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a b s t r a c t

Zinc–pectin–chitosan composite microparticles were designed and developed as colon-specific car-
rier. Resveratrol was used as model drug due to its potential activity on colon diseases. Formulations
were produced by varying different formulation parameters (cross-linking pH, chitosan concentration,
cross-linking time, molecular weight of chitosan, and drug concentration). Single-step formulation tech-
nique was compared with multi-step technique. Effect of these parameters was investigated on shape,
size, weight, weight loss (WL), moisture content (MC), encapsulation efficiency (EE), drug loading (L),
and drug release pattern of the microparticles. The formulation conditions were optimized from the
drug release study. In vivo pharmacokinetics of the zinc-pectinate particles was compared with the
hitosan
inc
rug release
olon

zinc–pectin–chitosan composite particles in rats. Formulations were spherical with 920.48–1107.56 �m
size, 21.19–24.27 mg weight of 50 particles, 89.83–94.34% WL, 8.31–13.25% MC, 96.95–98.85% EE, and
17.82–48.31% L. Formulation parameters showed significant influence on drug release pattern from the
formulations. Formulation prepared at pH 1.5, 1% chitosan, 120 min cross-linking time, and pectin:drug at
3:1 ratio demonstrated colon-specific drug release. Microparticles were stable at 4 ◦C and room temper-
ature. Pharmacokinetic study indicated in vivo colon-specific drug release from the zinc–pectin–chitosan

composite particles only.

. Introduction

Over the past few years, colon-specific drug delivery systems
ave attracted significant attention of the researchers. The advan-
ages of colonic drug delivery have been well-documented (Yang

t al., 2002; Chourasia and Jain, 2003; Liu et al., 2003). These sys-
ems are useful not only for local treatment of colon diseases,
ut also for the systemic therapy by both conventional and labile
olecules (Yang et al., 2002; Liu et al., 2003). Various forms of

Abbreviations: GI tract, gastro-intestinal tract; Ca, calcium; Ca2+, calcium cation;
n, zinc; Zn2+, zinc cation; Ca-pectinate, calcium pectinate; Zn-pectinate, zinc pecti-
ate; LMW, low molecular weight; MMW, medium molecular weight; DI, deionized;
E, encapsulation efficiency; L, drug loading; MC, moisture content; WL, weight loss
uring drying; ER, elongation ratio; RT, room temperature; SGF, simulated gastric
uid; SIF, simulated intestinal fluid; SCF, simulated colonic fluid; P:D, pectin:drug;
US, National University of Singapore; HPLC, high performance liquid chromatog-

aphy; AUC, area under the curve; Cmax, maximum plasma concentration; Tmax, time
equire to reach Cmax.
∗ Corresponding author at: Institute of Chemical and Engineering Sciences,
gency for Science, Technology and Research (A*STAR), 1 Pesek Road, Jurong Island,
ingapore 627833, Republic of Singapore. Tel.: +65 6796 3853; fax: +65 6316 6183.

E-mail addresses: surajit das@ices.a-star.edu.sg, surajitdas1982@yahoo.com
S. Das).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.12.015
© 2010 Elsevier B.V. All rights reserved.

drug carriers have been utilized for the effective colonic deliv-
ery, such as tablets, capsules, pellets, beads, microspheres, micro-
and nano-particles. However, multiple-unit systems proved to be
better than single-unit systems due to their several advantages
(Rodriguez et al., 1998; Maestrelli et al., 2008a). In addition, colonic
microflora-activated systems, where drug release is triggered by
the enzymatic breakdown of the carrier by specific colonic bacte-
ria, have emerged as the most effective colon-specific drug delivery
systems (Liu et al., 2003; Basit, 2005). Pectin is an example of
such polymers, which is selectively degraded by the pectinolytic
enzymes of colonic microflora (Friend, 2005). However, solubility
of pectin in upper GI fluids makes it unsuitable as colon-specific car-
rier. Hence, divalent cations, such as Ca2+ and Zn2+, have been used
to produce a stronger and more water resistant gel (Sriamornsak,
1999; El-Gibaly, 2002; Atyabi et al., 2005; Chambin et al., 2006;
Dupuis et al., 2006; Maestrelli et al., 2008a, 2008b).

We have earlier developed multi-particulate calcium-pectinate
(Das and Ng, 2010c) and zinc-pectinate (Das et al., 2010b) for-

2+ 2+
mulations by cross-linking pectin chains with Ca and Zn ,
respectively. The in vitro drug release study in simulated intesti-
nal fluid (SIF) demonstrated better delayed drug release profile
from the Zn-pectinate formulation than Ca-pectinate formulation
(Das et al., 2010b). However, the formulations were unable to

dx.doi.org/10.1016/j.ijpharm.2010.12.015
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:surajit_das@ices.a-star.edu.sg
mailto:surajitdas1982@yahoo.com
dx.doi.org/10.1016/j.ijpharm.2010.12.015
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how colon-specific drug release when drug release study was
erformed in the simulated GI conditions (i.e., 0–2 h in simulated
astric fluid (SGF), 2–5 h in SIF, and 5–8 h in simulated colonic fluid
SCF)). Rapid drug release was observed in SIF following their expo-
ure to SGF (Das and Ng, 2010a). Similar observation of enhanced
rug release after consecutive exposure to acidic (i.e., SGF) and
asic (i.e., SIF) environment has been reported by other researchers
Atyabi et al., 2005). To improve colon-specificity, glutaraldehyde
nd polyethyleneimine was used as hardening agents (Das and
g, 2010a, 2010b; Das et al., 2010a). Although colon-specific drug

elease was observed from these formulations, toxicity is the major
oncern with glutaraldehyde and polyethyleneimine (Khandare
t al., 2010; Ahishali et al., 2009).

