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Effect of Matrix Composition

ABSTRACT The objective of this study is to explore matrix-type microparti-
cles, comprising a solid dispersion of drug with an ammonio methacrylate
copolymer and ethylcellulose binary blend, for use in the controlled release of
a poorly water-soluble drug, nifedipine. Microparticles consisting of an ethyl-
cellulose N7 (N7) and Eudragit RL® (RL) binary blend at different ratios were
prepared using phase-separation methodology. The effects of matrix composi-
tion on microparticle properties were evaluated by polarized light microscopy,
differential scanning calorimetry (DSC), FT-infrared and UV-visible spectros-
copy, stability, and drug release studies. Study results indicate that the particle
size distribution, particle morphology, and drug release rate from the micro-
particles were influenced by the ratio of RL to N7. Discrete spherical micro-
particles with a narrow size distribution and a controlled release profile were
obtained when the ratio of RL to N7 was in the range from 1:1 to 2:1 w/w.
Solid-state characterization and release kinetic studies on these microparticles
confirmed that the nifedipine release from the microparticles followed the
Baker and Lonsdale’s matrix diffusion model (1974) for microspheres contain-
ing dissolved drug, and the nifedipine diffusion in the microparticle matrix
was the rate-limiting step. As the ratio of RL to N7 was changed from 0:1 to
4:1 w/w, the effective drug diffusion coefficient in the micro-matrix increased
from 5.8 x 107'% to 8.6 x 10~ (cm?/h). In addition, probably due to formation
of a stable molecular dispersion promoted by hydrogen bonding between nife-
dipine and the polymers, no significant changes in the nifedipine physical
form or release kinetics were observed after 1-year storage at ambient room
temperature followed by 3-month accelerated stability at 40°C/75% RH in a
closed container.

KEYWORDS Nifedipine, Controlled release, Microparticles, Ethylcellulose, Ammonio
methacrylate copolymer, Poorly water-soluble drug, Solid dispersion
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INTRODUCTION

Nifedipine (Fig. 1A) is a potent antianginal drug
belonging to the class of calcium channel antagonists
(Ali, 1989). However, due to a short clearance half-life
in vivo, nifedipine immediate-release dosage forms
need to be administered three times per day (Pfizer,
2003). Consequently, this dosing regimen results in a
significant fluctuation in plasma drug concentration
that causes side effects. Therefore, it is desirable to
develop nifedipine controlled-release dosage forms to
reduce side effects and to improve patient compliance.
Currently, two nifedipine extended-released dosage
forms containing the micronized drug particles are
commercially available. Procardia XL® by Pfizer is a
two-layer push-pull osmotic pump system containing
an active drug layer and an osmotic agent layer as the
internal core and a semipermeable membrane as the

external surrounding materials  (Pfizer, 2003).
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FIGURE 1 Molecular Structure of Nifedipine (A), Ethylcellulose

(B). and Eudragit RL(C). R;=CHs, H; R,=CHj3, CH,CH;; R3=CH,
CH,N*(CH3),Cl™; Ry:R3 = 3:0.2 mol/mol.
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Whereas, Adalat CC® by Bayer is a coated tablet con-
taining the core as an immediate release formulation
and the coat as a slow release formulation (Bayer,
2004). In the literature, a variety of nifedipine oral
solid dosage forms, such as nifedipine nanoparticles
(Kim et al., 1997) and microspheres (Barkai et al.,
1990; Benita et al., 1990) prepared by the emulsion
solvent evaporation method, sandwiched osmotic tab-
lets (Liu et al., 2000), hydroxypropylmethyl cellulose
(HPMC) tablets containing a solid dispersion of nife-
dipine in PEG 6000 (Leucuta, 1988), a nifedipine solid
dispersion in a water-soluble polymer prepared using a
co-grinding method (Sugimoto et al, 1998), and
microcapsules of a nifedipine solid dispersion in
hydroxypropylmethyl cellulose-microcrystalline cellu-
lose blend (HPMC-MCC) (Chowdary & Sankar,
1997), have been previously reported. However,
matrix-type microparticles, containing a solid disper-
sion of nifedipine with a polymer mixture prepared by
a phase-separation (co-precipitation) method, have
not been found in the literature.

For a poorly water-soluble drug such as nifedipine
with aqueous solubility of 5.6 pug/mL at pH 7 (Ali,
1989), the drug dissolution from its stable crystalline
form normally is the slowest step for drug absorption
in the human gastrointestinal tract. This factor is often
the cause of drug bioavailability problems (Benita et
al., 1990). Therefore, different physico-chemical modi-
fications, such as reduction of particle size (Kornblum
& Hirschorn, 1970) and solid dispersion of drug with
polymers (Sekiguchi & Obi, 1961; Chiou & Riegel-
man, 1969), are required to improve the drug dissolu-
tion rate before any controlled-release technology can
be applied. As an oral multiparticulate disperse sys-
tem, matrix-type microparticles/nanoparticles contain-
ing uniformly dispersed or dissolved drug is a good
example of controlled-release dosage forms that
potentially can improve drug bioavailability and drug
delivery of poorly water-soluble drugs (Barkai et al.,
1990; Benita et al., 1990; Jaeghere et al., 1996; Kim
et al., 1997; Guyot & Fawaz, 1998). Not only does it
have advantages in avoiding dose “dumping,” reduc-
ing local irritation, minimizing erratic drug absorp-
tion, and achieving a more reproducible drug release
rate, but also it may improve bioavailability and pro-
long constant plasma drug concentration (Kim et al.,
1997). Dispersion/dissolution of a water-insoluble
drug within a polymeric micro-matrix may dramati-
cally increase the dissolution rate locally inside the
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polymer matrix by reducing the particle size to a mini-
mum level (Leuner & Dressman, 2000). Once the drug
dissolution rate is improved, a controlled delivery of
drug may be achieved by conventional methods, such
as changing the polymer matrix permeability.

