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bstract

We have prepared poly(ethylene oxide) (PEO) tablets which have three-layered structure by direct compression. Carbopol (CP) was coated on
oth sides of the central PEO matrix which contains solid-dispersed nifedipine (NP) in PEG4000. For comparison, physical mixture of PEO with
oly(ethylene glycol 4000) (PEG4000) solid dispersion was also prepared. The differential scanning calorimetry (DSC) thermogram and X-ray
iffraction (XRD) pattern obtained after 4 weeks of storage indicated that the crystallinity of PEG4000 in solid dispersion only slightly increased
pon aging during this storage period. The formation of crystalline domain of NP, PEO or sodium dodecyl sulfate (SDS) was not observed. CP
ayers decreased the surface area exposed to dissolution medium, and after swelling, they also covered the exposed side area of the tablet. It seems
hat swelling and morphological change of CP layers minimize the erosional release for rapidly erodible PEO200K (Mw 200,000) and change the
P release to a diffusion-controlled process. For PEO900K (Mw 900,000), initial release rate was slower than that of PEO200K, possibly due to

he slower swelling and erosional release from the side of the tablet. Diffusional release seemed to be the dominating mechanism for the release

f NP from PEO7000K (Mw 7,000,000) tablet. Physical mixture of PEO and CP delayed the release of NP remarkably. The increase in pH, ionic
trength and buffer concentration of the dissolution medium decreased the release rate. The data obtained for capped and blended tablets were
tted using the power law equation to understand the release mechanism. These results provided some useful information on parameters which
an be modulated in the design of a controlled release dosage form for NP.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Modifying the rate and duration of drug release from dosage
orm may profoundly affect the clinical performance of the drug.
arious methods have been designed and tested to achieve con-

rolled release kinetics, such as film coating, multi-layering and
sing different polymer materials (Conte et al., 1993; Siepmann
nd Peppas, 2001; Kim and Fassihi, 2000). Using a hydrophilic
olymer matrix to control the release of an active ingredient is
ne of the simple ways of formulating dosage form, and has
een widely studied for various drug molecules with differ-
nt hydrophilicity/hydrophobicity (Siepmann and Peppas, 2000;

ang et al., 2003; Maqqi et al., 2002). Variables such as physic-
chemical properties of drug and polymer such as solubility and
olecular weight, relative ratio of polymer and drug content,
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orphology of the dosage form, degree of coating and incorpo-
ation of excipients have been evaluated on their effect on the
elease kinetics of the drug molecules (Huang et al., 2006; Wen
t al., 2006; Tarvainen et al., 2004).

In this study, we have prepared a new type of tablet which
as three-layered structure, using PEO and CP, and evaluated
he feasibility as a controlled release system. CP was used as
oating material on both sides of the central PEO matrix which
ontains solid-dispersed NP. Our design of the tablet was based
n the expectation that CP can act as the viscous barrier material
n the surface of the tablet and impede the diffusion of the water
olecules into the central PEO matrix and the diffusion of NP

ut of the matrix. The slower swelling and dissolution of the
EO may retard the release of the NP, and sustained or controlled
elease could be obtained. Various factors such as the molecular

eight of PEO, pH of the dissolution medium, ionic strength

nd buffer concentration were investigated for their effect on
issolution rate. The dissolution of NP from CP capped tablet
as compared with that from physically blended tablet. The

mailto:syoh@sookmyung.ac.kr
dx.doi.org/10.1016/j.ijpharm.2008.01.002
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hysical change of the solid dispersion (SD) with time was also
tudied by thermal analysis and X-ray powder diffraction.

As a model drug for the evaluation of the system, we have
sed NP, a calcium channel blocker which antagonises influx
f calcium through cell membrane. It has poor water solubil-
ty, and often results in low and irregular bioavailability (Zajc et
l., 2005). Sustained release formulations of the NP have been
tudied and shown to be effective in the treatment of mild to
oderate hypertension and both stable and variant angina pec-

oris (Mehta et al., 2002; Chung et al., 1987). As once-daily
ormulation, osmotic pump system (gastrointestinal therapeu-
ic system (GITS)) have been developed and used effectively in
he treatment of stable angina pectoris. It is reported that the
ioavailability of NP from this controlled release dosage form
s higher about 20% than the conventional dosage form given
hree times daily (Grundy and Foster, 1996).