To overcome these drawbacks, combination of pectin with a
iocompatible second polymer has been employed. This second
olymer would interact with pectin to form a complex structure
hat would be stable until its arrival to the colon, followed by
apid degradation by the colonic enzymes. Chitosan is a cationic
olysaccharide. Similar to pectin, it is biocompatible, biodegrad-
ble, and nontoxic (Ilium, 1998). As zinc ions produce stronger
ectinate matrix than calcium ions, Zn2+ was chosen as cross-

inking agent. Chitosan can interact with pectin via electrostatic
nd hydrogen bonds forming polyelectrolyte complex (Chang and
in, 2000; Marudova et al., 2004; Marudova et al., 2005) which
s expected to stabilize the Zn-pectinate matrix. Combination of
ectin and chitosan has been employed for colonic drug delivery
Hiorth et al., 2010, 2006; Bigucci et al., 2008, 2009; Maestrelli et al.,
008b).

Resveratrol has shown potential therapeutic activity on colonic
iseases, such as colorectal cancer and colitis (Tessitore et al., 2000;
chneider et al., 2001; Martin et al., 2004, 2006). However, along
ith others (Marier et al., 2002; Walle et al., 2004), our previous

esearch (Das et al., 2008) has shown that resveratrol is rapidly
bsorbed through the upper gastro-intestinal (GI) tract following
ral administration (even from suspension formulation of resver-
trol). Resveratrol is also extensively metabolized in the GI tract
nd liver, which leads to low bioavailability (Marier et al., 2002;
escher and Steward, 2003; Kaldas et al., 2003; Baur and Sinclair,
006; Maier-Salamon et al., 2006; Das et al., 2008). Hence, only
mall amount of resveratrol was expected to reach in the colon
ollowing oral administration, which was evident in our previ-
us study (Das et al., 2008). Incorporation of resveratrol into an
ffective colon-specific carrier was expected to resolve the above-
entioned problem.
Taking into account all the above considerations, the aim of this

ork was to design and develop an effective colon-specific delivery
ystem of resveratrol. Formulations were prepared by simultane-
us cross-linking of pectin chains by Zn2+ and chitosan. Effect of
ross-linking solution pH, cross-linking time, chitosan concentra-
ion, molecular weight of chitosan, pectin to drug ratio (pectin:drug
r P:D), formulation technique (single-step versus multi-step) were
nvestigated on drug release from the formulations. The formu-
ation conditions were optimized from the drug release study.
ize, shape, weight, weight loss during drying (WL), moisture con-
ent (MC), drug loading (L) and encapsulation efficiency (EE) of
ll batches were evaluated. Relative percent drug content within
he optimized formulation after storage at different temperature
as determined. Furthermore, in vivo pharmacokinetic experiment

n rats was performed on zinc-pectinate (Zn-pectinate) particles
nd optimized zinc–pectin–chitosan (Zn–pectin–chitosan) com-
osite particles. Although some researchers (Munjeri et al., 1997;

hang and Lin, 2000; Kim et al., 2003; Nurjaya and Wong, 2005;
aestrelli et al., 2008b; Mennini et al., 2008; Wong and Nurjaya,

008) have evaluated the calcium–pectin–chitosan formulations,
he Zn–pectin–chitosan composite particles have been completely
eglected despite the fact that Zn2+ is better cross-linker than Ca2+
harmaceutics 406 (2011) 11–20

for pectin (El-Gibaly, 2002; Atyabi et al., 2005; Chambin et al.,
2006; Dupuis et al., 2006). Additionally, this study thoroughly
investigated the effect of the major formulation parameters on the
physicochemical properties, in vitro drug release in the simulated
GI conditions, and in vivo drug release, which have been overlooked
in the previous studies.

2. Materials and methods

2.1. Materials

GENU® pectin LM-104 AS-FS (degree of esterification = 28%
and degree of amidation = 20%) was a generous gift from CPKelco
(Denmark). Medium molecular weight (MMW) chitosan (molecu-
lar weight = 190–310 kDa), low molecular weight (LMW) chitosan
(molecular weight = 50–190 kDa), sodium hydroxide, sodium phos-
phate monobasic, zinc acetate dehydrate, and Pectinex® Ultra
SP-L (pectinase/pectinolytic enzyme from Aspergillus aculeatus,
activity > 9500 PG ml−1) were obtained from Sigma (St. Louis, MO,
USA). Resveratrol (fine crystalline powder with 99.12% purity)
and methanol (HPLC grade) were purchased from Shaanxi Sciphar
Biotechnology Co. Ltd. (Xi’an, China) and Tedia Company (Fairfield,
OH, USA). Monobasic potassium phosphate and disodium hydro-
gen phosphate anhydrous were bought from Fluka (Steinheim,
Germany). All materials were used as received.

2.2. Formulation procedure

The formulation procedure was modified from our previous
publication (Das and Ng, 2010c). Briefly, pectin was dissolved in
deionized (DI) water (5%, w/v pectin). Resveratrol was homoge-
neously dispersed in the pectin solution by a homogenizer. Air
bubbles were removed from the dispersion by sonication on a
bath sonicator. Chitosan was dissolved in 1% (v/v) acetic acid and
mixed with zinc acetate. Then 6 ml pectin–resveratrol mixture
was taken into a 10 ml syringe and dropped in the gently agi-
tated 100 ml cross-linking solution (5%, w/v zinc acetate + chitosan)
through 23G needle (blunt end) form 5 cm distance at room tem-
perature (RT; 25 ◦C). Spherical microparticles were immediately
formed. Microparticles were separated from the cross-linking solu-
tion and repeatedly washed with DI water to remove excess zinc
acetate and chitosan. Then the microparticles were dried at RT for
48 h. Different batches were prepared by varying the formulation
parameters (Table 1). All batches were prepared in triplicate.

