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ABSTRACT

The aim of this study was to develop and assess captopril-loaded microspheres in which Methocel and Eudragit RS
were used as release-controlling factors and to evaluate captopril (CPT) release using kinetic models. Drug-excipient
interactions were evaluated using infrared studies, and the physical appearance was characterized using scanning
electron microscopy (SEM). A burst effect was observed during the first stage of dissolution for most batches of
microspheres. SEM results reveal that this may be attributed to dissolution of captopril crystals that were present on the
surface, embedded in the superficial layer of the matrix materials, trapped near the surface of the microspheres, or that
may have diffused rapidly through the porous surface of the capsules.The release data generated during in vitro release
studies were fitted to zero-order, first-order, Higuchi, Korsmeyer-Peppas, Kopcha, and Makoid—Banakar models.The
release kinetics of captopril from most formulations followed a classical Fickian diffusion mechanism.SEM photographs
showed that diffusion took place through pores located in the surface of the microcapsules.The Kopcha model diffusion
and erosion terms showed a predominance of diffusion relative to swelling or erosion throughout the entire test period.
The drug release mechanism was also confirmed by the Makoid-Banakar and Korsmeyer-Peppas model exponents.This
further supports a diffusion-release mechanism for most formulations.The models postulate that the total drug released
is a summation of several mechanisms (viz., burst release, relaxation-induced controlled release, and diffusional release).
These results also support the potential application of Eudragit/Methocel microspheres as a suitable sustained-release

drug delivery system for captopril.

INTRODUCTION

olid oral dosage forms remain the most convenient
S means of treatment available. The effectiveness of

these dosage forms relies on dissolution of a drug in
gastrointestinal tract fluids before absorption into the
systemic circulation.The rate of dissolution of a drug from
a solid dosage form is therefore crucial for optimization of
therapy.

Over the past three decades, dissolution testing has
evolved into a powerful tool for characterizing the quality
of oral pharmaceutical products.The term dissolution can
be defined as a process in which a known amount of
drug dissolves in a given medium per unit time under
standardized conditions (7).

In vitro dissolution is one of the most important
elements of the drug development process. Several models
may be used to describe dissolution profiles where f (t) is a
function of t (time) that is related to the amount of drug
dissolved from a dosage form.The quantitative interpreta-
tion of values generated in dissolution studies is facilitated
by the use of generic equations that translate dissolution
curves mathematically as a function of certain parameters
related to the dosage forms under investigation.In some
cases, the equations can be deduced by a theoretical
analysis of the processes to which a dosage form is subjected.
A water-soluble drug incorporated into a hydrophilic
matrix is released mainly by a diffusion-controlled process,
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whereas for a poorly water-soluble compound, the
principal mechanism of release is a function of erosion of
the matrix that carries the drug (2).

Dissolution testing is now an established and standard-
ized method for measuring drug product performance (3)
and permits the comparison of results for different batches
of the same product, similar products from different
suppliers, or results from different laboratories. Dissolution
testing is therefore a useful tool for quality control and in
formulation development, and the FDA has made it a
regulatory requirement in the approval of new drug
products. However, as dissolution testing is an empirical
method of evaluation, it has some drawbacks when used
in formulation development. For example, existing empirical
data or formulas may be of little help when evaluating
each new formulation, and a novel series of tests may have
to be developed and performed when assessing these
products. For every dissolution test, the product to be
tested must have already been manufactured. Both these
aspects add significantly to the time and cost of bringing a
new drug to market.In general, dissolution studies must
be based on the specific conditions that are required to
study a particular drug compound and include the
selection of appropriate media, apparatus, and operating
variables (4-7).In addition and where possible, dissolution
studies should be performed following the specifications
outlined in the United States Pharmacopeia (USP).