Based on this concept, matrix-type polymeric
microparticles prepared using phase-separation
methodology were explored for use in the con-
trolled delivery of nifedipine for this study. Insolu-
ble, pH-independent polymers, ethylcellulose (EC)
in two viscosity grades (Fig. 1B), Eudragit® RL (RL)
(Fig. 1C), or their various combinations were used
to prepare microparticles. Both EC and RL poly-
mers have been widely used in polymeric coating
(Chang et al., 2003), microencapsulation (Barkai
et al., 1990; Benita et al., 1990), granulation
(Klinger et al., 1990), and extrusion spheroniza-
tion (Varshosaz et al., 1997) to produce controlled-
release dosage forms. EC polymer known for its
hydrophobicity, low permeability, and toughness is
frequently used in micro-encapsulation, whereas
latex-like, hydrophilic RL polymer is used exten-
sively in sustained-release coating formulations due
to its flexibility and moderate permeability (Chang
et al.,, 2003). Due to differences in the polymer
physical properties, it is possible that different com-
binations of these two polymers could generate
microparticles of varied morphology and drug
release rates. Based on this hypothesis, the effects of
matrix compositions on the physico-chemical prop-
erties of the microparticles were investigated in this
study.

MATERIALS

Micronized crystalline nifedipine (stable polymor-
phism A) was purchased from Sigma (St. Louis, MO).
Ethylcellulose (containing 48.0-49.5% w/w of ethoxyl
groups) in two viscosity grades, N7 and N50 (viscosity
is ~7 and ~50 cps at 5% w/w, respectively), were
kindly provided by Hercules (Wilmington, DE).
Ammonio methacrylate copolymers, NF, Eudragit
RL100® (RL) granules (viscosity is ~3 cps at 12.5%
w/w), were donated by Rohm America (Piscataway,
NJ). Acetone and methanol were purchased from
Sigma-Aldrich (St. Louis, MO). All other materials
were at least of analytical grade. The photosensitivity
of nifedipine requires storage and handling of the drug
sample under yellow light (~589 nm).

METHODS
Microparticle Preparation

Matrix-type microparticles, containing a solid dis-
persion of nifedipine with polymers, were prepared
using phase-separation methodology. Approximately
0.833 g of nifedipine (nifedipine: polymer blend =
1:9 w/w) was dissolved in a 50-mL acetone solution
containing 7.5 g of ethylcellulose and Eudragit poly-
mer binary blends. Under a constant stirring at 600
rpm, 100 mL of purified water (a nonsolvent) was
added dropwise (1 mL/min) to the drug and polymer
solution. In the course of the nonsolvent addition, the
drug and polymers were co-precipitated to form
microparticles. At the end of the compounding, the
resulting microparticle suspension was vacuum-fil-
tered with a Whatman No. 5 filter disk (pore size: 2.5
um) and then vacuum-dried at room temperature for
72 h. The dried microparticles were protected from
light and stored in a desiccator at room temperature
until use.

Measurement of Nifedipine
Concentration

To determine the nifedipine loading, an appropri-
ate amount of microparticles was dissolved in metha-
nol to obtain a theoretical nifedipine concentration of
20 mg/L. The drug concentration was then analyzed
using a UV-visible spectrophotometer at 236 nm with
a standard curve prepared using bracketed concentra-
tions of nifedipine in a methanol solution. To deter-
mine nifedipine concentration in 0.5% (w/v) sodium
dodecyl sulfate (SDS) aqueous solution for the disso-
lution study, the solution was measured without dilu-
tion at the same wavelength of 236 nm, and the drug
concentration was calculated with a standard curve
prepared using bracketed concentrations of nifedipine
in an aqueous 0.5% SDS solution. No interference
from the polymers or SDS on the nifedipine assay was
found at 236 nm.

Microscopic Characterization

Microparticles were dispersed in mineral oil on a
glass slide and covered with a cover glass. The micro-
particles were observed under an Olympus polarized
light microscope equipped with a digital camera and
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image analysis software (Image-Pro® Plus 4.5 software
for Windows™, San Diego, CA). A field containing
approximately 100-300 microparticles was randomly
selected for size analysis. The equivalent spherical
diameter of a microparticle (4) was calculated from
the projection area of the microparticle by Eq. (1). The
geometric mean (median) diameter, the 50% size, was
used to express the median size of the postfiltered
microparticles (Fonner et al., 1981). The size measure-
ment was repeated with three to seven replicates.

Diameter = 2,/ 2~ 1)

v

Differential Scanning Calorimetry

Thermal analysis was conducted using a conven-
tional differential scanning calorimeter (DSC) (Model:
DSC 2910, TA Instruments Inc., New Castle, DE,
USA). In an open aluminum pan under a 10 mL/min
stream of nitrogen purge, samples of 2-5 mg were
heated from room temperature to 200°C at a heating
rate of 10°C/min. Universal Analysis (version 2.5)
software was used for analysis.

FT-Infrared

The Fourier-transformed infrared (FTIR) spectra of
samples were obtained using an FTIR spectrophotom-
eter (Nicollet Magna 560; Nicolet Instrument, Madison
WI, USA). Approximately 2 mg of each sample was
mixed with dried potassium bromide of equal weight
and compressed to form a KBr disk. Samples were
scanned 64 times from 400 to 4000 cm™.