2.3. Shape and size

Fifty microparticles were randomly selected from each batch.
Length and breadth of the particles were measured by an optical
microscope (LEICA DM IL, Switzerland) as mentioned in our pre-
vious publication (Das and Ng, 2010c). Size of the particles was
calculated from the following equation (1):

size = length + breadth
2

(1)

Shape of the particles was presented as elongation ratio (ER)
which was calculated from Eq. (2).
ER = length
breadth

(2)

Particles with ER < 1.15 were considered spherical (Das and Ng,
2010c).
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Table 1
Formulation design.

Variables Values Constants

Cross-linking
solution pH

Chitosan
concentration
(% w/v)

Cross-linking
time (min)

Molecular weight
of chitosan

Pectin:drug Formulation
step

Cross-linking solution
pH

4.6a – 1 120 MMW 3:1 Single
1.5 – 1 120 MMW 3:1 Single

Chitosan concentration
(% w/v)

0 1.5 – 120 MMW 3:1 Single
0.1 1.5 – 120 MMW 3:1 Single
0.5 1.5 – 120 MMW 3:1 Single
1 1.5 – 120 MMW 3:1 Single

Cross-linking time
(min)

5 1.5 1 – MMW 3:1 Single
30 1.5 1 – MMW 3:1 Single
120 1.5 1 – MMW 3:1 Single

Molecular weight of
chitosan

LMW 1.5 1 120 – 3:1 Single
MMW 1.5 1 120 – 3:1 Single

Pectin:drug 1:1 1.5 1 120 MMW – Single
3:1 1.5 1 120 MMW – Single

Formulation step Multib 1.5 1 120 MMW 3:1 –
Single 1.5 1 120 MMW 3:1 –
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a Unmodified pH of the cross-linking solution.
b Multi-step formulation technique: formulation was prepared without chitosan (

pH 1.5), stirred for 2 h, thoroughly washed with DI water, and dried.

.4. Morphology

Morphology study of surface and cross-section of the micropar-
icles was performed by JEOL scanning electron microscopy (SEM;
SM-5200, Japan). Microparticles were fixed on an aluminum stub
nd coated with platinum for 30 s (thickness of coating ∼2 nm)
nder vacuum with the JEOL auto fine coater (JFC-1600, Japan). The
icrographs were recorded at an excitation voltage of 20 kV.

.5. Weight, weight loss, and moisture content

Weight, WL and MC were determined by gravimetric method
Das and Ng, 2010c). Briefly, 50 microparticles were randomly
elected from each batch. Weights of the microparticles before
WW) and after (WD) drying were measured by an analytical bal-
nce with readability of 0.00001 g (Mettler Toledo, Switzerland).
hen moisture was completely removed by placing the micropar-
icles at 60 ◦C until no further weight change was noticed. Weight
f these completely dry microparticles (W) was measured by the
ame balance. WL and MC were determined by Eqs. (3) and (4),
espectively.

L (%) = WW − WD

WW
× 100% (3)

C(%) = WD − W

WD
× 100% (4)

.6. Encapsulation efficiency and loading

EE and L of the formulations were measured according to the
ethod used in our previous study with slight modification (Das

nd Ng, 2010c). Briefly, the formulation (∼25 mg) was dispersed
n 5 ml phosphate buffer solution (50 mM, pH 7.4) containing 1%
v/v) pectinase. Then methanol (10 ml) was added to the dispersion
nd thoroughly mixed to dissolve the drug (soluble in methanol).

hereafter, the mixture was centrifuged at 10,000 × g for 10 min.
he supernatant was diluted with methanol–water (1:1) to the
alibration range (0.1–10 �g ml−1) and drug content in the super-
atant (i.e., drug remaining in the formulation) was determined by
UV–Visible Spectrophotometer (UV-1601, Shimadzu) at 320 nm.
rmed formulation), thoroughly washed with DI water, put into 1% chitosan solution

Drug free formulation was used as control. EE and L were calculated
using the following equations (5) and (6):

EE (%) = AQ
TQ

× 100% (5)

L (%) = AQ
WF

× 100% (6)

where AQ is the actual quantity of drug present in the formulation
(drug content), TQ is the theoretical quantity of drug (amount of
drug used during formulation), and WF is the weight of the formu-
lation.

2.7. In vitro drug release study

Solubility of resveratrol in SIF was found 0.11 ± 0.01 �g ml−1

(Das et al., 2008). Hence, insignificant amount of drug was expected
to dissolve in the release media that penetrated into the formula-
tion. Hence, most of the drug released from the formulation was
undissolved particles rather than dissolved drug molecules, which
remained as undissolved particles in the release media following
their release (Das and Ng, 2010c). This phenomenon hindered mea-
surement of drug concentration in the release media. Because of
this limited aqueous solubility of the drug, an alternative method
was developed for in vitro drug release study (Das and Ng, 2010c).
Drug remaining in the formulation was measured at different time
intervals and drug release was calculated as follows:

amount of drug release = initial amount of drug in the

formulation − drug remaining in the formulation at that time

(7)

Detail of the drug release procedure can be found elsewhere
(Das and Ng, 2010c, 2010a). Drug release study was performed
in the simulated GI conditions (i.e., 0–2 h in SGF, pH 1.2; 2–5 h in
SIF, pH 6.8; 5–12 h in SCF, pH 6). SCF was 50 mM phosphate buffer

(pH 6) with 300 PG Pectinex® Ultra SP-L. Formulation was weighed
(∼25 mg) and placed in the screw cap glass test tubes. Separate
tubes were used for each time point. Formulations from the same
batch were selected for each set of release study. Drug content
within the formulation was measured in triplicate for each batch
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o ensure the homogeneity of drug distribution in the formulations
data not shown). Release medium (10 ml) was added in the tubes.
he tubes were placed on a water bath (37 ± 0.2 ◦C) with horizon-
al shaking (100 ± 5 rpm). The designated tubes were withdrawn at
he respective time points; intact formulations were isolated from
he release medium, and gently washed with DI water to remove
he free drug from the surface. Drug content inside the intact for-

ulations was determined following the method described in the
revious section (EE and L). Amount of drug release was calculated
rom Eq. (7) and percent drug release was plotted against time.