Dissolution from a dosage form involves two steps,
liberation of the drug from the formulation matrix
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(disintegration) followed by the dissolution of the drug
(solubilization of the drug particles) in the liquid medium.
The overall rate of dissolution depends on the slower of
these two steps.The cohesive properties of the formulated
drug play a key role in liberation, and for solid dosage
forms, these include disintegration and erosion. If this step
of dissolution is rate limiting, then the rate of dissolution is
considered disintegration-controlled. Whereas if in the
solubilization of drug particles, the physicochemical
properties of a drug such as its chemical form (e.g.,

salt, free acid, free base), physical form (e.g.,amorphous

or polymorph and primary particle size), or both play

an important role, then the rate of release is
dissolution-limited (8).

Models that best describe drug-release phenomena
must be used to define drug-release mechanisms (9) as
this helps to analyze and explain mathematically the
processes that occur when a drug is released from a dosage
form.In this study, several mathematical models were used
to elucidate the mechanism(s) of CPT release from the
batches of microspheres that were manufactured.

To optimize the formulation and manufacture of CPT
microspheres, a central composite design (CCD) approach
was used in a multivariate experimental design to
establish the number and formulas that were to be
manufactured. In this study, the modeling of percent drug
released and the optimization of drug released was
undertaken using mathematical methods. Optimization of
the formulations was performed by selecting formulations
based on the criterion of attaining a maximum value for
the percent drug released.

CPT is a competitive inhibitor of angiotensin-converting
enzyme (ACE) (70, 17) and is routinely used for the man-
agement of hypertension and congestive heart failure. It is
commercially available as immediate-release tablets in
doses of 12.5-50 mg (72) and has a short elimination
half-life following oral administration. Consequently,

CPT may be a suitable candidate for inclusion in sustained-
release dosage forms.The development of a once-daily
CPT formulation for oral administration would be a
significant advantage in the promotion of patient
adherence. Furthermore, the added advantage of
minimization of side effects and reduced fluctuations in
blood levels on long-term therapy may well result in
better therapeutic outcomes (73).

CPT is well absorbed from the proximal small intestines
(74).1t is known as 1-[3-mercapto-2-(S)-methyl-1-oxopropyl]-
S-(L)-proline (74, 15) and is a white crystalline powder that
has a slight sulfurous odor (74). CPT has an aqueous solubility
of 160 mg/mL at 25 °C (16),and a plot of solubility versus
temperature is linear up to 40 °C, above which CPT shows
extraordinarily high water solubility (17).The chemical
structure of CPT (78) is depicted in Figure 1.

The main objective of the present investigation was to
evaluate the in vitro release characteristics of CPT-loaded
microspheres manufactured using a solvent evaporation
technique.
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Figure 1. Chemical structure of captopril (CH,sNO,S, MW = 217.3).

Materials

CPT powder was donated by Protea Chemicals
(Midrand, South Africa). Hydroxypropyl methylcellulose
(Methocel K100M and K15M) was donated by Colorcon
Ltd (Dartford, Kent, UK). Microcrystalline cellulose (Avicel
101) was purchased from FMC (Philadelphia, USA).
Eudragit RS was donated by Rohm Pharma (GmbH,
Darmstadt, Germany). Span 80 was purchased from
Sigma-Aldrich (GmbH, Germany). Liquid paraffin was
supplied by ADC Laboratories (Durban, South Africa).
Acetone AR was purchased from Associated Chemical
Enterprises (Southdale, South Africa), n-hexane was
acquired from Burdick and Jackson Laboratories
(Michigan, USA), and dimethyl polysiloxane was purchased
from Sigma-Aldrich (Kempton Park, South Africa). All
chemicals were used without any further purification.

Methods
Infrared Spectroscopy (IR)

Prior to manufacture, IR was used to study the compat-
ibility of CPT with excipients to be used for the manufac-
ture of the microspheres. IR spectra were recorded using
the KBr disc method over the wavelength range of
4000-400 cm™', and spectra were recorded using a Bruker
Model Verter 70 instrument (Beaconsfield, Bucks, England).
The microscopic spectrophotometer was equipped with a
TENSOR 27 RT-Dlatgs detector.The velocity of the scanner
was set at 10 kHz. Sample combinations showing promise
in terms of compatibility were collected successively from
the actual analysis area by mapping.