Dissolution Study

United States Pharmacopoeia (USP) dissolution
apparatus II (paddle method) was used for the nife-
dipine microparticle release studies. Dissolution study
was performed under sink conditions and the dissolu-
tion medium temperature was maintained at 37 +
0.5°C. Microparticle sample equivalent to 20 mg of
nifedipine (equal to 20% of nifedipine equilibrium
solubility) was added into 1000 mL of de-ionized
water containing 0.5% (w/v) SDS, the dissolution
medium, with a stirring speed of 50 rpm. Periodi-
cally, a 5-mL solution sample was withdrawn from the
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dissolution medium, filtered with a 0.45-um hydrophilic
filter disk, and measured by at 236 nm. The filter used for
this study was presaturated with a nifedipine solution.
Each solution sample was replaced with 5 mL of 0.5%
SDS aqueous solution after sampling. The dissolution
test was done with two or three samples (7 = 2-3).

RESULTS
Physical Properties of Microparticles

Preliminary studies indicated that combination of
ethylcellulose of low molecular weight (N7 viscosity
grade) with RL was necessary to obtain microparticles
of desired size and morphology by the phase-separa-
tion method for this study. Use of ethylcellulose poly-
mer alone generated irregular-shape microparticles
with rugged surface (Fig. 2A) that had an extremely
slow release rate, whereas the microparticles prepared
from the RL polymer alone cannot be separated by
the traditional filtration method due to the formation
of a viscous suspension. For ethylcellulose of higher
molecular weight (N50 viscosity grade), its combina-
tion with RL polymer only generated microparticles
with an undefined oblong shape (Fig. 2F) and a non-
uniform size distribution. Therefore, further studies
were focused on the combination of RL with low
molecular weight ethylcellulose (N7).

At a nifedipine loading of approximately 10% (w/w),
microparticles of various matrix compositions were
prepared by changing the weight ratio of RL to N7.
The physical properties of the microparticles of differ-
ent formulations are summarized in Table 1. Accept-
able encapsulation efficiency (%) was obtained for all
formulations in this series. The actual drug loading
was in the range from 85% to 112% of a targeted drug
loading of 10% (w/w). The particle size, shape, and
size distribution of the microparticles changed as a
function of the microparticle polymeric composition.
As the ratio of RL to N7 increased from 1:2 to 2:1 w/
w, the microparticles gradually changed from an
oblong to a spherical shape (Fig. 2B, C-D); the median
microparticle size decreased from 38 to 13 um; and
the particle size distribution changed from a non-uni-
form, broad polydisperse distribution to nearly a mon-
odisperse distribution (Fig. 3). However, at a higher
ratio of RL to N7 (RL/N7=4:1), a polydisperse distri-
bution with two particle size populations was
observed (Fig. 2E). This phenomenon probably was a
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FIGURE 2 WMicroscopic Photographs of Microparticles of Different Formulations (x40). The Scale Bars Represent 20 um in Length. (A)
Formulation 1: RL/N7 = 0:1; (B) Formulation 2: RL/N7 = 1:2; (C) Formulation 3: RL/N7 = 1:1; (D) Formulation 4: RL/N7 = 2:1; (E)

Formulation 5: RL/N7 = 4:1; (F) Formulation 6: RL/N50 = 2:1.

TABLE 1 Physical Properties of Microparticles of Different Formulations at a Theoretical Nifedipine Loading of 10% (w/w)
Matrix Average median

composition particle size Encapsulation
Formulation RL/N7(50)(w/w)  (standard deviation) (um) Shape efficiency? (%)
Formulation 1 (Nif:RL:N7=1:0:9) 0/1 112.1(20.5) Irregular 90
Formulation 2 (Nif:RL:N7=1:3:6) 1/2 38.4(10.1) Oblong 85
Formulation 3 (Nif:RL:N7=1:4.5:4.5) m”m 18.7 (1.0) Close to spherical 103
Formulation 4 (Nif:RL:N7=1:6:3) 2/1 13.3(0.4) Mostly spherical 110
Formulation 5 (Nif:RL:N7=1:7.2:1.8) 41 12.0 (2.0) Oblong + spherical 112
Formulation 6 (Nif:RL:N50=1:6:3) 2/1 24.7 (7.6) Oblong 101

Encapsulation efficiency (%) = actual loading/theoretical loading x 100%.

result of the phase separation within the internal poly-
meric phase that produced RL-rich and N7-rich poly-
meric droplets (Sakellariou & Rowe, 1995).

Physical Form of Nifedipine in
Microparticles

Considering the importance of the physical form of
the drug to dosage form stability and drug release
kinetics/mechanism, the physical forms of nifedipine
in the microparticles were examined in this study. Pre-
vious study indicated that when the drug loading was

below 21%, and 16% for the microparticles of formu-
lations 2 (RL/N7=2:1) and 4 (RL/N7=1:2), nife-
dipine lost its x-ray crystallinity and was found being
amorphously dispersed in the matrices (Huang et al.,
2006).