In this work, NP was incorporated into the central PEO
atrix as a SD form. SD in PEG4000 was prepared by melt-

ng method, and the granules were made by grinding and
ieving before incorporation into the PEO matrix. PEGs are
idely used because of their hydrophilicity, low melting point

nd low toxicity (Ford, 1986). SD systems have been used
idely in various formulations to increase dissolution rate

nd bioavailability of poorly water-soluble drugs (Bu and
rajuddin, 2000). It has been shown that water-soluble car-

iers can play an important role in dissolution characteristics
f NP solid dispersions. SD with PEGs, poloxamer 407 and
ydroxypropyl–beta-cyclodextrin in various mixing ratios were
repared by melting, solvent, and kneading methods in order to
mprove the dissolution of NP (Chutimaworapan et al., 2000).
D of NP in other hydrophilic carriers such as poly(vinyl
yrrolidone)–microcrystalline cellulose (MC), hydroxypropyl
ellulose (HPC)–MC, HPMCP and HPMC markedly enhanced
he dissolution rate and efficiency of NP (Chowdary and
amesh, 1994; Yan et al., 2000). The nature and solid-

tate properties of a SD system of NP in a polymer matrix
ere characterized using X-ray diffractometry (XRD), dif-

erential scanning calorimetry (DSC) and diffuse reflectance
nfrared Fourier transform spectroscopy (Vippagunta et al.,
002).

We chose PEO as the central hydrophilic matrix material
ontaining drug molecules. PEO resins are non-ionic, high
olecular weight and water-soluble polymers with no toxicity

r irritancy (Dhawan et al., 2005a,b). The PEOs have a molec-
lar range from ∼1 × 105 to 7 × 106 and the average number
f oxyethylene groups is ∼2000 to more than 100,000. PEOs
re completely soluble in cold and warm water. The viscosity of
queous solution of PEO resin depends on the molecular weight,
oncentration and temperature. The well-known properties of
EO and its regulatory acceptability have helped extend this
olymer’s application to various drug delivery systems (Dhawan
t al., 2005a,b). They have been extensively studied as a poly-
er material for controlled release and several oral drug delivery
ystems are already in the market (Sawada et al., 2004; Luber
nd Bunick, 2003). PEO hydrogels also have been applied to
iomaterials because of their good biocompatibility (Alexandre,
003).

m

m
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CP was used as the coating material on both sides of the
entral PEO matrix to provide gel layer which may act as the
ate controlling membrane. CP polymers are poly(acrylic acid)s
ross-linked with polyalkenyl ethers or divinyl glycol. They
well in water up to 1000 times their original volume to form a
el when exposed to a neutral pH environment, due to the ion-
zation of carboxyl group (the pKa is less than 6.0). CP polymers
ave been used in a wide range of pharmaceutical applica-
ions including controlled release, bioadhesion in biomembrane
nd thickening in topical formulations (Khan and Jaibai, 1998).
any oral formulations of CP exhibited zero-order and near

ero-order release kinetics (Lehr et al., 1990). CP polymers are
ffective at low concentrations (less than 10%) and show rapid
elation characteristics (Perez-Marcos et al., 1991).

. Materials and methods

.1. Materials

NP was purchased from Sigma Chemical Co. (St. Louis,
S, U.S.A.). CP 971P-NF and 934P-NF were provided by
F Goodrich Co. (Cleveland, OH, U.S.A.) and PEOs (200 K,
00 K, and 7000 K) were provided by Union Carbide Co.
Danbury, CT, U.S.A.). Materials for the dissolution medium
NaH2PO4·2H2O, KH2PO4 and NaCl), sodium dodecyl sulfate
SDS) and polyethylene glycol (PEG) 4000 for the preparation
f solid dispersion were purchased from Duksan Pure Chem-
cal (Seoul, Korea). Single use syringe filter (RC membrane,
.45 �m) was purchased from Sartorius (Goettingen, Germany).
tainless steel punch and die tool for tablet compression were
ade by the shop in KRICT (Daejeon, Korea).

.2. Preparation of solid dispersion of NP

In order to increase the dissolution rate and possibly the
ioavailability, SD of NP was made by melt methods, using
EG4000 as the carrier material. After PEG4000 was melted

n oil bath at 100–120 ◦C, NP and small amount of SDS were
dded to this melt with continuous stirring. This mixture was
uickly cooled by placing in an ice bath for 2 h. SDS was added
o increase the wettability of NP in the dissolution medium, and
o increase the dissolution rate. After solidification, the solid
ispersion was dried in desiccator at room temperature for 24 h.
olid dispersion was then pulverized using mortar and pestle,
ieved by 355 �m sieve and stored in desiccator until use. The
atio between PEG4000, NP and SDS was 25:1:3. Because NP
s a highly photosensitive drug that requires restricted protec-
ion from light during manufacturing, storage and handling of
ts dosage forms, all experiments including the preparation of
he tablet were performed in dark condition (Bayomi et al.,
002).

