease continued with the water-soluble plasticizers at levels greater
than 10%. For the water-insoluble plasticizers, however, a plateau in the 7 of the
polymer was observed due to the immiscibility of the plasticizer with the polymer
at the higher levels.

Plasticizers will also influence the elastic modulus of the polymer and, as
shown in Figure 7, there was a decrease in the elastic modulus of Eudragit L 100-
55 as the level of plasticizer increased for the water-soluble plasticizers (19). The
elastic or Young’s modulus is a measure of the stiffness of the film or the abil-
ity of the film to withstand high stress while undergoing little elastic deforma-
tion. The softening effect did not decrease with the insoluble plasticizers at levels
greater than 10%, presumably due to the immiscibility of the higher levels of
plasticizer with the polymer.

To be effective, a plasticizer must diffuse into the polymer phase and dis-
rupt the intermolecular interactions of the polymer, while having minimal or no
tendency for migration or volatilization. Dramatic changes in the mechanical and
dissolution properties may result when a plasticizer evaporates or leaches from
within a polymeric film (26,57). Plasticizers that are soluble in the solvent phase
can be added directly to the mixture or may be dissolved first in the solvent prior
to addition of the polymer. Plasticizers that are not water soluble should first be
emulsified in water using latex-compatible emulsifiers and then appropriately agi-

40009 Water-soluble 4000+ Water-insoluble
plasticizers plasticizers
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Figure 7 Effect of different levels of plasticizers on the glass transition temperature of
Eudragit® L 100-55 films stored for 60 days at 23°C, 50% RH followed by 30 days at 23°C,
0% RH (n = 6). Water-soluble plasticizers: (¢) TRI, triacetin (00) TEC, (a) ATEC; water-
insoluble plasticizers: (V) TBC, (®) ATBC. Abbreviations: TRI; TEC, triethyl citrate;
ATEQC, acetyl triethyl citrate; TBC, tributyl citrate; ATBC, acetyl tributyl citrate; RH, rela-
tive humidity. Source: From Ref. 19.
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tated with the entire mixture until an equilibrium plasticizer distribution occurs
between the water and polymer phases (58,59).

The incorporation of a plasticizer into an aqueous polymeric dispersion is
crucial, and sufficient time must be allowed for the plasticizer to partition into the
polymer phase prior to initiation of the coating process (60,61). The rate and extent
of plasticizer partitioning for an aqueous dispersion is dependent on the solubility
of the plasticizer in water and its affinity toward the polymer phase. Equilibration
of plasticizer distribution in an aqueous polymeric dispersion for water-soluble
plasticizers has been shown to occur rapidly, whereas the time required to achieve
equilibrium distribution for water-insoluble agents requires substantially longer
mixing times (26,58,59). If insufficient time is allowed for the plasticizer to parti-
tion into the polymer phase, the unincorporated plasticizer droplets as well as the
plasticized polymer particles will be sprayed onto the substrate during the coating
process. Uneven plasticizer distribution within the film could result and potentially
cause changes in the mechanical properties of the film during aging.

EFFECTS OF OTHER ADDITIVES IN THE COATING FORMULATION ON
MECHANICAL PROPERTIES

Pigments

The addition of pigments into a coating formulation may improve the esthetic
appearance of the final product (62). Opacifiers, such as titanium dioxide, may
be used in coatings to protect photosensitive drugs from exposure to light, thus
improving product stability (63). The addition of pigments in the coating will sig-
nificantly influence the mechanical, adhesive, and drug-release properties of the
resulting film (64—66). As the concentration of an insoluble pigment is increased,
the amount of polymer necessary to completely surround the particles increases.
At a specific concentration, known as the critical pigment volume concentration
(CPVC), the polymer present is insufficient to surround all of the insoluble par-
ticles, and marked changes in the mechanical properties of the film will occur
(67). The CPVC is a characteristic of specific polymer—filler combinations, and
theoretic determinations of this value are practically impossible (68).

The tensile properties of hydroxypropyl methylcellulose (HPMC) films as
a function of titanium dioxide concentration are shown in Figure 8 (21). The cel-
lulosic films became more brittle as the concentration of the pigment increased,
as evidenced by the decrease in elongation and the increase in Young’s modulus.
More recently, Hsu et al. (69) showed that the addition of titanium dioxide to
polyvinyl alcohol also resulted in a decrease in tensile strength.