The DSC thermograms (Fig. 4) and FTIR spectra
(Fig. 5) of the representative formulations (formula-
tions 2 and 4) further confirmed that the nifedipine
was dissolved in the microparticles. A broad endother-
mic inflection together with ~1.3% of weigh loss at
~40-60°C, which was attributed to residual acetone
evaporation (Sertsou et al., 2002), was observed on the
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FIGURE 3 Effect of the Ratio of RL to N7 on the Microparticle
Size Distribution.

microparticle samples. In addition, an exothermic eth-
ylcellulose polymer degradation (Dubernet et al.,
1991) at ~165°C was also observed in the DSC ther-

mograms. Only one single glass transition, located at

RL/NT=1/2, aged

~130°C and ~115°C, respectively, was detected for the
nonloaded (placebo) and loaded microparticles. Nei-
ther the melting point of crystalline nifedipine of sta-
ble form nor the glass transition of amorphous
nifedipine that was previously observed on the micro-
particles with higher levels of drug loading (Huang et
al., 2006) was found in the DSC thermograms, sug-
gesting that the drug was dissolved as stable molecular
dispersion in the matrices of these two formulations.
Moreover, when the FTIR spectra of formulations 2
and 4 (Fig. 5) were compared to that of pure crystal-
line nifedipine of stable form and the plain micropar-
ticles, the infrared stretching vibration of strongly
hydrogen-bonded amine and carbonyl groups of crys-
talline nifedipine (self-associated between nifedipine
amine and carbonyl groups) at 3332 cm™, 1679 cm™),
and 1689 cm™ disappeared in the spectra of these two
formulations and were replaced by the stretching
vibration of their weakly hydrogen-bonded forms
formed between drug and polymers (3364 cm™ for
amine and 1706 cm™! for carbonyl) (Huang et al.,

- — )
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RL/N7=271, fresh e T
= o g - - —
B g T
= i
= Physical mistore of placeho amd crysialline nifedipine T
L ) J .
Crystalline nifediplae V
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FIGURE 4 Evaluation of Nifedipine Physical Form in Microparticles by DSC With a Scanning Rate of 10°C/min and a Nitrogen Purge.
The Aged Microparticles Refer to the Stability Samples After 1-Year Storage at Room Temperature Followed by 3 Months at 40°C/75% RH
in a Closed Container; Placebo Represents Plain Microparticles of RL/N7 = 2:1 (0% Drug Loading).
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FIGURE 5 Evaluation of Nifedipine Physical Form in Microparticles by FTIR. Dotted Vertical Lines Represent the IR Stretching
Vibration of Nifedipine Amine (3364 cm™) and Carbonyl Groups (1706 cm™) Hydrogen-Bonded With Polymers, Respectively. The Aged
Microparticles Refer to The Stability Samples After 1-Year Storage at Room Temperature Followed by 3 Months at 40°C/75% RH in a
Closed Container; Placebo Represents Plain Microparticles of RL/N7 = 2:1 (0% Drug Loading); Nifedipine Crystalline Polymorph A Has
Stretching Vibration at 3332 cm™ for Amine Group (*) and 1679 and 1689 cm™ for Carbonyl Group (**).

2006). This phenomenon suggested that nifedipine
was dissolved in the polymeric matrix, probably
through the hydrogen-bond interactions between drug
and polymers at the drug loading of 10% (w/w).

Drug Release Studies

The dissolution rates of nifedipine from the micro-
particles were found to be a function of the matrix
composition. An improvement or retardation of the
drug release rate, compared to that of micronized crys-
talline nifedipine, was achieved by changing the ratio
of RL to N7 (Fig. 6A). The nifedipine release rate
increased with an increase in RL fraction. When the
ratio of RL to N7 was more than 1:1, the nifedipine
release rate from the microparticles was higher than
that from the crystalline form. To the contrary, when

the ratio of RL to N7 was less than 1:1, the release rate
was lower than that from the crystalline form. A simi-
lar effect of RL/EC polymer ratio on drug release rate
was also observed on the microparticles prepared from
the mixture of RL and ethylcellulose of a higher vis-
cosity grade (N50). However, when the higher molecu-
lar weight ethylcellulose polymer was used, the
nifedipine release rate from those microparticles
became significant slower and was below that of crys-
talline nifedipine (Fig. 6B and C).

Stability of the Dosage Form

Recently, a solid dispersion technique has been
used for the dissolution rate improvement of poorly
water-soluble drugs. However, despite the advantages of
solid dispersion described previously, the commercial

1191 Controlled Release of Nifedipine from Microparticles
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application of the solid dispersions dosage forms has
been limited to a few commercial products (Serajuddin,
1999). Poor physical stability of the solid dispersion
dosage forms was believed to be one of the major rea-
sons responsible for this difficulty (Craig, 2002). To
evaluate the physico-chemical stability of the micro-
particles for this study, microparticle samples of two
representative formulations (formulations 2 and 4)
were first stored in sealed amber containers and pro-
tected from light for 1 year in the ambient room tem-
perature, and then they were placed in 40°C/75% RH
chamber for an additional 3 months. Before and after
the storage, the samples were examined for potency
(drug loading), dissolution rate, and nifedipine physi-
cal form. Nifedipine assay results showed that no sig-
nificant loss of nifedipine potency was seen after these

J. Huang et al.

storage conditions. The drug potency (% drug loading,
w/w) of the freshly prepared and aged samples was
found to be 8.5% (+0.042%) and 8.9% (+0.49%) for
formulation 2 and to be 11.0% (+0.037%) and 11.6%
(£0.40%) for formulation 4, respectively. No apparent
changes in the infrared spectra and DSC thermograms
of the aged microparticles from those of freshly pre-
pared samples were observed for both formulations
(Figs. 4 and 5). These are the indications that the drug
physical form inside the microparticles did not change
significantly after the storage conditions as described
above. A slight decrease in the dissolution rate com-
pared to that of freshly prepared samples was observed
on both formulations of aged samples (Fig. 6D). How-
ever, the reduction in the released fraction at the 6-h
release time point was no more than 7% of the total
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drug loading. At this time point, the released fraction
decreased from 31% to 27% for formulation 2 and
from 75% to 68% for formulation 4.