Manufacture of Microspheres

The manufacture of microspheres was achieved using
an emulsification and solvent evaporation technique
based on the method reported by Khamanga et al.(79).
Design Expert software package (version 7.1, State-Ease
Inc., Minneapolis, MN, USA) was used to generate the
experiments, and the representative formulations used to
manufacture the microspheres are listed in Table 1.To
manufacture all 30 formulations, 0.75 g of CPT and 0.5 g of
microcrystalline cellulose (MCC), as filler and binder, were
included in the formulation.The amount of CPT and MCC
were kept constant throughout the manufacturing process.

The different polymer proportions and the MCC were
dispersed in 20 mL of acetone, and an accurately weighed
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Table 1. Formulation Composition and Homogenizing Speed
Used to Manufacture Microcapsules

Methocel Methocel Homogenizing
RUN Eudragit RS K100M K15M Speed
g g g rpm (1000)
1 2.0 0.50 0.50 1.5
2 2.0 0.75 0.25 1.5
3 1.5 0.50 0.50 1.0
4 25 0.50 0.50 2.0
5 2.0 0.50 0.25 2.0
6 2.0 0.50 0.50 15
7 2.0 0.75 0.75 1.5
8 15 0.50 0.50 1.0
9 2.0 0.25 0.75 1.5
10 2.0 0.50 0.50 15
11 1.5 0.75 0.50 1.5
12 2.0 0.50 0.50 15
13 20 0.25 0.50 2.0
14 25 0.25 0.50 1.5
15 20 0.50 0.50 1.5
16 25 0.50 0.75 1.5
17 1.5 0.50 0.75 1.5
18 2.0 0.25 0.50 1.0
19 25 0.75 0.50 1.5
20 2.0 0.50 0.75 1.0
21 20 0.50 0.75 2.0
22 2.0 0.75 0.50 1.0
23 25 0.50 0.25 1.5
24 2.0 0.50 0.25 1.0
25 1.5 0.25 0.50 1.5
26 25 0.50 0.50 1.0
27 20 0.25 0.25 1.5
28 15 0.50 0.25 15
29 2.0 0.75 0.50 2.0
30 2.0 0.75 0.50 2.0

quantity (0.75 g) of CPT was also dispersed in this solution.
Light liquid paraffin (120 mL) containing 1% v/v Span 80
and 0.1% v/v dimethyl polysiloxane was then placed in a
400-mL beaker and agitated with a three-blade propeller
of 50-mm diameter linked to a homogenizer fitted with a
four-blade “butterfly” propeller having a diameter of
50-mm (Virtis Company, New York, USA) to produce a
homogenous oily phase.The entire volume of the acetone
solution was poured into the oily continuous phase, and
the system was maintained at 25 °C to evaporate the
acetone. Processing variables such as the amount of liquid
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paraffin and volume of acetone solution were maintained
constant for all batches produced. After 2 h, 10 mL of
n-hexane, the nonsolvent, was added to harden the
microspheres, and stirring was continued for a further 5 h.
The hardened microcapsules were collected using a
Bichner funnel and washed 2-3 times with 50 mL
n-hexane to remove any residual liquid paraffin.The
microspheres were then dried at room temperature for
24 h. All batches were prepared in triplicate, and the dried
microspheres were stored in well-closed containers. All
experiments in which the evaluation of microspheres was
undertaken were performed after 24 h.

Scanning Electron Microscopy (SEM)

The shape and surface morphology of the microspheres
were investigated using SEM (Tescan, VEGA LMU, Czech
Republic). The microspheres were mounted onto a
double-sized carbon stub that was placed on a sample
disc carrier (3-mm height, 10-mm diameter) and were
coated with gold under vacuum (0.25 Torr) with a sputter
coater (Balzers Union Ltd, Balzers, Lichtenstein).The
samples were imaged using a 20 kV electron beam.