Felton and McGinity (66) investigated the influence of titanium dioxide con-
centration on the T, of Eudragit L 30 D-55 films plasticized with 20% triethyl
citrate. Increased concentration of the pigment in the film resulted in a significant
increase in the Tg when the polymeric dispersion was applied to hydrophilic tablet
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Figure 8 Influence of titanium dioxide concentration (% w/w) in the dried polymer on
the stress—strain curves of HPMC films. Abbreviation: HPMC, hydroxypropyl methylcel-
lulose. Source: From Ref. 21.
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Figure 9 Influence of titanium dioxide concentration in the coating formulation on the
glass transition temperature of applied Eudragit® L 30 D-55 films. (®) 0% wax in the tablet
core; (M) 30% wax in the tablet core. Source: From Ref. 66.
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compacts, as shown in Figure 9. Interestingly, only small, incremental increases
in the T, of the polymeric film with increased titanium dioxide concentration were
noted when applied to hydrophobic tablets. These findings demonstrate not only
that concentration of a pigment in the coating formulation can influence the me-
chanical properties of the film, but also that the properties of the substrate also
affect the polymer.

Antiadherents

Stickiness or tackiness of polymeric films is a concern during both the coating
process and storage. The extent of product agglomeration may be influenced by
processing temperature, curing temperature, plasticizer content, and polymer type
(56). To minimize product agglomeration, antiadherents may be incorporated
into the coating formulation. Talc and glyceryl monostearate (GMS) are the most
commonly employed antiadherents in film coating formulations (70). These fill-
ers, however, are not water soluble, and they have been shown to influence the
mechanical and drug-release properties (11,20,71,72).

Surfactants

As mentioned earlier, incorporation of water-insoluble plasticizers into aqueous
polymeric dispersions requires that the plasticizer first be emulsified in water with
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Figure 10 Schematic of the film holder used in the puncture test device. The holder is
submerged in a dissolution bath to hydrate the film. Source: From Ref. 75.
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an appropriate surfactant. In addition, surfactants have been added to film coating
formulations to improve the spreadability of the coating material across tablet sur-
faces (73) and to modulate drug release (74). The addition of these compounds to
film coating formulations has been shown to influence the mechanical properties
of the films. Felton et al. (18) showed that increased concentrations of both sorbi-
tan monooleate and polysorbate 80 significantly lowered the Tg of Eudragit L. 30
D-55 films plasticized with the hydrophobic tributyl citrate, while no significant
changes in Tg were noted when the polymeric dispersion was plasticized with the
water-soluble triethyl citrate.

MECHANICAL PROPERTIES OF WET AND DRY FILMS

Upon ingestion, the polymer coating becomes hydrated, and the mechanical prop-
erties of the film may not be the same as in the dry state (44,75). Water may
plasticize the film, while plasticizers may leach from the coating upon exposure
to biological fluids. To assess the mechanical behavior of films in their hydrated
state, a puncture test can be employed (15,76). As shown in Figure 10, the appa-
ratus consists of a platform assembly containing a free film that is submerged in
a dissolution bath. A puncture probe attached to a load cell is then driven into the
film. Data determined from this experiment include the puncture strength (force
at puncture divided by the cross-sectional area of the dry film) and the percent
elongation at puncture.

Table 1 Mechanical Properties of Dry and Wet Films and the Water Content of Wet
Films Prepared from Different Polymer Dispersions Plasticized with Triethyl Citrate
(20% wilw)

Polymer Puncture strength (MPa) Elongation (%)
dispersion (film Water (g)/
thickness, um) Dry Wet Dry Wet polymer (g)

Aquacoat® (309)  0.34 (0.11) 0.10(0.02) 1.34.(0.18) 0.13(0.02) 0.506 (0.032)

Surelease® (394)  0.23 (0.04)* 0.74 (0.10)¢ 0.62(0.12)  4.89(0.90) 0.100 (0.006)

Eudragit® NE30D 2.16 (0.19) 1.58 (0.10) >365.00 >365.00 0.268 (0.014)
(314)

Eudragit® RD 30 D 1.99 (0..23) 0.93 (0.04) 142.83 (4.32) 38.41 (4.65) 0.331 (0.008)
(309)

Eudragit® RL 30 D 1.81(0.11) 1.60(0.14) 126.31(8.04) 13.02 (2.45) 0.807 (0.008)
(316)

Eudragit®L 30D  0.83(0.05) 1.78(0.09) 0.46(0.25)  >365.00 0.722 (0.023)
(264)

SD in parentheses; n = 3.
“Films did not rupture.
Source: From Ref. 77.
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Table 2 Mechanical Properties of Dry and Wet Eudragit® RS 30 D Films Plasticized
with Different Plasticizers (20% w/w)