DISCUSSION
Formation of Microparticles

The changes in the microparticle shape, particle
size, and particle size distribution were most likely
related to a change in the viscosity of the internal
polymeric solution (Thomasin et al., 1998). Since the
viscosity of the EC solution is higher than that of the
RL solution, with a constant total polymeric concen-
tration, the viscosity of the polymeric solution of
EC/RL binary mixture decreased with increasing
ratio of RL to EC. Because the emulsified droplets of
a polymeric solution with a lower viscosity have less
resistance to distortion caused by the shear force, the
internal polymeric phase with a lower viscosity
would tend to be fragmented into smaller emulsified
droplets, which in turn solidified into microparticles
of a smaller particle size. Another factor that may
also play a role in determining the physical proper-
ties of the microparticles is the interfacial properties
of the emulsified droplets (Thomasin et al., 1998).
Polymeric droplets with a higher ratio of RL to EC
contain more positive charged quaternary ammo-
nium groups. The increases in the surface charge and
the hydrophilicity of the polymeric droplets conse-
quently extended the stability window of the poly-
meric droplets. As a result, the agglomeration and
deformation of droplets were reduced due to a stron-
ger electrostatic repelling force.

Mechanism of Release Rate
Improvement

According to Nixon (1983), three steps lead to drug
release from microparticles into the aqueous medium:
(1) penetration of the dissolution medium (water) into
the microparticles; (2) dissolution of the drug sub-
stance inside the microparticles; (3) drug release by a
diffusion process into the aqueous medium. Under
sink conditions, the slowest step described above
would be the rate-limiting step for drug release from
the microparticles into the aqueous medium. As previ-
ously known, microparticles prepared by a phase-sepa-
ration method are hardened by solvent diffusion

process outward into the external phase (Thomasin,
et al., 1998). Therefore, the inward penetration of smaller
water molecules into the micro-matrix should be rapid
compared to the other two steps (Jalsenjak, 1992). For
poorly water-soluble drugs such as nifedipine, the
drug dissolution from its crystalline form was reported
being the rate-limiting step for its release in human
gastrointestinal tract, which often is the cause of bio-
availability problem for oral dosage forms (Barkai
et al., 1990; Benita et al., 1990). Nifedipine molecules
in crystalline form must overcome the high crystalline
lattice bond energy before it can dissolve into the dis-
solution medium. However, the molecular solid dis-
persion of nifedipine in the microparticle polymers
may change the nifedipine release kinetics by altering
the potential rate-limiting step. Molecular dispersions
of nifedipine in polymer(s) may overcome the strong
intermolecular lattice bond between nifedipine mole-
cules and replace it with a weaker bond between drug
and polymer. This may result in a dramatic improve-
ment of the drug dissolution rate locally within the
polymer matrix (Leuner & Dressman, 2000). Conse-
quently, the dissolution of nifedipine would be no
longer the rate-limiting step. Instead, the diffusion
process of drug through the matrix can become the
rate-controlling step by judicious selection of the poly-
mers. Eventually, the nifedipine release rate into the
dissolution medium could be simply controlled by
diffusion of the drug through the matrix, or, more
simply, matrix permeability. For this study, DSC and
FTIR confirmed that nifedipine was molecularly dis-
persed in the micromatrices through hydrogen-bond
interactions between drug and polymers. The improve-
ment and retardation of the nifedipine release rate
resulting from changes in the ratio of RL to N7 sup-
port the hypothesis of this study. Specifically, a
change in nifedipine physical form resulted in a sys-
tem where the dissolution rate of nifedipine was no
longer the rate-limiting step, but rather the release
kinetics was controlled by drug diffusion within the
microparticle matrix.

Effects of Formulation and Stability
on Drug Release
The release mechanism of dissolved nifedipine

from microparticles was previously investigated
(Huang et al., 2006), demonstrating that drug release
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from microparticles with dissolved nifedipine was best
described by the Baker and Lonsdale’s matrix-diffu-
sion model for microspheres containing dissolved
drug (Baker & Lonsdale, 1974). Since the current study
indicates that nifedipine was dissolved in the micro-
matrices at a drug loading of 10% (w/w), the Baker
and Lonsdale’s release model was used for data analy-
sis. The original Baker and Lonsdale’s equations are
listed below as Egs. (2, 3), assuming that no surface
free drug is present.

For short time, valid for M/M_ < 0.4

* 1/2 %
]]‘Zt =6[D2 [] _3D2 t (2)

00 rmT r

For long time, valid for M,/M_ > 0.6

M 6 ~r*D*t
Mt =1——CXp|:r—2:| (3>

where M, and M, are the amount of drug released at
time ¢ and the total drug loading; D, 7, and ¢ are the
effective drug diffusion coefficient, radius of the
microparticles, and time unit for release, respectively.
Considering the possibility of free drug present at
the periphery of microparticles, which would be avail-
able for immediate release, the original equations were
modified to add a new term, F,, representing the frac-
tion of surface free drug available for burst release

(Egs. [4, 5]).

For short time periods, when ¢ <0.4
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where M,/ M, is the fraction of released drug at time ¢,
including the entire surface free drug immediately
released at time zero and the drug released from the
inside of the microparticles at time #; D, r, and ¢ were
previously defined.