.8. In vivo study

The study design and the animal handling protocol were
pproved by the Institutional Animal Care and Use Commit-
ee of the National University of Singapore (NUS). Adult male
prague–Dawley rats (250–300 g) were purchased from Laboratory
nimal Center of NUS and housed under temperature- (22 ± 1 ◦C)
nd humidity- (60–70%) controlled environment at 12 h light–dark
ycle in Animal Holding Unit of NUS. Prior to the experiment, a
olyethylene tube (i.d. 0.58 mm, o.d. 0.965 mm, Becton Dickinson,
D) was surgically inserted into the right jugular vein of the rat

nder anesthesia. The rats were randomly divided into three groups
n = 6). Group 1 received Zn-pectinate formulation; while Group 2
eceived optimized Zn–pectin–chitosan formulation (Table 3). The
ose of resveratrol in both groups was 25 mg kg−1. Group 3 received
rug-free formulation (equivalent weight of drug-loaded formula-
ion; ∼100 mg kg−1). The rats were kept in fasting condition from
2 h before the experiment to avoid any interference from food.
owever, free access to water was allowed. Effective oral gavage of

he formulations was almost impossible due to large particle size
∼1 mm). As oral gavage method directly administers the formula-
ion to the stomach, an alternative approach was adopted for the
ral delivery of these formulations. Briefly, the formulations were
urgically placed in the stomach under gas anesthesia (isoflurane)
nd quickly stitched back to the normal condition. The anesthesia
as removed immediately after the surgery. Serial blood samples

200 �l) were withdrawn from each animal at 1, 2, 3, 4, 5, 6, 7, 8,
, 10, 11, and 12 h through the polyethylene tube, and collected

n the heparinized tubes. The polyethylene tube was flushed with
n equivalent volume of heparin-saline (5 U ml−1 heparin in nor-
al saline) after each draw of blood sample to replace the blood.

lasma samples (supernatant) were collected by centrifuging the
lood samples at 5500 × g for 10 min and stored at −80 ◦C.

Sample preparation and assay method was followed from our
revious study (Das et al., 2008). Details of the sample preparation
nd assay method can be found there. Briefly, liquid–liquid extrac-
ion (ethyl acetate) was performed to recover the drug from plasma
efore analysis. Carbamazepine was used as internal standard. The
amples were analyzed by high performance liquid chromatog-
aphy (HPLC; Shimadzu 2010A; Kyoto, Japan) using a reversed
hase HPLC column (ODS Hypersil, 5 �m, 250 mm × 4 mm; Agi-

ent, Palo Alto, CA) at 35 ◦C. Mobile phase consisted acetonitrile and
0 mM phosphate buffer solution pH 7.0 (30:70, v/v) at a flow rate
f 1 ml min−1 (isocratic). Detection wavelength was 320 nm. Drug
ecovery from plasma was >95% and limit of quantification (LOQ)
f the assay method was 5 ng ml−1.

The peak plasma drug concentration (Cmax) and the time to
each Cmax (Tmax) were obtained from the graph. The area under the
lasma concentration versus time curve (AUC0→t) was calculated
y the linear trapezoidal rule from 0 to the last time point.
.9. Effect of storage temperature on relative percent drug
ontent within microparticles

Effect of storage temperature on relative percent drug content
ithin the optimized formulation was performed as stated in our
harmaceutics 406 (2011) 11–20

previous publication (Das and Ng, 2010c). Briefly, ∼100 mg formu-
lation was stored at 4 ◦C, RT, and 40 ◦C in tightly sealed container
covered with aluminum foil. Separate containers were used for each
time point. Homogeneity of drug distribution in the formulation
was checked as mentioned in the drug release study and formula-
tion from same batch was selected for each set of study. Samples
were withdrawn at each time interval (1, 3, and 6 months) and
drug content inside the formulation was checked by HPLC. Same
HPLC assay conditions were used as in vivo study. Samples were
prepared as described in the EE study. Drug content at 0 day was
considered as 100% and percent drug content within the formula-
tion in compare to 0 day’s sample were measured in subsequent
days to determine relative percent drug content after storage.

2.10. Statistical analysis

All experiments were performed in triplicate and experimental
data are expressed as mean ± standard deviation (SD). Statis-
tical analysis was performed using Graph-Pad Prism Version
2.00 software (San Diego, CA). Either one-way ANOVA with the
post hoc Tukey test or two-tail unpaired t-test (where applica-
ble) was performed except Tmax (non-continuous data). Two-tail
Mann–Whitney test were used to compare the Tmax. Statistical sig-
nificance was set at p < 0.05.

3. Results

3.1. Shape, size, and morphology

All formulations were spherical in shape (Table 2). Size of all
formulations was <1 mm and there was no significant difference
in particle size among different formulations (except the formula-
tion prepared at P:D = 1:1). However, significant augmentation of
size was observed when the formulation was prepared at P:D of
1:1.

SEM image of the microparticles at low magnification (Fig. 1A)
indicated spherical particles with size <1 mm. However, slight
depression of one side of the surface (black circle in Fig. 1A) was
observed. Other researchers (Bourgeois et al., 2008) also noticed
such behavior in case of calcium-pectinate particles. This might be
due to shrinkage of particle surface during drying. SEM image of the
microparticle at both low and high magnifications revealed rough
and rugged surface (Fig. 1A and B). Drug crystals (black arrows)
were observed as embedded in the matrix (Fig. 1B). A thin surface
layer (black arrow in Fig. 1C) was observed in case of cross-section
of the microparticle. This layer might be due to more polyelec-
trolyte complex formation between chitosan and pectin at the
microparticle surface than inner matrix.

