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Background: Pterostilbene has a proven chemopreventive effect for colon carcinogenesis but suffers low
bioavailability limitations and therefore unable to reach the colonic tissue.
Objective and methodology: To overcome the issue of low bioavailability, pterostilbene was formulated
into an oral colon targeted beads by ionic gelation method using pectin and zinc acetate. Optimization
was carried out by 23 factorial design whereby the effect of pectin concentration (X1), zinc acetate con-
centration (X2) and pterostilbene:pectin ratio (X3) were studied on entrapment efficiency (Y1) and in vitro
drug release till 24 h (Y2). The optimized beads were characterized for shape and size, swelling and sur-
face morphology. The optimized beads were uniformly coated with Eudragit S-100 using fluidized bed
coater. Optimized coated beads were characterized for in vitro drug release till 24 h and surface morphol-
ogy. Pharmacokinetic and organ distribution study were performed in rats to ascertain the release of
pterostilbene in colon.
Results: The optimized formulation comprised of 2% w/v of pectin concentration (X1), 2% w/v of zinc acet-
ate concentration (X2) and 1:4 of pterostilbene:pectin ratio (X3), which showed a satisfactory entrapment
efficiency (64.80%) and in vitro release (37.88%) till 24 h. The zinc pectinate beads exhibited sphericity,
uniform size distribution, adequate swelling and rough surface. The optimized coated beads achieved
15% weight gain, displayed smooth surface and optimum drug release. Pterostilbene from optimized
coated beads appeared in the plasma at 14 h and reached the Cmax at 22 h (Tmax), whereas plain pteros-
tilbene exhibited Tmax of 3 h.
Discussion and conclusion: Thus, larger distribution of pterostilbene was obtained in the colonic tissue
compared to stomach and small intestinal tissues. Thus, delayed Tmax and larger distribution of pterostil-
bene in colonic tissue confirmed the targeting of beads to colon.
� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Colorectal cancer (CRC) is the third leading cancer diagnosed all
over the world and constitutes 10% of all cancers majorly affecting
the elderly aged more than 60 years (Lin et al., 2015; Patel, 2014;
Ricchi et al., 2003). The progression of colorectal cancer is a long
process involving a series of pre-malignant lesions (Bond, 1993;
Das et al., 2007; Jacobson and Neugut, 1994; Karin Gwyn, 2002;
Kelloff et al., 2004; Levine and Ahnen, 2012; Nasrallah et al.,
2014; Pasi and Robert, 2000; Stewart et al., 2006). Embarking the
treatment at pre-malignant stages is the best approach to deal
with malignancy, since cancer treatments decrease the quality of
life of patients attributed to the side effects and cost of treatment
(Harun and Ghazali, 2012; Kroenke et al., 2010; Shukla and Pal,
2004). Chemoprevention not only retards, reverses or halts the
process of cancer progression but also aid in enhancing the defen-
sive mechanisms of the body to combat pre-malignant lesions (Das
et al., 2007; Sporn, 1976; Umar et al., 2001). Chemoprevention can
be achieved by adopting various strategies including physical
activity, diet (folate, omega 3, vitamins, dietary fibers, calcium,
etc.), fruits and vegetables (blueberries, broccoli, etc.) and drugs
(NSAIDs) (Das et al., 2007; Sporn, 1976; Umar et al., 2001).

Nutraceuticals are class of compounds that aid in chemopreven-
tion with less side effects (Ansari et al., 2013; Pan et al., 2011;
Rajasekaran et al., 2008). Pterostilbene, a stilbenoid phytoalexin
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and a natural dimethoxy analogue of resveratrol has shown its
therapeutic potential in wide range of diseases including neurolog-
ical, cardiovascular, metabolic, cancer and hematologic disorders.
Despite its role in chemoprevention, the beneficial effect of
pterostilbene on colonic tissue is constrained due to its low oral
bioavailability largely attributed to its low solubility and high
metabolism (Chiou et al., 2011, 2010; Estrela et al., 2013;
McCormack and McFadden, 2013, 2012, Paul et al., 2010, 2009).
When given as an oral suspension, the bioavailability was rela-
tively low (F = 15.9% ± 7.8). However, in solution form pterostil-
bene showed bioavailability up to 59.2 ± 19.6% (Yeo et al., 2013).
Sulphate and glucuronide conjugation are two major metabolic
pathways for pterostilbene metabolism. When administered orally,
pterostilbene is majorly metabolized by liver and enterocytes into
pterostilbene-40-sulfate. Another important metabolite includes
pterostilbene-40-glucuronide, which was only found in the liver.
Regarding distribution, the amount of pterostilbene was remark-
ably higher in liver followed by kidney, lungs, brain, heart, muscles,
testes and blood (Azzolini et al., 2014; Dellinger et al., 2013).
Hence, it can be established that low solubility, high metabolism
and higher distribution in different tissues remains the main stum-
bling block that prevents pterostilbene from reaching the colon.
The present study is aimed at addressing these concerns by formu-
lating an oral multiunit colon targeted drug delivery system of
pterostilbene. The performance of this delivery system was
assessed using its in vitro and in vivo release profile.