Since the release studies on these different formula-
tions suggested a minimal drug burst release, Egs. (4,
5) were further simplified to Egs. (6, 7), assuming £
<1

For short time periods, when M/M_, < F_ + 0.4(1 -
F)=F,+04

M,

7’277’ 7‘2

. /2 .
:F0+6[D [] 3D (6)

oo

For long time periods, when M,/M_ > F_ + 0.6(1 -
F)= F,+0.6

% 6 |:—7Z'2D>:‘t} (7)

=]-—-ex
M 72 P 7’

where M/M_, D, r, t were defined previously.
Nonlinear regression of the release data using Egs.
(6, 7) indicate a high level of correlation between the
nifedipine release data from the microparticles and the
Baker and Lonsdale’s model (Table 2). Based on Egs.
(6, 7), the effect of the ratio of RL to N7 on the drug
release rate was analyzed by two major factors: particle
size (1/7%) and diffusion coefficient (D). First, studies
showed that the microparticle particle size became
smaller when the ratio of RL to N7 was increased
(Table 1). Therefore, the increase in the release rate
was in part due to the particles size reduction that
caused a decrease in the drug diffusion path length.
Second, since there is approximately 6% of molar sub-
stitution by the positive charged quaternary ammo-
nium functional group (Lehman, 1996), RL is more
permeable than N7. Different combinations of RL
and N7 should generate microparticles of varied per-
meability that would affect drug diffusion coefficient
accordingly. To evaluate this variable independently,
drug release was normalized with respect to particle
size by plotting the released drug fraction against #/7*
(time/radius?) (Fig. 7). The effective drug diffusion
coefficient (D) and the fraction of surface free drug
(F,) for different formulations were obtained by non-
linear regression of the normalized release data using
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TABLE 2 Parameters Derived from Nonlinear Regression With Baker and Lonsdale's Matrix Diffusion Model for Microspheres

Containing Dissolved Drug (Egs. [6, 7])

Matrix composition

Free drug
fraction,

Effective Drug Diffusion

Coefficient, Regression R

Formulation RL(RS)/N7(50) (w/w) D (SE) (x10°8 cm%/hr) Fo (% wiw)? Square, r?
Formulation 1 (Nif:RL:N7=1:0:9) 0/1 0.058 (0.011) 12.9 0.9474
Formulation 2 (Nif:RL:N7=1:3:6) 1/2 0.41 (0.008) 5.0 0.9997
Formulation 3 (Nif:RL:N7=1:4.5:4.5) 11 0.49 (0.015) 5.8 0.9989
Formulation 4 (Nif:RL:N7=1:6:3) 2/1 0.64 (0.008) 2.4 0.9994
Formulation 5 (Nif:RL:N7=1:7.2:1.8) 4/1 0.86 (0.028) -4.0 0.9970
Formulation 6 (Nif:RL:N50=1:6:3) 2/1 0.28 (0.026) 10.0 0.9923
Formulation 2, aged (Nif:RL:N7=1:3:6) 1/2 0.31 (0.009) 0.6 0.9993
Formulation 4, aged (Nif:RL:N7=1:6:3) 2/1 0.47 (0.011) -7.5 0.9997

Negative values indicate a lag time in drug release.

Egs. (6, 7) (Table 2). As expected, the normalized
release profiles indicated that an increase in RL/N7
polymer ratio caused an upward trend in normalized
release rate. As the ratio of RL to N7 was increased,
the matrix permeability expressed by the effective drug
diffusion coefficient increased. Further analysis on the
changes of D and 1/7 as a function of matrix polymer
composition indicated that 1/7 was more sensitive to
a change in RL/EC polymer ratio than D. An increase
in the RL/N7 ratio resulted in a greater change in 1/7
than D (Fig. 8). Therefore, even though changes in
RL/N7 ratio affected both D and 1/7, the size (1/7)
change appeared to have a bigger impact in modifying

—@— RL:N7=4:1
—&A— RL:N7=2:1
80 -|—=— RL:N7=1:1
—©— RL:N7=1:2
—@— RL:N7=01
ie]
L 601 A
2} 40
g B
T HEY
x 407 5 20
S g
20 A & 10
0
0 0.00 0.01 0.02 0.03 0.04

0.00 005 0.10 0.5 020 0.25 0.30
Time/radius?(hour/um?2)

FIGURE 7 Evaluation of the Effect of RL/N7 Ratio on
Normalized Release Rate With Respect to Microparticle Size.
(A) Effect of the Ratio of RL to N7. (B) Enlarged View of
Normalized Drug Release Profiles; Solid Lines in B Represent
the Prediction of Normalized Drug Release Rate by Egs. (6, 7). *
For Comparison and a Clear View of Trend in Drug Release
Rate, the % Released of Y-Axis in B Represents the Fraction of
Released Drug Corrected by the Surface Free Drug as
Determined by Egs. (6, 7).

drug release rate than that of drug diffusion coeffi-
cient. For the microparticles prepared from ethylcellu-
lose of higher viscosity grade (formulation 6), the
reduction of nifedipine diffusion coefficient com-
pared to formulation 4 was attributed to an increase in
the matrix tortuosity or a reduction in the free void
volume of polymer network for drug diffusion
(Table 2) (Fan & Singh, 1989).