Drug Release Studies

A VanKel Bio-Dis dissolution apparatus (VanKel
Industries, New Jersey, USA) was used for dissolution
testing of microspheres manufactured in these studies. A
model VK 750D digitally controlled water circulator/heater
(VanKel Industries, New Jersey, USA) was used to maintain
the temperature of the dissolution media at 37 £ 0.5 °C.
Drug-loaded microspheres were tested in 250 mL of
phosphate buffers of different pH values.The dissolution
test was conducted at an agitation rate of 20 dips per
minute (dpm).Samples (2 mL) were withdrawn and
replaced with 2 mL of fresh medium, then automatically
filtered through a 0.45-pm Durapore membrane HVLP
filters (Millipore Corporation, Ireland). Samples were
collected at predetermined time intervals after 1,2, 6,8, 10,
and 12 h and quantified using a validated HPLC method
(20). A summary of the dissolution test conditions used is
listed in Table 2.

Samples were collected manually from vessels during
pauses in the testing, and the percent CPT released from
the microspheres after 12 h was calculated.

Mathematical Modeling

GraphPad Prism Software Version 5.0 (GraphPad Prism
Software, San Diego, CA, USA) was used to fit the dissolu-
tion data generated following testing of all formulations,
CPT-001-CPT-030.This software is used to estimate the
parameters of a nonlinear function that provides the
closest fit between experimental observations and the
nonlinear function.The best-fit solution was identified by
evaluating the coefficient of determination (R?) and the
sum of squares of residuals (SSR) where the highest R?
value and smallest SSR values indicate the best fit (27-25).
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Table 2. Summary of General Dissolution Conditions for
Reciprocating Cylinder Dissolution Test Methods

Table 3. Mathematical Representation of the Models Used to Fit
CPT Release from Microcapsules

Parameter USP Apparatus 3 Model Equation Reference
Dissolution medium Buffers (pH 1.6, 3.4,4.6,6.8) Zero-order Qt=Q, + Kt (26,27)
Temperature 37.0+£0.5°C First-order LnQ,=Ln Q,-K;t (28,29)
Initial volume 250 mL Higuchi Qt=Qo + K, t'"? (30,31)
Basket/dip speed 20dpm Makoid-Banakar Qt =KMB e~V (32
Screen size 405 pm top /177 pm bottom Kopcha Qt=At"?+ Bt (33
Filter size 0.45 um Korsmeyer-Peppas Qt =Ky t" (34-36)
Volume drawn 2mL
Dissolution time ThinpH1.6 dissolution fluid. At lower dpm, the flow around the
T hinpH34 ml'cro.sph('eres is smoother and more regular,and as .
agitation increases, a pseudo-laminar pattern predomi-
5hinpH4.6 . .
nates. Reciprocation rates of 20 dpm and greater may
5hinpH6.8 generate turbulence, which in turn, causes chaotic flow,

The mathematical equations (26-36) for the models used
to describe the dissolution curves for CPT formulations are
summarized in Table 3.

RESULTS AND DISCUSSION

The IR absorption spectra (Figure 2) reveal that all
characteristic bands for CPT are present in all spectra
confirming that CPT and the excipients used in the
manufacture of microspheres are unlikely to exhibit any
deleterious incompatibilities.

During the initial stages of the dissolution process, the
microspheres sank in the dissolution medium and subse-
quently swelled, after which they started to float, suggest-
ing that the original density of the microspheres before
matrix swelling in the dissolution medium was >1.The
extent to which the microspheres floated depended on
the balance between mass and volume differences of the
microparticulate dosage form.

To elucidate the hydrodynamic conditions of impor-
tance when using USP Apparatus 3, Khamanga and Walker
(37) postulated a simplified model of the fluid flow
behavior around tablets in the apparatus. Laminar and
turbulent flow patterns of microspheres that float while
agitated at 20 dpm are depicted in Figure 3.