3.2. Weight, weight loss, and moisture content

Weight of 50 microparticles was 21.19–24.27 mg, WL was
89.83–94.34%, and MC was 8.31–13.25% (Table 2). Weight of
the microparticles decreased with increasing chitosan concentra-
tion, cross-linking time, molecular weight, P:D; whereas heavier
microparticles were produced at higher pH and multi-step tech-
nique. There was insignificant difference in WL among the
formulations (except the formulation prepared at P:D = 1:1). How-
ever, formulation prepared at P:D = 1:1 showed significantly lower
WL (89.83 ± 1.57) value than formulation prepared at P:D = 3:1.

Formulation parameters exhibited significant impact on MC. MC
decreased with increasing chitosan concentration, and cross-
linking time; while MC decreased with decreasing cross-linking
pH and P:D. MC was almost unaffected by molecular weight of
chitosan and formulation technique although slightly higher MC
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Table 2
Shape, size, weight of 50 particles, WL, MC, EE, and L of the formulations (data presented as mean ± SD; n = 3).

Variables Values Shape (ER) Size (�m) Weight (mg) WL (%) MC (%) EE (%) L (%)

Cross-linking solution
pH

4.6 1.09 ± 0.05 958.82 ± 34.31 22.49 ± 0.59 93.05 ± 0.95 10.59 ± 1.27 97.58 ± 1.27 20.85 ± 1.04
1.5 1.07 ± 0.02 944.36 ± 28.79 21.19 ± 0.69 93.85 ± 1.26 9.20 ± 0.56 98.06 ± 1.39 22.85 ± 1.02

Chitosan concentration
(% w/v)

0 1.04 ± 0.01 920.48 ± 14.47 23.57 ± 0.61a 92.88 ± 0.15 12.25 ± 0.79 96.95 ± 0.19 18.67 ± 1.29a

0.1 1.06 ± 0.04 938.24 ± 25.72 22.85 ± 1.04 94.14 ± 0.57 12.09 ± 1.39 97.40 ± 1.22 19.87 ± 0.82
0.5 1.09 ± 0.07 959.53 ± 38.93 22.20 ± 0.90 94.34 ± 1.20 10.71 ± 0.98 97.63 ± 1.28 21.14 ± 1.56
1 1.07 ± 0.02 944.36 ± 28.79 21.19 ± 0.69 93.85 ± 1.26 9.20 ± 0.56b 98.06 ± 1.39 22.85 ± 1.02

Cross-linking time
(min)

5 1.07 ± 0.04 948.90 ± 23.58 24.27 ± 1.11c 94.17 ± 1.24 13.25 ± 1.47c 98.85 ± 1.06 17.82 ± 0.85d

30 1.04 ± 0.01 967.06 ± 15.96 22.44 ± 0.75 93.45 ± 1.92 10.93 ± 0.71 98.38 ± 0.87 21.36 ± 0.45
120 1.07 ± 0.02 944.36 ± 28.79 21.19 ± 0.69 93.85 ± 1.26 9.20 ± 0.56 98.06 ± 1.39 22.85 ± 1.02

Molecular weight LMW 1.06 ± 0.03 979.57 ± 20.17 21.68 ± 0.84 93.59 ± 1.28 9.45 ± 0.71 98.32 ± 1.25 22.23 ± 1.39
MMW 1.07 ± 0.02 944.36 ± 28.79 21.19 ± 0.69 93.85 ± 1.26 9.20 ± 0.56 98.06 ± 1.39 22.85 ± 1.02

Pectin:drug 1:1 1.08 ± 0.06 1107.56 ± 41.85e 24.10 ± 0.97e 89.83 ± 1.57e 8.31 ± 1.10 98.62 ± 1.32 48.31 ± 1.04e

3:1 1.07 ± 0.02 944.36 ± 28.79 21.19 ± 0.69 93.85 ± 1.26 9.20 ± 0.56 98.06 ± 1.39 22.85 ± 1.02

Formulation step Multi 1.08 ± 0.05 982.14 ± 29.53 22.11 ± 0.39 93.42 ± 2.15 9.64 ± 1.30 97.47 ± 1.49 21.09 ± 1.97
Single 1.07 ± 0.02 944.36 ± 28.79 21.19 ± 0.69 93.85 ± 1.26 9.20 ± 0.56 98.06 ± 1.39 22.85 ± 1.02

a p < 0.05 between 0 and 1% chitosan concentration.
tion.

w
m

3

v
i
c
P
n

b p < 0.05 between 1% chitosan concentration with 0 and 0.1% chitosan concentra
c p < 0.05 between 5 and 120 min.
d p < 0.05 between 5 min with 30 and 120 min.
e p < 0.05 between P:D of 1:1 and 3:1.

as observed in formulations prepared with LMW chitosan and at
ulti-step procedure.

.3. Encapsulation efficiency and loading

EE and L of the formulations are listed in Table 2. EE was

ery high in all formulations (>97%). EE slightly increased with
ncreasing chitosan concentration, and decreased with increasing
ross-linking pH, cross-linking time, molecular weight of chitosan,
:D, and at multi-step formulation procedure. However, there was
o significant difference among them. On the other hand, L of

Fig. 1. Scanning electron micrographs of the microparticle surfa
the formulations was significantly influenced by the formulation
parameters. L increased with increasing chitosan concentration and
cross-linking time. Whereas, L was lower at higher cross-linking pH
and P:D. Slightly lower L was noticed when LMW chitosan was used
or multi-step formulation technique was adopted.
3.4. In vitro drug release

The pH of cross-linking solution in presence of chitosan showed
great influence on drug release properties (Fig. 2). Formulation pre-
pared at lower pH (1.5) demonstrated very low drug release in

ce at 35× (A) and 350× (B), and cross-section at 750× (C).
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Fig. 4. Effect of cross-linking time on drug release from the formulations. The study
was performed in simulated GI conditions. Data presented as mean ± SD (n = 3).

step technique, it could not show colon-specific drug release. The
ig. 2. Effect of cross-linking solution pH on drug release from the formulations.
he study was performed in simulated GI conditions (0–2 h: SGF, 2–5 h: SIF, 5–12 h:
CF). Data presented as mean ± SD (n = 3).

he upper GI conditions (<8% drug released after 5 h) followed by
apid but sustained drug release in the colonic condition (>86% drug
eleased after 12 h). In contrary, formulation prepared at higher pH
4.6) demonstrated rapid drug release in the upper GI conditions
nd most of the drug released in SIF (>78% drug released after 5 h).
owever, drug release was very low in SGF (<3.5% drug released
fter 2 h).