.3. Preparation of CP capped three-layered NP-PEO

atrix tablet

NP-PEO matrix tablet was prepared by direct compressing
ethod using stainless steel punch and die tool (Fig. 1). Solid
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Fig. 1. Schematic diagram of punch and die used for the preparation of tablet.

ispersion particles containing 10 mg of NP was mixed with
00 mg of PEO (PEO 200 K, 900 K or 7000 K) and compressed
nto tablet at the pressure of 40 Mpa/cm2. CP layer formation
n both sides of the tablet was accomplished by filling the die
ith tablet and measured amount of CP on top of it manually

nd compressing at the same pressure. To compare the in vitro
elease characteristics, physical mixture of CP with PEO and
olid dispersion (CP blended tablet) was also prepared by mixing
P with solid dispersion particles containing 10 mg of NP and
EO, and compressing using the same tool. Composition of the
EO matrix tablet is shown in Table 1.

.4. Analysis
The determination of NP concentration in sample solution
as made using a HPLC system (Shimadzu, Kyoto, Japan)

nd UV/vis spectrophotometer (Pharmacia U-400, Sweden)

able 1
omposition of the PEO tablets (T1, T2 and T3), tablets capped with CP on
oth sides of the core PEO matrix (C1, C2 and C3) and blended tablets (physical
ixture of PEO and CP) (B1, B2 and B3)

ablet Poly(ethylene oxide) Carbopol

200 K 900 K 7000 K Capping Blending

1 100 mg
1 100 mg 20 × 2 mg
1 100 mg 40 mg
2 100 mg
2 100 mg 20 × 2 mg
2 100 mg 40 mg
3 100 mg
3 100 mg 20 × 2 mg
3 100 mg 40 mg
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t 340 nm. The column used was LiChroCART.RTM. 125-
, 4 mm × 125 mm, 5 �m (Merck, Darmstadt, Germany). The
obile phase contained 0.1 M KH2 PO4 (pH 4.0):CH3CN =

8:52 (v/v) and the flow rate was 1.0 ml/min.

.5. Differential scanning calorimetry study (DSC) and
-ray diffraction (XRD)

The formation of crystalline domain in the SD with time was
nvestigated using DSC and XRD. The drug (NP), the carrier
PEG4000), tablet (SD dispersed PEO), PEO and SDS were
ubjected to DSC study using a differential scanning calorime-
er (TA Instruments, DSC2910, Dupont, U.S.A.) at a scanning
peed of 10 ◦C/min in the temperature range of 40–200 ◦C under
itrogen gas flow. The crystallinity of the same samples used for
SC was investigated for their X-ray diffraction patterns, using a
iffractometer (D8advance, Bruker Axs Gmbh, Karlsruhe, Ger-
any) under ambient conditions over the 2� range of 3–40◦.
ablet was pulverized before measurement, using mortar and
estle, and sieved by 355 �m sieve.

.6. Solubility of NP

Solubility measurement of NP in various solutions was made
y placing excess amount of NP in solvent at 37 ◦C with stir-
ing. After 48 h, 1 ml of solution was taken and filtered using
0.45 �m membrane filter. After dilution, the concentration of

he solution was determined. Solubility in distilled water, 0.01 M
aCl solution and 0.1 M NaCl solution was measured.

.7. Dissolution study

Dissolution study was carried out using an USP XXIII disso-
ution apparatus II (DST-600A, Fine Inst., Ansan, Korea) with
00 ml of dissolution medium at 37.5 ± 0.1 ◦C and 100 rpm.
oth the prepared three-layered tablet and the physical mixtures

blended) were evaluated for their dissolution characteristics
n various mediums. At predetermined time intervals, 1 ml of
ample was withdrawn and replaced with 1 ml of dissolution
edium.