The black closed circles represent microspheres in a
free-flowing test solution, and the strain on the system can
be calculated from their movement.The shear strain is
localized in the stagnant zone around the microspheres.
The shear stress is applied parallel or tangentially to the
microspheres, and the dissolution medium then imparts
stress on the microspheres.

A reciprocating rate of less than 20 dpm would result in
a free-stream velocity (unimpeded and with constant fluid
flow), V,, that is lower than that which would predominate
at higher agitation rates.The free-stream velocity is
represented in the figures by lines that indicate the path
of fluid around a microsphere suspended in a dissolution
medium as the inner vessel reciprocates in and out of the
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and complex hydrodynamic patterns may occur in the
fluids within the dissolution vessel. The fluid currents that
are generated are likely to affect the microsphere mass at
varying velocities in all directions, because the micro-
spheres are spherical and present different angles to the
direction of fluid flow. At this increased agitation rate, the
intensity of the turbulence in all directions will likely be
more pronounced.The higher reciprocation rate induces
elevated fluid flow velocities and is consequently likely to
weaken the gel structure that forms around a microsphere
immediately at the commencement of hydration. As the
gel layer weakens, the network that holds the polymeric
structure intact slowly degrades, resulting in a depletion of
the layer that ideally acts as the primary retarding region
of the technology. Therefore, the drug is released more
rapidly at higher agitation rates, because the surface
exposure of the dosage form to the dissolution medium at
a specific time is increased.

The turbulent flow observed at this agitation rate is
characterized by chaotic or stochastic property changes,
which is a nondeterministic behavior. Theoretically, there is
low momentum diffusion, high momentum convection,
and a rapid variation of velocity in space and time.
Furthermore, during agitation the turbulent flow may
cause the formation of eddies, and as the dissolution
medium swirls, the microspheres are randomly shifted in
all directions. At times, they may impact the cylinder wall,
which in turn will facilitate the release of drug from the
dosage form.In a transition flow state there is a mixture of
both laminar and turbulent flow, with turbulence in the
center of the cylinder and laminar flow occurring near the
edges of the tube. In general, turbulent flow is character-
ized by left-to-right, right-to-left, up-and-down, and
down-and-up movements but is highly disorganized.The
microspheres move at high velocities, and the vector
movements are completely irregular. In the inner cylinder
where the dissolution medium also moves, a shearing
stress is created at the cylinder wall, thereby retarding
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Figure 2. Infrared spectra of (A) CPT, (B) solid mixture of CPT with K15M, (C)
K100M, (D) MCC, (E) Eudragit RS, (F) citric acid, and (G) all mixtures.

flow. This complex fluid movement, coupled with the
effects of agitation rate, particle impact, and cylinder wall
interactions, is postulated as the process that facilitates
drug release from these microspheres.

The use of top screens of 177-um mesh size resulted
in poor dissolution medium drainage from the inner
cylinders.The use of larger mesh screen/pore sizes allows
air to penetrate through the mesh openings without
difficulty and subsequently displace liquids that may be
retained in the inner tubes.The use of a 405-um mesh as
the top screen resulted in better, more complete and rapid
drainage of all cylinders, and the fluid flowed at a higher
free-stream velocity, facilitating air penetration through
the openings and subsequently displacing liquids that
were retained in the inner tubes.

In the majority of cases, the microsphere formulations
exhibited a burst release after which CPT was released at a
constant rate.The burst effect of the drug is likely due to
the turbulent effect of the dissolution medium in the
reciprocating cylinder, which resulted in greater wetting
and hydration of the microspheres. Ubrich et al. (38)
reported that water-soluble drugs formulated in
nanoparticles exhibit a tendency to migrate to the
aqueous medium, thereby concentrating at the surface of
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Figure 3. Laminar and turbulent flow patterns of microspheres agitated at
20 dpm in USP Apparatus 3.

particles,and involve the burst effect. These results are
similar to those reported by Khamanga and Walker (37)
when using USP Apparatus 3. Despite the spreading of the
microspheres on the surface of the mesh, they are
retained in the cylinder as they swelled following
hydration.