For the aged microparticles, the drug release kinet-
ics were the same as that of the freshly prepared micro-
particles. The Baker and Lonsdale’s matrix diffusion
model for microspheres containing dissolved drug is
still valid. However, as indicated by a reduction in
drug diffusion coefficient (Table 2), a decrease in
matrix permeability was observed for the aged stability
samples of formulations 2 and 4. Since no significant
changes in the drug potency and physical form were
detected by chemical assay, DSC, and FTIR, the

91
81 -
71 - -0
61 - —O— 1/r2
51 -
41
31 -
21 -
11 -

1 |

0

Ratio of D or 1/r2
to those for RL/(RL+N7)

0.0 0.2 0.4 0.6 0.8
Matrix composition, RL/(RL+N7) w/w

FIGURE 8 Comparison of the Effects of Matrix Composition
on Microparticle Size (1/r?) and Diffusion Coefficient (D).
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decrease in the drug diffusion coefficient may suggest
a change in polymer permeability due to rearrange-
ment of polymer network (Sinko et al., 1990; Guo
et al., 1991; Lovrecich et al., 1996) during the stability
study. Because glassy polymers at its metastable high
energy state were not in thermodynamic equilibrium
below their glass transition temperature, those poly-
mers would undergo a slow process called “physical
aging” to a more stable state at a temperature lower
than its glass transition point, rearranging its poly-
meric structure and thus decreasing its free volume
within the network (McCrum, et al., 1988). As a result,
the decrease in the free volume of the polymer net-
work caused a corresponding decrease in the solute
mobility inside the polymer (or the polymer perme-
ability) (Guo et al., 1991). Moreover, since the physi-
cal aging process is a function of temperature relative
to its glass transition point, the presence of residual
solvent/water, which acted as a plasticizer lowering the
glass transition temperature of the matrix polymers, may
even accelerate this rearrangement process.

CONCLUSIONS

Microparticles containing a nifedipine molecular
solid dispersion with desired micromeritic properties
and varied matrix permeability can be prepared from
ethylcellulose and Eudragit RL polymer blends using
the phase-separation method. The improvement or
retardation of drug release rate, compared to that of
micronized crystalline nifedipine, resulting from
changes in the ratio of RL to N7, demonstrated the
feasibility of this formulation strategy for controlled
delivery of nifedipine. And last, microparticles con-
taining a molecular dispersion of nifedipine in an eth-
ylcellulose N7 and Eudragit RL polymer blend with a
RL/N7 ratio in the range from 2:1 to 1:2 were phys-
ico-chemically stable after 1-year storage at ambient
room temperature followed by 3-month accelerated
stability at 40°C/75% RH in a closed container, likely
due to formation of a stable molecular dispersion pro-
moted by hydrogen bonding between drug and polymers,

REFERENCES

Ali, S. L. (1989). Nifedipine. In K. Florey (Ed.), Analytical Profile of Drug
Substances (Vol. 18) (p. 221). New York: Academic Press, Inc.

Baker, R. W., & Lonsdale, H. K. (1974). Controlled release: mechanism
and rates. In A. C. Tanquary & R. E. Lacey (Eds.),Controlled Release
of Biological Active Agents (p. 15). New York: Plenum Press..

J. Huang et al.

Barkai, A., Pathak, Y. V., & Benita, S. (1990). Polyacrylate (Eudragit
Retard) microspheres for oral controlled release of nifedipine. I.
Formulation design and process optimization. Drug Dev. Ind.
Pharm., 16, 2057-2075.

Bayer Pharmaceuticals Corporation. (2004). The Package Insert of Adalat
CC® (Nifedipine) Extended Release Tablet.

Benita, S., Barkai, A., & Pathak, Y. V. (1990). Effect of drug loading
extent on the in vitro release kinetic behavior of nifedipine from
polyacrylate microspheres. J. Control. Rel., 12, 213.

Chang, R. K., & Shukla, A. J. (2003). Polymethacrylate. In R. C. Rowe,
P.J. Sheskey, & P. J. Weller (Eds.), Handbook of Drug Excipients
(4th Ed.). London: Pharmaceutical Press.

Chiou, W. L., & Riegelman, S. (1969). Preparation and dissolution char-
acteristics of several fast-release solid dispersion of griseofulvin. J.
Pharm. Sci., 58, 1505-1510.

Chowdary, K. P. R., & Sankar, G. G. (1997). Eudragit microcapsules of
nifedipine and its dispersions in HPMC-MCC: physicochemical
characterization and drug release studies. Drug. Dev. Ind. Pharm.,
23, 325-330.

Craig, D. Q. M. (2002). The mechanisms of drug release from solid dis-
persions in water-soluble polymers. Int. J. Pharm., 231, 131-144.

Dubernet, C., Rouland, J. C., & Benoit, J. P. (1991). Ibuprofen-loaded
ethylcellulose microspheres: analysis of the structure by thermal
analysis. J. Pharm. Sci., 80, 1029-1033.

Fan, L. T., & Singh, S. K. (1989). Controlled Release: A Quantitative
Treatment. Berlin: Springer-Verlag.

Fonner, D. E., Anderson, N. R., & Banker, G. S. (1981). Granulation and
Tablet Characteristics. In H. A. Lieberman & L. Lachman (Eds.),
Pharmaceutical Dosage Forms, Tablets (Vol. 2) (p. 193). New
York: Marcel Dekker, Inc.

Guo, J., Robertson, R. E., & Amidon, G. L. (1991). Influence of physical
aging on mechanical properties of polymer free film: The predic-
tion of long-term aging effects on the water permeability and
dissolution rate of polymer film-coated tablets. Pharm. Res., 8,
1500-1504.

Guyot, M., & Fawaz, F. (1998). Nifedipine loaded-polymeric micro-
spheres: preparation and physical characteristics. Int. J. Pharm.,
175, 61-74.