.8. Dissolution medium

Simulated gastric fluid (pH 1.2) was prepared by dissolving
Cl (7 ml) and NaCl (2 g) in 1 l of distilled water. Simulated

ntestinal fluid (pH 6.8) was prepared by adding 0.2N NaOH
olution (118 ml) into 0.2 M KH2PO4 solution (250 ml) and
ake the final volume to be 1 l by the addition of distilled
ater. In order to study the effect of pH on dissolution, pH
1 phosphate buffer solution was also evaluated. The effect
f ionic strength on dissolution was also evaluated using

.01, 0.1 and 0.5 M NaCl solutions, which were made by
issolving NaCl in distilled water. The effect of buffer con-
entration on dissolution was carried out in pH 6.8 phosphate
uffer solution at three buffer concentrations (0.01, 0.1 and
.3 M).
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tablet prepared in this work contains PEO (PEO:PEG = 1.2:1.0),
which makes envelope around the SD of PEG. It seems that
PEO together with PEG increased the physical stability of NP
24 S.I. Hong, S.Y. Oh / International Jour

. Results and discussion

The successful formulation of a poorly soluble drug is very
hallenging in dosage form design. Poorly water-soluble drugs
sually show low oral bioavailability due to poor dissolution pro-
le in the GI fluid (Bu and Erajuddin, 2000). In this work, we
ave tried to modify the release profile of NP from hydrophilic
atrix, PEO, containing solid dispersed NP, by restricting the

rug releasing surface area. The restriction is achieved by apply-
ng polymeric barrier layers on both sides of the tablet using a
iscous hydrophilic polymer, CP. In general, the release of drug
olecules from hydrophilic, swellable matrices is governed by

olymer chain relaxation by invading water and drug diffusion
hrough the swollen matrix. Both of these phenomena are depen-
ent upon the rate of water imbibition into the matrix. The tablets
tudied had thick CP polymer layers on both sides, and these
P layers could form viscous layer quickly upon hydration. We
xpect these CP layers not only reduce the surface area through
hich drug is released, but also lower both water hydration rate

nd drug diffusion rate out of the matrix. We chose CP as the
elease barrier, because it form very viscous layer upon hydra-
ion and it adheres to the surface of core tablet after hydration
hroughout the time period of drug release.

.1. Solubility measurement

Table 2 shows the solubility of NP and solid dispersed NP in
istilled water and NaCl solutions (0.01 M and 0.1 M). SD using
EG 4000 as the carrier increased the solubility of NP in distilled
ater from 12.7 �g/ml (drug itself) to 19.4 �g/ml. The mecha-
isms involved in the increase in solubility are thought to be the
ncreased solubilization due to the change in crystallinity from
rystalline form to amorphous form and to the decrease in crystal
ize and improved wetting of NP in PEG rich microenvironment
ormed at the surface of drug (due to the decreased surface ten-
ion) after the dissolution of the PEG4000 molecules (Verheyen
t al., 2002). Small amount of SDS is also thought to contribute
o the increase in the wetting of NP by water molecules. Addi-
ion of NaCl into the water decreased the solubility of NP. In
.01 M NaCl solution, solubility was 18.3 �g/ml and, in 0.1 M
aCl solution, it decreased further to 16.4 �g/ml. It seems that

he addition of salt deprives water molecules from wetting the
P molecules.
.2. DSC and XRD study

The change in crystallinity with time after the preparation of
D can significantly affect the release pattern of NP from dosage

able 2
olubility of NP in different dissolution medium at 36.5 ◦C

edium Type of nifedipine Solubility (�g/ml)

ater Pure nifedipine 12.7
ater Solid dispersion of nifedipine 19.4

.01 M NaCl solution Solid dispersion of nifedipine 18.3

.1 M NaCl solution Solid dispersion of nifedipine 16.4 F
t

ig. 2. DSC curves of NP, PEG4000, PEO900K, SDS and the mixture of them
T2).

orm. In this work, we studied the change in crystallinity with
ime using DSC and XRD. NP was incorporated into the PEO
ablet as a SD in PEG4000. The DSC thermograms and XRD
iffractograms of NP, PEG4000, PEO, SDS and pulverized SD
ablets are shown in Figs. 2 and 3. NP, PEG4000 and PEO900K
ach showed an endothermic peak at 173, 59.1 and 69.2 ◦C,
espectively, corresponding to their melting point. The thermo-
ram of the SD of NP-PEG4000 immediately after preparation
ave only one endotherm peak at 56.7 ◦C, which is close to
he PEG4000 melting temperature. The thermogram obtained
fter 48 weeks of storage also showed only one endotherm
eak at the same temperature with a slightly larger size, indicat-
ng that the crystallinity of PEG4000 in solid dispersions only
lightly increased upon aging during this storage period. Similar
esults were reported for SD of NP in PEG4000 (Verheyen et
l., 2004). The formation of crystalline domain of NP, PEO or
DS was not observed. The XRD patterns were consistent with