Drug release was dependent on concentration of chitosan in the
ross-linking solution (Fig. 3). Drug release rate decreased with
ncreasing chitosan concentration. When very low concentration
0.1%) or no chitosan was used, drug release rate was very high
n SIF (>80% and >92% drug released after 5 h, respectively) despite
ow drug release in SGF (<4.5% drug released after 2 h in both cases).
owever, moderate drug release in SIF (∼40% drug released after
h) followed by rapid drug release in SCF (>95% drug released after
2 h) was evident when 0.5% chitosan was used. On the other hand,

ow drug release in SIF (<8% drug released after 5 h) followed by
nhanced and prolonged drug release was noticed when formula-
ion was prepared in presence of 1% chitosan (>86% drug released
fter 12 h).

Effect of cross-linking time on drug release is depicted in Fig. 4.
rug release decreased with increasing cross-linking time. Formu-

ation cross-linked for short duration (5 min) showed rapid drug
elease in SIF (>84% drug released after 5 h). Moderate cross-linking
ime (30 min) produced formulation that showed less drug release
n SIF (∼45% drug released after 5 h) than the formulation cross-
inked for short duration. However, this release behavior was not
ufficient for colon-specific release. In both cases, drug release
n SGF was very low (<5% drug released after 2 h). Nevertheless,
ormulation cross-linked for long time (120 min) produced suffi-
iently strong matrix which prevented major drug release in SIF

ut released drug in SCF in a controlled manner.

This study showed that molecular weight of chitosan did
ot influence drug release behavior of the formulation (Fig. 5).
rug release in SGF, SIF, and SCF was not significantly differ-

ig. 3. Effect of chitosan concentration in the cross-linking solution on drug release
rom the formulations. The study was performed in simulated GI conditions. Data
resented as mean ± SD (n = 3).
Fig. 5. Effect of molecular weight of chitosan on drug release from the formulations.
The study was performed in simulated GI conditions. Data presented as mean ± SD
(n = 3).

ent between the formulations prepared with LMW and MMW
chitosan.

Formulations with high amount of drug were prepared in
this study. However, our study showed that excessive amount of
drug incorporation in the formulation (P:D = 1:1) hampered colon-
specific drug release (Fig. 6). Formulations prepared at P:D = 1:1
showed faster drug release in SIF (>47% drug released after 5 h)
despite little drug release in SGF (<8% drug released after 2 h).
Whereas, formulations prepared at P:D = 3:1 showed low drug
release in the upper GI conditions (SGF and SIF) and controlled drug
release in SCF.

The results from in this study showed that formulation proce-
dure had a critical impact on the drug release pattern from the
formulations (Fig. 7). When formulation was prepared via multi-
formulation exhibited small drug release in SGF (<3% drug released
after 2 h) but quick drug release in SIF (>65% drug released after
5 h). Single-step formulation technique produced stronger matrix

Fig. 6. Effect of polymer to drug ratio on drug release from the formulations. The
study was performed in simulated GI conditions. Data presented as mean ± SD
(n = 3).
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Fig. 7. Effect of formulation technique on drug release from the formulations. The
study was performed in simulated GI conditions. Data presented as mean ± SD
(n = 3).

Table 3
Pharmacokinetic parameters (data presented as mean ± SD; n = 3).

Group 1 Group 2

Formulation Zn–pectina Zn–pectin–chitosanb

Dose (mg kg−1) 25 25
Tmax (h) 3–4 7–10*

Cmax (ng ml−1) 118.97 ± 28.71 86.15 ± 29.11
AUC (ng h ml−1) 451.18 ± 56.39 408.20 ± 30.34

a Formulation conditions: cross-linking solution = 5% (w/v) zinc acetate solution,
cross-linking solution pH 1.5, cross-linking time = 120 min, P:D = 3:1.
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Formulation conditions: cross-linking solution = 5% (w/v) zinc acetate solu-
ion + 1% (w/v) MMW chitosan, cross-linking solution pH 1.5, cross-linking
ime = 120 min, P:D = 3:1, formulation technique = single-step.

* p < 0.05 between Groups 1 and 2.

hich was able to prevent drug release in the upper GI conditions
ollowed by sustained drug release in SCF.

.5. In vivo pharmacokinetics

In vivo pharmacokinetic studies of the Zn-pectinate and
n–pectin–chitosan composite particles were performed in rats to
ompare in vivo drug release from the formulations and to con-
rm the importance of chitosan for colon-specific drug release.
he pharmacokinetic parameters are listed in Table 3. The study
ndicated significantly higher Tmax value of chitosan-modified for-

ulation than unmodified formulation. However, opposite trend
as observed in case of Cmax and AUC. Cmax and AUC values
ere higher in case of unmodified formulation than chitosan-

odified formulation. However, Cmax and AUC values between

wo formulations were not statistically different (p > 0.05). Plasma
rug concentrations following administration of the formula-
ions were plotted against time (Fig. 8). The drug in plasma for

ig. 8. Plasma concentrations of drug after a single dose of unmodified formulation
Group 1) and chitosan modified formulation (Group 2). The lines represent the
redicted values. Symbols represent the mean observed values ± S.D (n = 6).
Fig. 9. Effect of storage temperature (4 ◦C, RT (25 ◦C), and 40 ◦C) on relative percent
drug content within the microparticles. Data presented as mean ± SD (n = 3). *p < 0.05
for the difference between 180 days and 0 day, **p < 0.05 for the difference between
40 ◦C with 4 ◦C and RT.