Puncture strength (Mpa) Elongation (%) Plasticizer
Plasticizer + (film remaining
thickness) (um) Dry Wet Dry Wet (% of original)
TEC (309) 1.99 (0.22) 0.93 (0.05) 142.8(4.3) 384 (4.6) 56.29(1.79)
Triacetin (302) 1.82 (0.38) 0.61(0.07) 120.9(6.0) 6.8 (0.6) 35.92 (1.06)
ATBC (314) 4.30(0.09) 1.11(0.13) 77.8(7.6) 85.2(3.6) 101.84(1.67)
ATEC (323) 4.01 (0.18) 1.01(0.02) 86.9(5.5) 64.3(8.5) 90.38 (0.05)
DBP (327) 3.18 (0.47) 0.88(0.19) 93.2(12.6) 106.9 (9.2) 99.95 (1.88)
DBS (324) 2.37(0.09) 0.79 (0.04) 91.8(2.0) 59.7(3.6) 88.34 (0.66)
DEP (324) 2.47(0.40) 091(0.03) 91.1(3.2) 51.0(3.8) 95.27(1.53)
TBC (319) 2.37(0.40) 0.86(0.03) 113.5(1.8) 86.6(3.4) 97.79 (2.06)

SD in parentheses, n = 3.

Abbreviations: TEC, triethyl citrate; DBS, dibutyl sebacate; DEP, diethyl phthalate; TBC, tributyl
citrate; ATBC, acetyl tributyl citrate; ATEC, acetyl triethyl citrate; DBP, dibutyl phthalate.

Source: From Ref. 77.

Bodmeier and Paeratakul (77) demonstrated that the mechanical properties
of dry and wet films were dependent on the polymeric material used to form the
film (Table 1). The ethylcellulose pseudolatexes, Aquacoat® and Surelease®, were
found to be brittle in the dry state and weak in the wet state. In contrast, films of
Eudragit L 30 D were shown to be brittle in the dry state yet very flexible in the
wet state, presumably due to the plasticization effect of water, while Eudragit NE
30 D films were found to be very flexible in both wet and dry states.

The plasticizer used in the polymeric dispersion can also significantly in-
fluence the mechanical strength of polymeric films in both dry and wet states
(75,77). Asshownin Table 2, wet Eudragit RS 30 D polymer films containing water-
insoluble plasticizers were significantly more flexible than the corresponding wet
films plasticized with water-soluble plasticizers. These results were attributed to
the leaching of the water-soluble plasticizers from the films during exposure to
the aqueous medium, whereas the water-insoluble plasticizers were almost com-
pletely retained within the wet films. Leaching of the plasticizer created pores in
the films, with higher concentrations of the water-soluble plasticizers increasing
the porosity of the films (75).

EFFECTS OF ENVIRONMENTAL STORAGE CONDITIONS ON
MECHANICAL PROPERTIES

The mechanical behavior of polymeric films is dependent on a number of vari-
ables, including the temperature and humidity of the environment. The following



120 Felton et al.

section highlights some of the effects that temperature and humidity can exert on
polymer properties during processing, curing, and storage.

During film formation from an aqueous polymeric dispersion, individual
polymer particles must coalesce and fuse together to form a continuous film. The
degree of coalescence is dependent on the intensity of the primary driving forces,
surface tension and capillary forces that are generated upon water evaporation,
and the time exposed to such forces. Complete coalescence of latex particles oc-
curs when the polymeric molecules located at the interface between adjacent par-
ticles interpenetrate due to viscous flow. Incomplete film coalescence can result in
significant changes in polymer properties over time and thus has been extensively
studied (1,12,61,78-80).

Temperature may significantly influence the completeness of coalescence
(81). Temperatures used during the coating process must be above the minimum
film-forming temperature. Processing parameters used during coating, however,
must be carefully controlled to ensure an appropriate balance between the rate
of water removal, critical for the development of capillary forces, and the bed
temperature of the coating apparatus. Low spray rates of aqueous polymeric dis-
persions, especially when combined with higher bed temperatures, can result in
spray drying, where the solvent evaporates before the polymer chains coalesce,
and brittle films are produced (29). In contrast, high spray rates can overwet the
substrate (82) and cause surface dissolution of the product, with a potential for
drug/excipient migration into the resulting film coat (34).

The ratio of tensile strength to elastic modulus of free films has been cor-
related to their in situ performance, with lower values of this ratio correlating
with increased coating defects (83). Since coating with minimal defects is critical
to provide and maintain consistent and reproducible drug-release rates from the
coated controlled-release dosage forms, a higher value of this ratio is desirable.
Figure 11 shows the ratio of tensile strength to elastic modulus plotted as a func-
tion of coalescence temperature for films cast from two commercially available
aqueous ethylcellulose dispersions (Surelease plasticized with dibutyl sebacate or
glycerol tricaprylate/caprate). An increase in the coalescence temperature up to
50°C for both polymeric formulations led to an increase in this ratio, with a slight
decrease in the ratio at higher temperatures. Since the highest tensile strength to
elastic modulus ratio for the films cast from both Surelease formulations was ob-
served at a drying temperature of 50°C, it may be presumed that films coalesced
at or around this temperature are less susceptible to physical defects.