hese results from DSC thermograms that only the recrystalliza-
ion of PEG4000 occurred and the NP, PEO and SDS existed
n the amorphous state until 48 weeks after preparation. The
ig. 3. X-ray powder diffraction pattern of NP, PEG4000, PEO900K, SDS and
he mixture of them (T2).
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are the main reasons for the rapid initial release up to 60% for
the first 2 h. Drug release is occurring mainly from the side area
of the tablet, because the diffusional release through CP lay-
ers are much slower process. Swollen CP layers on both sides
S.I. Hong, S.Y. Oh / International Jour

y delaying or blocking the recrystallization of the dispersed
P. The storage condition of the SD (in a desiccator at room

emperature) also seemed to contribute to the stability of NP.
nvestigation of drug–polymer interaction in SD prepared by
elt extrusion showed that NP can make hydrogen bonding with

he carrier polymer, poly(vinyl pyrrolidone), and stays stable
s amorphous form in the SD during the period of 8 weeks at
ow humidity (<10%RH). However, at high humidity (75%RH),
hey observed crystal formation in SD after 4 weeks and sug-
ested that it was probably due to the plasticizing effect of the
mbibed water in the glassy SD which lowers the glass-transition
emperature of the polymer (Foster et al., 2001).

.3. Effect of PEO molecular weight

In our previous work (Hong et al., 2000), we have studied
he effect of molecular weight of PEO and release medium on
he release of NP from PEO tablets, and analyzed the data to get
ome mechanistic insights into the release of NP. The molecular
eights of PEOs used were 200 K, 900 K, 2000 K and 7000 K

nd the release kinetics were studied for 24 h in aqueous ethanol
olution, using a dissolution tester. The data showed that drug
elease rate increased, as the concentration of ethanol in the
issolution medium increased, probably due to the increased sol-
bility and faster swelling of the matrix. On the other hand, the
ncrease in molecular weight of PEO decreased the release rate,
ossibly due to the slower swelling and dissolution of PEO. The
ower values obtained by fitting data to the power law expres-
ion (Mt/M∞ = ktn) indicated that, at low ethanol concentration,
he release of NP is governed by anomalous diffusion. How-
ver, as the ethanol concentration increased, diffusional release
ecomes to prevail over anomalous or zero-order release. These
esults prompted us to investigate further on the release kinetics
n an aqueous environment, which is closer to the actual release

edium in the body than the ethanol solution itself. Because the
olubility of NP is too low in aqueous medium to properly study
he release kinetics, we incorporated the NP as a solid disper-
ion form in PEG4000, knowing that solid dispersion systems
ave been used widely in various formulations to increase dis-
olution rate and bioavailability of poorly water-soluble drugs
Vippagunta et al., 2002). The solubility data in Table 2 shows
hat SD increased the solubility of NP in distilled water from
2.7 �g/ml (drug itself) to 19.4 �g/ml.

The tablets prepared in this work have CP layers on both sides,
oping that these CP layers can form viscous domain quickly
pon hydration. These CP layers may not only reduce the sur-
ace area through which drug is released, but also lower both
ater hydration and drug diffusion rate out of the matrix. We

lso prepared CP blended tablets, which are physical mixture
f CP with PEO, together with the PEG4000 SD particles, in
rder to compare the NP release profile with time. The release
f NP from CP-capped and CP-blended tablet is shown in Fig. 4
ogether with the result from tablet without capping or blend-

ng. PEO200K was used as the hydrophilic matrix material.
elease of NP from tablet without capping or blending showed a

apid initial increase. Nearly 80% of the NP incorporated in the
ablet is released in an hour, and then slowly reached a plateau
ig. 4. Release profile of NP from T1 (�), C1 (�) and B1 (�) tablets into
istilled water.