Zn–pectin particles was undetectable before 2 h and detectable
at very low concentration (13.88 ± 10.36 ng ml−1) at 2 h. How-
ever, drug concentration rapidly increased after 2 h, reached to
max concentration (118.97 ± 28.71 ng ml−1) at 4 h, and then quickly
decreased. Drug was no more detectable in plasma at 12 h. In case
of chitosan-modified formulation, the drug was not detectable in
plasma upto 3 h following their administration. Very small amount
of drug was detected in plasma at 4 and 5 h (4.49 ± 5.68 and
10.66 ± 14.03 ng ml−1, respectively). Thereafter, high concentra-
tions of drug were detected in plasma, which gradually increased
upto 9 h. Then drug concentration in plasma gradually decreased
with time (21.42 ± 11.60 ng ml−1 drug was detected in plasma at
12 h). Plasma samples from Group 3 did not show any interference
HPLC peak.

3.6. Effect of storage temperature on relative percent drug content

Drug content (>97%) in the formulation was high after 6 months
storage at 4 ◦C and RT (Fig. 9). In vitro drug release profile of the for-
mulation after 6 months storage at 4 ◦C and RT was not significantly
different from the fresh formulation (data not shown). Drug content
(<91%) was slightly lower when stored at 40 ◦C for 6 months. Lower
relative percent drug content at 40 ◦C could be due to degradation
of the drug at accelerated temperature.

4. Discussion

Ionotropic interaction between negatively charged carboxylic
groups (COO−) and positively charged divalent zinc cations (Zn2+)
led to the instant production of spherical particles (El-Gibaly, 2002).
Size of the particles generally depends on diameter of the needle
used during formulation and also on the drying method. As both
of them were constant for all batches, size was almost similar.
However, bigger particles were observed when formulation was
prepared at lower P:D (1:1). During drying, particle size primarily
decreased due to loss of moisture from the polymer (size of the drug
particles remain almost same after drying). Lower amount of poly-
mer was present at P:D = 1:1 than P:D = 3:1. Thus, less amount of
polymer was available for drying at low P:D (1:1), which ultimately
produced bigger particles.

Reduced weight and MC with increasing chitosan concentration
and cross-linking time, and with decreasing cross-linking pH, were

mainly due to more compact matrix formation. As mentioned ear-
lier, formulation prepared at P:D = 1:1 contained more amount of
drug and less amount of polymer for moisture evaporation. This
was responsible for the higher weight and lower WL and MC for
the formulation. Slight augmentation of weight and MC was prob-
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bly due to loose matrix formation at multi-step procedure (will be
iscussed later).

EE was very high in all formulations. Such high EE was due
o poor aqueous solubility of the drug (Das and Ng, 2010c)
nd quick formation of the cross-linked matrix (Zn-pectinate or
n–pectin–chitosan). As the cross-linking solution was aqueous,
nly small amount of drug leaked in the cross-linking solution and
ost of the drug remained within the formulation. The drug load-

ng depends on the weight of formulations, which is closely related
o MC and EE. L is reciprocal to weight and MC, while proportional
o EE. Hence, augmentation of L with increasing chitosan concen-
ration, cross-linking time, molecular weight of chitosan, and with
ecreasing cross-linking pH and P:D can be explained by corre-
ponding weight, MC, and EE. Similarly, higher L of the formulation
repared using single-step than the formulation prepared using
ulti-step technique can be explained by their lower weight and
C, and higher EE.
As the drug is poorly soluble in the release media (Das et al.,

008), only small amount of drug (as dissolved drug molecules) was
xpected to release via diffusion from the matrix. The predominant
rug release mechanism is expected to be due to release of drug
s undissolved particles following swelling (due to penetration of
elease media in the matrix) and erosion of the matrix (Das and Ng,
010c). Enhanced drug release rate in SCF was due to the enzymatic
egradation of the matrix by pectinase enzyme.

Pre-exposure to acidic medium caused rapid drug release from
he Zn-pectinate formulations in SIF. Other researchers have also
eported rapid degradation of Ca-pectinate formulations in the
ntestinal fluid following their exposure to acidic media (Atyabi
t al., 2005). The reasons for such observation have been described
lsewhere (Das and Ng, 2010a). The drug release results demon-
trated that Zn-pectinate particles were unable to prevent drug
elease in SIF, while Zn–pectin–chitosan composite particles pre-
ented drug release in the upper GI conditions. The reasons for
uch observation might be as follows. Pectin is insoluble at low pH
nd soluble at high pH, while opposite trend is observed for chi-
osan due to protonation of amine groups under low pH conditions
George and Abraham, 2006). Hence, dissolution of chitosan in low
H was prevented by the pectin network since pectin was insolu-
le in low pH conditions. On the other hand, dissolution of matrix
t higher pH was prevented by chitosan which was insoluble at
igher pH. For pectin, electrostatic repulsion was minimized at a

ow pH due to suppression of ionization, and the matrix exhibited
inimum swelling by forming a closer gel network (Munjeri et al.,