Following the completion of the coating process, the coated dosage forms
are often stored at temperatures above the T, of the polymer to promote further
coalescence of the film. Storage at elevated temperatures can also ensure a ho-
mogeneous distribution of plasticizer within the film (84). During this storage or
curing stage, the microstructure of the polymer is altered (80), and the mechanical
properties of the film as well as permeability and drug release are correspondingly
affected (5,78). Formulations containing high plasticizer concentrations gener-
ally require lower processing temperatures and less time for film coalescence
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Figure 11  Tensile strength to elastic modulus ratio of free films of Surelease® plasticized
with dibutyl sebacate or glycerol tricaprylate/caprate as a function of coalescence tempera-
ture. Source: From Ref. 27.

and curing (14,61,85). Drying air volume and humidity used during film coating
processes have also been shown to influence film formation and hence polymer
properties (24,86,87).

Chemical, mechanical, and dissolution profiles of drug products are deter-
mined within a short time after manufacturing. Products may be placed under
stress conditions of high temperature and/or relative humidity, and the data ex-
trapolated to predict shelf life. Pharmaceutical products, however, may be ex-
posed to a number of different environmental conditions during normal shelf life,
and these changes in storage conditions can affect the mechanical properties of
polymeric films, ultimately affecting drug release. Wu and McGinity (22) showed
that the mechanical properties of Eudragit RS 30 D/RL 30 D polymer blends
containing methyl paraben as a nontraditional plasticizer were dependent on the
humidity of the storage environment. A decrease in tensile strength and Young’s
modulus was noted when coated beads were stored at 84% relative humidity,
which was attributed to the absorbed water further plasticizing the film. In con-
trast, coated beads stored at 0% relative humidity exhibited brittle fracture failure
during compression testing.

There are two major issues involved in changes that occur in polymer prop-
erties over time. The first and obvious one, based on the previous discussion, is
that incomplete coalescence of the film will exert a significant affect on film prop-
erties during storage. The other major concern is physical aging. Most polymers
used in pharmaceutical products are amorphous and are not at thermodynamic
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Figure 12 Effect of physical aging on the 500-s creep compliance of Aquacoat®-free
films plasticized with 15% diethyl phthalate. Source: From Ref. 88.

equilibrium at temperatures below their T, Over time, amorphous polymers un-
dergo a slow transformation toward a thermodynamic equilibrium. As tempera-
tures are cooled to below the T, the free volume of the polymer will slowly relax
toward a lower free energy state, a process referred to as physical aging. Although
this equilibration process is slow at ambient conditions, physical aging may pro-
duce significant changes in polymer properties. Guo et al. (88) used DMA to dem-
onstrate that creep compliance (ratio of the relative creep extension to the applied
stress) of Aquacoat films decreased over time, as shown in Figure 12. For these
experiments, Aquacoat films were equilibrated at 5°C above the T s for 15 min-
utes, quenched to 25°C, then annealed at this temperature for up to 30 hours.
The observed changes in creep compliance were attributed to a decrease in free
volume and the further gradual coalescence of latex particles in the films. Physical
aging and approaches to reduce or eliminate these problems (5,12,14,72,89) are
discussed in more detail in another chapter.

CONCLUSIONS

The mechanical properties of free films and applied films prepared from aqueous
polymeric dispersions provide valuable information to help the pharmaceutical
scientist predict the stability and drug-release properties of film-coated solid dos-
age forms. The plasticizers in the film coating enhance flexibility, lower the T,
enhance the coalescence of the colloidal polymeric particles, and minimize the
formation of cracks or defects. Thus, plasticizers are essential additives for most
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polymers of pharmaceutical interest. Sufficient mixing time is required for the
plasticizer to partition into the polymer phase, with longer equilibration times
needed for water-insoluble plasticizers. The permanence of plasticizers in both
the dry and the wet state is an important consideration, and leaching of a plas-
ticizer from a film-coated dosage form leads to a porous membrane, which will
impact drug release. The addition of other excipients in film coating formulations,
such as pigments to enhance product appearance and talc to reduce tackiness of
the coating, will influence the mechanical properties of polymeric films. Tem-
perature, humidity, and processing parameters as well as physical aging can also
have a significant effect on the mechanical properties of polymer films, ultimately
affecting drug release from coated dosage forms.
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