Huang, J., Wigent, R. J.., Bentzley, C. M., & Schwartz, J. B. (2006).
Nifedipine solid dispersion in microparticles of ammonio meth-
acrylate copolymer and ethylcellulose binary blend for controlled
drug delivery. Effect of drug loading on release kinetics. Int. J.
Pharm. 319, 44-54.

Jaeghere, F. D., Allemann, E., Kubel, F., Galli, B., Cozens, R., Doelker E.,
& Gurny, R. (1996). pH-sensitive nanoparticles: an effective
means to improves to the oral delivery of HIV-1 protease inhibi-
tors in dogs. Pharm. Res., 13, 485-487.

Jalsenjak, 1. (1992). In Vitro release from microcapsules and micro-
spheres. In M. Donbrow (Ed.), Microcapsules and Nanoparticles
in Medicine and Pharmacy (p. 194). Boca Raton, FL: CRC Press.

Kim, Y. I., Flukinger, L., Hoffman, M., Lartaud-Idjouadiene, I., Atkinson,
J., & Maincent, P. (1997). The antihypertensive affect of orally
administrated nifedipine-loaded nanoparticles in spontaneously
hypertensive rats. Br. J. Pharmacol., 120, 399-404.

Klinger, G. H., Ghali, E. S., Portor, S. C., & Schwartz, J. B. (1990). Formu-
lation of controlled release matrices by granulation with a poly-
mer dispersion. Drug Dev. Ind. Pharm., 16, 1473-1490.

Kornblum, S. S., & Hirschorn, J. O. (1970). Dissolution of poorly water
soluble drugs I. Some physical parameter related to method of
micronization and tablet manufacture of a quinazolinone com-
pound. J. Pharm. Sci., 59, 606-609.

Lehman, K. O. R. (1996). Chemistry and application properties of poly-
methacrylate coating systems. In J. McGinty (Ed.), Aqueous Poly-
mer Coating for Pharmaceutical Dosage Forms (2nd Ed.) (p. 111).
New York: Marcel Dekker, Inc.

Leucuta, S. E. (1988). The kinetics of nifedipine release from porous
hydrophilic matrices and the pharmacokinetics in man. Pharma-
zie, 43,H.12, 845-848.

1196



Leuner, C., & Dressman, J. (2000). Improving drug solubility for oral deliv-
ery using solid dispersions. Eur. J. Pharm. Biopharm., 50, 47-60.

Liu, L., Ku, J., Khang, G., Lee, B., Rhee, J. M., & Lee, H. B. (2000). Nife-
dipine controlled delivery by sandwiched osmotic tablet system.
J. Control. Rel., 68, 145-156.

Lovrecich, M., Nobile, F., Rubessa, F., & Zingone, G. (1996). Effect of
aging on the release of indomethacin from solid dispersions with
Eudragits. Int. J. Pharm., 131, 247-255.

McCrum N. G., Buckley, C. P., & Bucknall C. B. (1988). Principle of Poly-
mer Engineering; Oxford University Press: New York.

Nixon, J. R. (1983). Release characterization of microcapsules. In F. Lim
(Ed.), Biomedical Applications of Microcapsulation (p. 19). Boca
Raton, FL: CRC Press.

Pfizer Inc. (2003). The Package Insert of Procardia XL® (Nifedipine)
Extended Release Tablet.

Sakellariou, P., & Rowe, R. C. (1995). The morphology of blends of eth-
ylcellulose with hydroxypropyl methylcellulose as used in film
coating. Int. J. Pharm., 125, 289-296.

Sekiguchi, K., & Obi, N. (1961). Studies on absorption of eutectic mix-
tures. | A comparison of the behavior of eutectic mixture of sul-
fathiazole and that of ordinary sulfathiazole in man. Chem.
Pharm. Bull., 9, 866-872.

Serajuddin, A. T. M. (1999). Solid dispersion of poorly water-soluble
drugs: early promises, subsequent problems, and recent break-
throughs. J. Pharm. Sci., 88, 1058-1091.

Sertsou, G., Butler, J., Hempenstall, J., & Rades, T. (2002). Solvent
change co-precipitation with hydroxypropyl methylcellulose
phthalate to improve dissolution characteristics of a poorly water-
soluble drug. J. Pharm. Pharmacol., 54, 1041-1047.

Sinko, C. M., Yee, A. F., & Amidon, G. L. (1990). The effect of physical
aging on the dissolution rate of anionic polyelectrolytes. Pharm.
Res., 7, 648-653.

Sugimoto, M., Okagaki, T., Narisawa, S., Koida, Y., & Nakajima, K.
(1998). Improvement of dissolution characterization and
bioavailability of poorly water-soluble drugs by novel
cogrinding method using water-soluble polymer. Int. J. Pharm.,
160, 11-19.

Thomasin, C., Nam-tran, H., Merkle, H. P., & Gander, B. (1998). Drug
microencapsulation by PLA/PLGA coacervation in the light of
thermodynamics. 1. Overview and theoretical considerations.
J. Pharm. Sci., 87, 259-268.

Varshosaz, J., Kennedy, R. A., & Gipps, E. M. (1997). Use of enteric poly-
mer for production of microspheres by extrusion-spheronization.
Pharm. Acta Helv., 72, 145-152.

1197 Controlled Release of Nifedipine from Microparticles



Copyright of Drug Development & Industrial Pharmacy is the property of Taylor & Francis Ltd and
its content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articles for individual use.