The burst effect may also be attributed to the fact that
some of the CPT microspheres had thin polymeric surfaces.
The thin polymeric barrier together with the turbulent
effect of the dissolution medium facilitates the entry of
the dissolution medium into the microspheres, and
therefore CPT leaches from the polymeric matrices of the
microspheres exhibiting burst release.The burst effect
may also occur if CPT is trapped on the surface of the
polymeric matrix during the microencapsulation process
and is therefore released as soon as the microspheres are
placed in the dissolution medium.The migration of drugs
during drying and storage of the microspheres may result
in heterogeneous distribution of CPT in the polymeric
matrix leading to burst release.

Instances of slow drug release could be attributed to
the thick polymeric membrane surfaces of the micro-
spheres, which formed an effective barrier and hindered
the entry of the dissolution medium into the microsphere.
The swelling nature of Methocel (HPMC) contributes
to the buoyancy of the microspheres, and the addition
of Eudragit RS decreased the permeability of the
microspheres to the dissolution medium.

Eudragit RS has a low proportion of quaternary
ammonium groups, which renders it less permeable to
aqueous fluids. The use of this material decreased the
porosity of the microsphere membrane to CPT, which may
have resulted in a possible lag in the release of CPT from
the microspheres. However, this was not observed since
some CPT particles were trapped on the surface of the
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Figure 4. Cumulative percent drug released for batches CPT-002, 006, 008,
009,020, and 030 (mean + SD, n = 3).
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Figure 5. Cumulative percent drug released for batches CPT-015, 025, and
029 (mean +SD,n = 3).

polymer matrix. Furthermore, continual agitation by the
reciprocating cylinder disrupted the polymer barrier,and
this resulted in pore formation on the polymeric mem-
brane surface, which further facilitated the penetration of
the dissolution medium and enhanced CPT release. In all
cases, approximately 70-90% CPT was released within
8-12 h.There is a paucity of information relating to

the characterization and elucidation of the release
mechanisms of CPT from floating microspheres.

The observations made in this study reveal that a
combination of HPMC and Eudragit RS induces good
floating ability to microspheres, and that control of drug
release for an extended period of time is also possible.The
microspheres that were produced had utmost floating
tendency and exhibited satisfactory drug release.

Characteristic CPT release profiles from selected
microsphere formulations are shown in Figures 4 and 5.
The release profiles were constructed by plotting the
percent drug released versus time.The decreased CPT
release observed for some batches can be attributed to
the development of a diffusional barrier between the
CPT within the microspheres and the dissolution medium.
The results show that the release rate of CPT from the
microspheres could be modulated by adjusting the ratio
of polymer/drug in the formulation and the speed of
homogenization during manufacture.

During the formation of the microspheres, the presence
of a low-viscosity dispersed phase delays polymer
precipitation and solidification of the dispersed droplets.
Consequently, additional water can diffuse into the
droplets before solidification, forming pockets of water
and pores in the walls of the microspheres.The more
porous the particle wall, the easier it is for the dissolution
medium to penetrate the particle; consequently, the
dissolution of CPT from the microspheres is rapid. This
phenomenon has also been reported by Pygall et al.

(39). Moreover, the size of the microspheres decreases
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significantly with a decreasing polymer/drug ratio; this
also contributes to faster release of CPT when low polymer
concentrations are used and may be a surface-area effect.

Typical SEM micrographs of selected microspheres are
shown in Figure 6A-l.1t is evident that the microspheres
are not similar in shape, but most of the microspheres are
discrete, spherical and uniform in shape and some have
porous surfaces. At higher magnification, the micro-
spheres have rough surfaces that are likely due to the
presence of CPT, suggesting that the drug had not been
efficiently encapsulated by the polymeric matrix. This may
be due in part to the fact that the drug is thoroughly
wetted, finely dispersed, and enveloped within the
polymer matrix before encapsulation.In addition, the data
from drug loading estimation confirmed that this was the
case as the amount of CPT in these microspheres was
greater than in others with smoother surfaces. However,
this was not the case for batches CPT-006 and CPT-025
(Figure 6A,F) where CPT “particles” could be seen on the
surfaces of the microspheres.The small microspheres
produced in batch CPT-022 are shown in Figure 6l.Clearly,
the small microspheres adhere to one another and form
“grape-like” clusters.These microspheres were neither
visually appealing nor free flowing and discrete as those
of other batches.