997).
In our previous studies (Das et al., 2010b; Das and Ng, 2010c),

e have indicated stronger Ca-/Zn-pectinate matrix formation in
ross-linking solution pH 1.5 (<pKa of pectin) due to several non-
onic interactions (hydrophobic interaction and hydrogen bonding)
nd conformational ordering. However, this study revealed that
articles prepared in cross-linking solution pH 1.5 in the absence
f chitosan did not show colon-specific drug release. In addition to
he ionic interaction between Zn2+ and COO−, polyelectrolyte com-
lex was formed between chitosan and pectin. Complex formation
etween pectin and chitosan was mainly due to electrostatic inter-
ction between positively charged amino groups (NH3+) of chitosan
nd negatively charged COO− groups of pectin (Bigucci et al., 2008).
oreover, intramolecular H-bonding between the COOH groups

f pectin or NH2 groups of chitosan and OH, OCH3 or COOCH3
roups elsewhere within the complex was also possible (Bigucci
t al., 2008). However, these interactions between amidated pectin

nd chitosan is favoured at low pH (Munjeri et al., 1997; George
nd Abraham, 2006), which resulted more compact matrix. Due to
he formation stronger matrix, less swelling and erosion occurred
hen formulation was prepared at low pH. This might be the rea-

on for very low drug release in SIF from the formulation prepared
harmaceutics 406 (2011) 11–20

at low pH. However, huge drug release in SIF was evident from the
formulation prepared at high pH due to loose matrix formation.

Increase of chitosan concentration in the cross-linking solution
promoted formation of polyelectrolyte complex between pectin
and chitosan, as more chitosan was available in the cross linking
solution. Hence, strong matrix was formed at high chitosan concen-
tration. Similarly, increase in cross-linking time produced stronger
matrix because of the availability of more time for cross-linking
between pectin and Zn2+, and for polyelectrolyte complex forma-
tion between pectin and chitosan. Thus, low swelling and erosion of
the matrix followed by minimal drug release in the upper GI condi-
tions was anticipated for the formulation prepared at high chitosan
concentration or long cross-linking time.

In case of lower P:D, where amount of drug was higher and
amount of polymer was lower, higher drug release was expected
due to unavailability of sufficient polymer for cross-linking and
complex formation. The formulation was more prone to erosion
in SIF due to its loose matrix. In case of multi-step technique, only
surface of the formulation was cross-linked as preformed parti-
cles were placed in the chitosan solution (only outer surface was
exposed to chitosan). In case of single-step technique, ionic inter-
action between zinc and pectin, and complex formation between
chitosan and pectin occurred simultaneously during microparticle
formation. Therefore, polyelectrolyte complex was formed on the
surface as well as at the inner portion of the matrix in this case. As a
result, stronger matrix was formed in case of single-step technique
than multi-step technique, which prevented drug release in the
upper GI conditions due to less swelling and erosion. Despite the
presence of chitosan, all formulations were sensitive to pectinase
enzyme. Pectinase enzyme (present in SCF) most likely attacked the
pectin chains of the Zn–pectin–chitosan complex and degraded the
cross-linked structure. In case of the optimized formulation, formu-
lation matrix slowly degraded and consequently released drug in
sustained manner.

The formulation for in vivo study was selected from the in vitro
drug release study. The formulation prepared at cross-linking
solution pH of 1.5, MMW chitosan concentration of 1%, cross-
linking time of 120 min, P:D of 3:1, and single-step technique
showed in vitro colon-specific release. Hence, this formulation
was selected for the in vivo study. Also the formulation prepared
at the same conditions and procedure without chitosan was used
for in vivo study to find out the effect of chitosan in modifying
in vivo drug release. Our previous study showed that resveratrol
is quickly absorbed into blood through the GI tract upon oral
administration of both solution and suspension formulations (Das
et al., 2008). Other researchers also reported that GI permeability
of resveratrol is very high (Kaldas et al., 2003; Walle et al., 2004).
Thus, measurement of drug concentration in blood was performed
to determine drug release in the GI tract following administration
of the formulations. Other researchers also used pharmacokinetic
study to predict in vivo colon-specific drug release (Munjeri et al.,
1998; Musabayane et al., 2000; Krishnaiah et al., 2003; Bourgeois
et al., 2008; Fan et al., 2008; Wu et al., 2008; Zhao et al., 2008;
Kaur and Kim, 2009). Additionally, pharmacokinetic study is more
ethical as less animals are required than the experiment where
rats are required to be sacrificed at each time point to measure
the released drug in different part of the GI tract (Jain et al., 2007).
Although Zn-pectinate formulation showed delayed appearance
of drug in plasma, it did not exhibit colon-specific release as most
of the drug appeared in blood before 5 h of administration. It is
well established that any particle needs about 5–6 h for its arrival

to the colon (Liu et al., 2003). Hence, Zn-pectinate formulation
cannot be considered as colon-specific formulation. On the other
hand, only small amount of drug was detected in plasma before 5 h
of administration of Zn–pectin–chitosan formulation followed by
steady increase in plasma drug concentration up to 9 h. This sig-
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ifies that the modified formulation showed in vivo colon-specific
rug release. Hence, Zn–pectin–chitosan composite particles can
e considered as colon-specific formulation.

. Conclusion

A multi-particulate colon-specific drug delivery system was
eveloped. The biopolymers (pectin and chitosan) were used to
repare the formulation, which were nontoxic, biocompatible,
nd biodegradable. The results emphasized on the importance of
ormulation procedure and optimization of the formulation param-
ters. Cross-linking solution pH, cross-linking time, and chitosan
oncentration in the cross-linking solution exhibited major influ-
nce on drug release pattern. This study also revealed that certain
mount of drug could be incorporated without hampering the
olon-specific drug release behavior. EE of the formulations was
ery high and the drug was stable within the formulation during
heir storage. Single-step procedure was found to be better than

ulti-step procedure for the production of colon-specific formula-
ion. In addition, single-step procedure is cost-effective as it cuts
own formulation steps, production time, and manpower require-
ent. Hence, this technique is economical for industrial production

nd easy to scale up. Most importantly, in vivo pharmacokinetic
tudy in rats suggested in vivo colon-specific drug release from the
ptimized zinc–pectin–chitosan composite particle formulation. In
uture, this formulation may be tested in vivo colitis or colorectal
ancer disease model.
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