alue. After 5 h, nearly 100% of NP was released. When the
EO200K tablet was capped on both sides by CP, initial release
ate decreased and only about 60% was released after 2 h. After
hat, the release was minimal and only 5% increase in released
mount was observed for the next 6 h. No complete release of the
ncorporated NP was achieved for 8 h. CP-blending decreased
he release rate remarkably, and only 22% of the incorporated
P was released after 8 h.
In order to have a better understanding on the reason for

he slower and incomplete release for the CP capped tablet,
e have carefully observed the morphological change of the

ablet with time (Fig. 5). The CP layer was gradually swollen
y water with time and, after 2 h, it almost covered the whole
ablet surface. The diameter of the tablet increased to 25 mm
rom 8 mm after 2 h. During this time, PEO200K layer (core
atrix) was also swollen gradually but it began eroding from

he surface which is in contact with the water. Usually, drug
elease from the rapidly erodible polymers such as HPMC and
PC is governed by erosion of the polymer while both polymer

rosion and drug diffusion play the major role for the release of
rug molecules from the slowly erodible polymers (Kim, 1999).
EO200K is a fast swelling polymer and it seems that diffusion
f NP and the erosion of the PEO200K from the side of the tablet
Fig. 5. Morphological change of C1 tablet with time in distilled water.
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increased gradually for 6 h, and after that, the release was
insignificant and only 53% was released for 8 h. CP capping
decreased the release rate markedly and CP-blending decreased
26 S.I. Hong, S.Y. Oh / International Jour

f the tablet begin to cover the side surface of the tablet after
bout 2 h, and this is why the release rate suddenly decreased to
minimal value. It seems that, from this point on, diffusional

elease through this CP layer becomes the main mechanism for
he NP release. The rate of initial release was smaller than that
rom tablet without capping, and this can be explained by the
ecreased surface area, which is in contact with the water due
o the CP capping. The effect of CP blending on delaying NP
elease was remarkable, and this is probably due to the slower
iffusion of water and NP molecules into and out of the CP
wollen PEO matrix. It seems that CP acts as a binder, so that
t prevents the erosion of PEO200K and slows the diffusion of
P molecules through the swollen matrix.
The solubility of NP in dissolution medium is not the reason

or the incomplete release, because the solubility of NP is larger
han 10 �g/ml, which can be achieved when all the NP molecules
n the tablet are dissolved. The incomplete release from the CP
apped and CP blended tablets for the time period we studied
s probably due to the very slow diffusional release through the
P hydrogel. After the side of the tablet is closed by the swollen
P, only diffusional release can occur, and this is much slower
rocess than erosion. The viscosity of CP hydrogel significantly
ncreases with increasing pH values up to pH 6.0, and after that
t gradually reaches a plateau value (Liu et al., 2007). Hence, a
ignificant decrease in the diffusion coefficient of NP through
he CP hydrogel can occur at the pH we studied (pH ∼5.8). The
egative charges on the polymer chain of CP may significantly
ffect the release of basic drug like lidocaine by ion complexing
ffect. The pKa of CP and lidocaine is about 6.0 and 7.9, and
hey are mostly charged at neutral pH. They can form ionic
omplex, and this decreases the diffusion of lidocaine inside the
P hydrogel (Liu et al., 2007). In case of NP, the pKa is about
.0 and we do not expect that there are any diffusional delay
ffect by ionic complexation between CP and NP.

Maintaining sink condition is important during the disso-
ution experiment for consistent and accurate measurement of
he dissolution rate. According to the United States Pharma-
opeia (USPC, 2005), sink condition is established when the
aturation solubility is at least three times more than the drug
oncentration in the dissolution medium. In order to ensure sink
ondition, various techniques (e.g., addition of organic solvents
o aqueous medium, use of large dissolution volume, removal
f dissolved drug, pH changes and addition of surfactants) have
een employed (Jinno et al., 2000; Pillay and Fassihi, 1998). In
his work, sink condition was maintained only in some of the
xperimental conditions, where the amount of NP released was
ess than 50%. However, we have tried to facilitate the dissolu-
ion and release of NP by incorporating SDS in the amount of
hree times of NP directly into the tablet. We might have estab-
ished a high concentration gradient across the diffusion layer,
ecause the solubility of NP inside the tablet could be much
igher than that without SDS. Released SDS from the tablet can
lso increase the solubility of NP in the bulk solution to help the

stablishment of sink condition.

Fig. 6 shows the release of NP from CP-capped and CP-
lended tablet prepared from PEO900K. When the tablet was not
apped or blended, rapid initial release of 59% was observed for

F
d

ig. 6. Release profile of NP from T2 (�), C2 (�) and B2 (�) tablets into
istilled water.

n hour, and after that, the release was small and only about 6%
ncrease in released amount was observed for the next 7 h. Initial
elease rate was slower than that observed in Fig. 4. PEO900K
s a slowly swelling polymer than PEO200K, and this results
n slower erosion and diffusion. After rapid initial release of
P near the surface, the release was very slow. This is also

ttributed to the same reason as described above, that is, very
low swelling of the inside of the matrix and thus very slow
rosion and diffusion. The decrease in concentration gradient
cross the swollen matrix also could be a reason for the slower
elease. CP capping decreased initial release rate and only about
6% was released for an hours. Due to the decreased surface
rea exposed and the slower swelling, only 32% increase in
he amount of NP released was observed for the next 7 h. CP-
lending decreased the release rate further, and only 23% of
he incorporated NP was released for 8 h. Slower swelling and
iffusion without erosion could be the possible explanation for
his.