The microspheres that were produced ranged in
diameter between 30 and 200 um, and the mean diameter
was directly influenced by the manufacturing parameters
(homogenizing speed and polymer concentration).
Furthermore, larger particles were obtained at higher
polymer/drug ratios. Increasing the polymer loading
produced a more viscous solution, and when this solution
was poured into the aqueous phase, larger droplets and
thus larger microspheres were formed.

This burst-release phenomenon of CPT is evident in the
dissolution profiles shown in Figure 4.Figures 5 shows
experimentally fitted data and depicts drug release from
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Figure 6. SEMs of CPT-loaded microspheres: (A) batch CPT-006, (B) batch
CPT-002, (C) batch CPT-009, (D) batch CPT-020, (E) batch CPT-015, (F) batch
CPT-025, (G) batch CPT-030, (H) batch CPT-029, and (I) batch CPT-022.

microspheres in which the burst release was minimal. The
release profiles can be explained by the heterogeneous
distribution of the drug within the matrix, as observed by
SEM in some of the batches (Figure 6A,F).The profiles
indicate that burst release was dominant in these batches
of microspheres.

The low polymer levels used in these formulations
resulted in more drug remaining at the surface of the
microspheres, facilitating the initial and rapid release.The
higher release rates are also associated with smaller and
narrower size fractions of particles. SEM micrographs
reveal drug crystals at or near the surfaces of the micro-
spheres that dissolve quickly,and probably account for the
observed rapid initial release. Almost all microsphere
batches produced in this study revealed similar behavior.

During testing, a point is reached when the dissolution
of solid drug particles results in the formation of continu-
ous pores or channels within the matrix. Under these
circumstances, drug release will follow the path of least
resistance, and drug will diffuse through the channels to
the bulk dissolution medium.Therefore, as the drug
leaches out from the polymer, the matrix becomes more
porous and faster drug release rates are observed.

The initial burst effect from HPMC matrices is a common
occurrence when evaluating the release of water-soluble
drugs (39, 40). Where drug release is retarded, it may be
partly due to solid bridges that are formed between
drug-drug and drug-excipient particles during
processing.In addition, the internal pressure generated
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from swelling and relaxation of the polymeric matrix may
cause microrupturing of the particles during dissolution.

Most of the drug profiles appear to show two stages of
dissolution. Initially, a burst effect corresponds to the rapid
dissolution and release of CPT from the surfaces of the
microspheres before formation of a gel membrane at the
surface.Secondly, the release rate decreases continuously
until the end of the process, possibly due to an increase in
the diffusion path length for CPT, which is typical of a
diffusion-controlled drug-release mechanism. Following
the formation of a gel, drug release is controlled by drug
diffusion across the gel layer.The burst effect is also
dependent on the amount of drug present at the surface
of the microspheres and the size and the shape of the
pores generated within the microsphere structure during
dissolution testing.

A further reason for a burst effect may be the unstable
nature of inner emulsion droplets during solvent
evaporation, which leads to coalescence and may have
forced drug particles to migrate to the surface of the
microspheres.

Despite the cracks that could be clearly observed in
some microspheres, no bursting or collapsing of the
microspheres was detected at the later stages of testing.
The hypothesis is that following crack formation and
exposure of new surfaces to the dissolution medium, tight
and cohesive gel layers formed rapidly and were able to
maintain and control drug release. In this way, the gel layer
was able to“heal” or plug the crack, thereby protecting the
integrity of the internal drug reservoir.