Fig. 7 shows the release results from tablets of PEO7000K.
hen the tablet was not capped or blended, the initial release

ate was much slower than that observed for PEO900K, and
ig. 7. Release profile of NP from T3 (�), C3 (�) and B3 (�) tablets into
istilled water.
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ig. 8. The effect of pH on the morphological change of C1 tablets with time.

t even further. Only 10% of the incorporated NP was released
or 8 h. For high molecular weight PEOs (>2 MDa), the release
f drug molecules are controlled by swelling, whereas for low
olecular weight PEOs (<0.9 MDa), the release is controlled

y swelling and erosion (Pinto et al., 2004). Slower swelling
nd diffusion seem to be the much slower release of NP from
EO7000K tablets. In case of CP capping, only 13% was
eleased after 8 h. Decreased surface area in contact with the
edium by CP capping and the slower diffusion of NP molecules

hrough the PEO and CP hydrogel seem to work together.

.4. Effect of pH of the dissolution medium

The effect of pH of the dissolution medium on NP release
as investigated using CP capped tablet at three pH values.
EO used for this study was PEO200K. Swelling rate of the
P layer increased as the pH increases, and when the pH was
1, CP layers on both sides of the tablet fully covered the side the
ablet only after 1.3 h. It took about 2 h for the pH 6.8 medium.
or pH 1.2 medium, swelling was much slower, and even after
h, the side of the tablet was not covered by swollen CP lay-

rs (Fig. 8). This swelling behavior is reflected in the release
esults of NP. After 2 h, 65% of NP was released into the pH
.2 dissolution medium, whereas only 48% was released into
he pH 11 medium (Fig. 9). After 8 h, 86% was released into the

ig. 9. Influence of pH on release rate of NP from C1 tablet into pH 1.2 (�),
.8 (�) and 11 (�) phosphate buffer solution (0.1 M).
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ig. 10. Influence of ionic strength on release rate from C1 tablet into 0.01 M
�), 0.1 M (�) and 0.5 M (�) NaCl aqueous solution.

H 1.2 medium, whereas 68% and 58% was released into pH
.8 and 11 dissolution medium, respectively. The pKa of CP is
.0 ± 0.5, and thus faster swelling should occur at pH 11, due to
he complete ionization of the carboxyl groups on the CP. The
aster release of NP into pH 1.2 medium seems to be related not
nly to the slower swelling, but also to the increased solubility
f NP. The pKa of NP is about 1.0, and the aqueous solubility of
P is higher than that at higher pHs.

.5. Effect of ionic strength of the dissolution medium

The effect of ionic strength of the dissolution medium on NP
elease was studied using CP capped tablet at three different
onic strengths of the dissolution medium. NP release results
rom PEO200K tablet are shown in Fig. 10. As the ionic strength
f the medium increased, release rate of NP decreased, and only
9% was released after 8 h into the 0.5 M NaCl aqueous solution.
hese results are probably due to the decreased solubility of NP

n solution with high ionic strength. The solubility of NP in
ater was 19.4 �g/ml. Addition of NaCl into water decreased

he solubility of NP (Table 2). In 0.01 M NaCl solution, solubility
as 18.3 �g/ml and, in 0.1 M NaCl solution, it decreased further

o 16.4 �g/ml. Slower swelling of the PEO core also seems to
ttribute to the slower release, because less water molecules are
vailable for the swelling due to the hydration of Na+ and Cl−
ons.

.6. Effect of buffer concentration

Because the rate of release is related to the ionic strength of
he dissolution medium, it should also be related to the concen-
ration of the buffer solution used as the dissolution medium.

e have studied the effect of buffer concentration at pH 6.8 at
hree different buffer concentrations and the results are shown
n Fig. 11. PEO200K was used for this study. Initial release rate
f NP was faster at low buffer concentration, possibly due to
he faster swelling and erosion from the side of the tablet. Total

mount of NP released after 8 h showed large difference between
.01 M and 0.3 M buffer solution. In the 0.01 M buffer solution,
2% of NP was released, whereas only 41% of NP was released
n the 0.3 M buffer solution.
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Table 3
The n value obtained by fitting the release data to power law equation for CP capped and CP blended tablets in distilled water and other mediums

Capped Blended

DWa pH of buffer solution NaCl concentration (M)b Buffer concentration (M)c DW

1.2d 6.8e 11 0.01 0.1 0.5 0.01 0.1 0.3

C1 0.52 0.55 0.55 0.56 0.56 0.60 0.61 0.57 0.56 0.52 B1 0.33
C2 0.49 – – – – – – – – – B2 0.35
C3 0.15 – – – – – – – – – B3 0.33

a Distilled water.
b Aqueous solution of NaCl in distilled water.
c The pH of the buffer was 6.8.
d Simulated gastric fluid.
e Simulated intestinal fluid.
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the release of NP remarkably. The increase in pH, ionic strength
ig. 11. Influence of buffer concentration on release rate from C1 tablet into
.01 M (�), 0.1 M (�) and 0.3 M (�) phosphate buffer solution (pH 6.8).

.7. Characterization of release profile

In order to understand the release profiles, the data obtained
or capped and blended tablets were fitted using the power law
quation (Peppas and Sahlin, 1989). There are many kinetic
odels that can be fitted to elucidate the release mechanism,

uch as Higuchi model, cube root law model, zero order model,
ower law model and other theoretical models. Release of NP
rom high molecular weight PEO tablet occurs by the swelling
f the PEO matrix, followed by the dissolution and diffusion
f the NP molecules. For low molecular weight PEO tablet,
rosion along with the diffusion may contribute to the release
fter swelling. Because of this complex nature of NP release,
e chose the power law model for the characterization of the

elease profile. In power law equation, the n value of 0.5 or 1.0
ndicates Fickian or Case II (zero order) transport. The value in
etween 0.5 and 1.0 indicates a non-Fickian (anomalous) trans-
ort. For cylindrical systems like tablets, the n values of 0.45 and
.89 indicate pure diffusional or erosional release, respectively
Ritger and Peppas, 1987). The n values obtained for capped and
lended tablets are listed in Table 3. For capped tablets, we used

nly the data from initial part of the release (up to 2 h) for the fit
o the power law, because after 2 h, swollen CP layer begins to
over the side surface of the tablet and the release mechanism
hanges from diffusion/erosion to mainly diffusion with a con-

a
t
o
c

inuously changing diffusion coefficient with time. Thus the n
alue obtained should be interpreted as a rough estimation of the
elease mechanism for the initial phase of the release. For C1,
he n values between 0.52–0.6 were obtained in various medi-
ms, indicating that the release of NP is governed by mainly
iffusion and some erosion of the matrix from the side of the
ablet. For C2, the n value obtained was 0.49, indicating that
ickian diffusion is determining the rate of NP release. In case
f C3, the n value obtained was very small. This is probably due
o the error involved in using very small values for the fitting
o the power law equation. Only 6.6% was released for 2 h. For
lended tablets (B1, B2 and B3), all data points were used for the
t. The n values obtained were very similar, irrespective of the
olecular weight of the PEO. It seems that CP acts as a binder,

o that it prevents the erosion of PEO matrix and decreases in
iffusivity of water and NP molecules into and out of the PEO
atrix.

. Conclusion

Successful formulation of a poorly soluble drug is very chal-
enging in dosage form design. We have prepared PEO tablet
hich has three-layered structure and evaluated their dissolu-

ion profile in various mediums. The DSC thermogram and
-ray diffraction results indicated that the formation of crys-

alline domain of NP, PEO or SDS was not detected. Swelling
nd morphological change of CP layer on both side of the tablet
inimized the erosional release for rapidly swelling PEO200K,

nd thus changes the NP release to a diffusion-controlled pro-
ess. For PEO900K, initial release rate was slower than that of
EO200K, possibly due to the slower swelling and erosional
elease from the side of the tablet. For PEO7000K tablet capped
ith CP, much slower release was observed. Decreased surface

rea in contact with the medium by CP capping and the slower
iffusion of NP molecules through the PEO and CP hydrogel
eem to work together. Physical mixture of PEO and CP delayed
nd buffer concentration of the dissolution medium decreased
he release rate. These results provided some useful information
n parameters which can be modulated in the formulation of a
ontrolled release dosage form for NP.
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