Mathematical Modeling

The curvilinear nature of the cumulative percent drug
released versus time plots suggests that drug release from
the microspheres does not follow zero-order kinetics. The
data modeling results are summarized in Table 4, and this
observation is supported by the low values of correlation
coefficients obtained in all cases where the dissolution
data were fitted to a zero-order model.The in vitro
dissolution studies confirmed that drug release was
governed by Higuchi kinetics, and the experimental data
also adequately fit the Kopcha matrix model. However, the
mathematical expression that best describes drug release
from these microspheres is the Makoid-Banakar model in
which the resultant R? values were greater than 0.98.The
Korsmeyer—Peppas release exponent, n, is approximately
0.3, confirming that diffusion is the controlling factor for
drug release.This finding is supported by evaluation of the
ratios of the exponents A/B (i.e., diffusional term A and
erosional term B) derived from the Kopcha model (33),
which were greater than 1 in all cases.The Kopcha model
can also be used to quantify the relative contributions of
diffusion and polymer relaxation to drug release.The data
in Table 4 clearly show that the value of A is far greater
than that for B, suggesting that drug release from the
microspheres is primarily controlled by a Fickian diffusion
process.
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The results of curve-fitting studies reveal that CPT
release from the microspheres could be best described
by the Makoid-Banakar, Korsmeyer-Peppas, Kopcha, and
Higuchi models.The R? values were >0.900 for all analyses,
and the corresponding sum-of-squared residual (SSR)
values were lower than those of the other models.The
formulations with low levels of rate-controlling polymers
exhibited a higher burst release, which can be ascribed
to the dissolution of the CPT from the surface of the
microspheres. Furthermore, the balance that exists
between the swelling and gelling characteristics of the
microspheres is vital to ensure and maintain the desired
release rates for CPT.

Itis most important to consider the suitability, predic-
tive ability, and accuracy of any model chosen to describe
the release process when developing new pharmaceutical
products or evaluating drug release mechanisms.The
presence of a highly water-soluble drug in an HPMC
matrix can generate an osmotic gradient. This may result
in a greater rate of polymer swelling and an increase in gel
thickness with a corresponding initial increase followed by
a drastic decrease in the rate of drug release (47).

It should be noted that the value of R? alone is not an
exact measure of the accuracy of a model but is a measure
of the reduction in the variability of a response generated
by use of additional variables in a model. However, a large
value for R? does not necessarily imply that the regression
model used is a good model. As is shown in Table 4, the
addition of another variable to a model increased the
value of R?irrespective of the statistical significance the
additional variable.

CONCLUSION

The release mechanisms of microspheres manufactured
using Eudragit RS, Methocel K100M, and Methocel K15M
were assessed and were affected by the degree of polymer
swelling.The selection of an appropriate model for the
analysis of drug release provided insight into the underly-
ing mass transport mechanism of release from the delivery
technologies.The value of the release exponent, n, was
<0.45 indicating that CPT release was controlled not only
by diffusion. Fitting of data to the Kopcha model supported
the evidence that CPT release involved a combination of a
diffusion-controlled and a chain relaxation-swelling
mechanism for most formulations.

Considerable attention must be focused on understand-
ing the mathematical models used to describe
pharmaceutical processes, as these provide a useful guide
and insight into drug release and transport mechanisms
from sustained-release technologies.

The stress induced by the hydrodynamic effects of the
dissolution medium result in shear stress and erosion of
the microspheres, which result in high collision with
the reciprocating cylinder.Visual inspection of the
microspheres showed that swelling was a dominant
process,and minute drug particles were still passed
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through the mesh screen, suspended, and finally precipi-
tated at the bottom of the vessels.

The present investigation of floating microspheres
using polymer combinations of Eudragit RS and HPMC is
ideal as it releases the drug in controlled fashion for
extended periods by maintaining buoyancy.The high
permeability of Eudragit RS gives the initial burst release,
which is desirable from therapeutic point of view.
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