Colon targeted drug delivery system (CoDDS) has remarkably
progressed in recent years. It has shown encouraging results in
treating local complications such as Chron’s disease, Ulcerative col-
itis, Colorectal cancer (Amidon et al., 2015; Patel, 2014). The objec-
tive of CoDDS is to deliver the drugs safely to the colon by
protecting it from release, absorption and enzymatic degradation
in stomach and small intestine (Philip and Philip, 2010). CoDDS
involves different approaches including (i) Conventional approach
like pH dependent system, microbially triggered system (prodrug
and polysaccharide) and time dependent approach and (ii) Novel
approach which include pressure controlled system, osmotically
controlled system and integration of pH sensitive and microbial
triggered system (e.g. CODESTM) (Krishnaiah and Khan, 2012;
Philip and Philip, 2010). Multiunit drug delivery system (MDDS)
refers to the usage of pellets, beads, granules, microsphere, spher-
oids, mini tabs, microparticles and nanoparticles. Multiunit system
offers several advantages over single unit system that include easy
passage through GIT, uniformly distribution throughout the GIT
causing uniform absorption and enhanced bioavailability, preven-
tion of dose dumping thus causes reduction in systemic toxicity
and local irritation (Ali Asgar and Chandran, 2006; Roy and
Shahiwala, 2009).

The current research deals with formulation, optimization and
characterization of pterostilbene loaded matrix type biodegradable
beads using pectin as biodegradable polymer and zinc acetate as
crosslinking agent (microbially triggered system). The optimized
beads were coated with Eudragit S-100 as a pH dependent polymer
(pH dependent system). Further, oral pharmacokinetic and organ
distribution studies were performed in rats to confirm the colonic
release of pterostilbene from optimized coated beads.
Table 1
Independent variables and their levels.

Independent variables Lower levels (�1) Higher levels (+1)

a. Pectin concentration (% w/v)
(X1)

2 3

b. Zinc acetate concentration (% w/v)
(X2)

1 2

c. Pterostilbene:pectin ratio
(X3)

1:4 1:3
2. Materials and methods

2.1. Materials

Pterostilbene was purchased from Nanjing Zelang Medical
Technology Co. Ltd, Nanjing, China. Efavirenz was as a gift sample
from Cipla, Mumbai, India. Pectin, amidated with low methoxy-
lated grade (CF020) was a generous gift from Herbstreith and
Fox, Werder, Germany. Eudragit S-100 was a gift sample from Evo-
nik India Pvt Ltd. BL Pectinase was purchased from Biolaxi Corpo-
ration, Mumbai, India. Zinc acetate, isopropyl alcohol and triethyl
citrate was obtained from S.D Fine Chemicals Ltd, Mumbai. All
other materials used in the study were of analytical grade and were
used as received.
2.2. Formulation of pterostilbene loaded biodegradable zinc pectinate
beads

Zinc pectinate beads containing pterostilbene were prepared
using ionotropic gelation technique (El-Gibaly, 2002; Gadalla
et al., 2016; Kawadkar et al., 2010) with some modifications. The
aqueous solution of pectin (2% w/v and 3% w/v) containing drug
(50–100 mg) was prepared. The homogenous polymer drug disper-
sion (10 ml) was filled in a glass burette with a hypodermic needle
of 18 gauge fixed at its tip. Polymer drug dispersion was released
dropwise (1 ml/min) in 200 ml zinc acetate (1% w/v and 2% w/v)
stirred at 500 rpm. The dropping height was maintained at
0.5 cm from the needle tip to the surface of crosslinking solution.
The beads were left for curing in the crosslinking solution for 2 h
with constant stirring at 500 rpm. After 2 h the beads were filtered,
washed with distilled water, separated and dried at room temper-
ature. For complete moisture removal, beads were dried in the hot
air oven at 60 �C until no changes in weight was observed. Beads
were collected and stored in a closed container at RT for further
analysis.
2.3. Optimization of pterostilbene loaded biodegradable zinc pectinate
beads

Formulation was optimized by 23 full factorial design using
Design Expert Version 7.0.0 software (Stat-Ease, 2005). Three inde-
pendent variables were varied at higher levels (+1) and lower
levels (�1). The independent variables were pectin concentration
(X1), zinc acetate concentration (X2) and pterostilbene to pectin
ratio (X3) as shown in Table 1. The levels of independent variables
were decided from preliminary trials. While, entrapment efficiency
(Y1) and in vitro release in 24 h (Y2) were chosen as dependent
variables.
2.4. Characterization of pterostilbene loaded biodegradable zinc
pectinate beads

2.4.1. Size and shape
Randomly selected 50 beads were measured for its length and

breadth using optical microscopy and the mean particle size was
calculated. Shape was calculated based on the elongation ratio
(ER) as (Das et al., 2010):

ER ¼ length=breadth

Beads with ER = 1 is considered as perfectly spherical while
ER > 1 indicates deviation from sphericity.



Table 2
Preparation of coating solution.

Ingredients Quantity given Quantity taken Overages
(30% of quantity taken)

Eudragit S-100 8 g 3.82 g 1.14 g
Triethyl citrate 0.2 g 0.09 g 0.02 g
Talc 1.2 g 0.57 g 0.17 g
IPA 87.41 g 41.84 g 12.55 g
Acetone 37.46 g 17.93 g 5.37 g
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2.4.2. Entrapment efficiency
Crushed beads (5 mg) was added in 10 ml of methanol and son-

icated for 10 min to ensure complete drug extraction. After cen-
trifugation, 0.5 ml supernatant was removed and diluted to 10 ml
with methanol-water (1:1). The content of pterostilbene was anal-
ysed using UV–visible spectrophotometry (Jasco V-530, India) at
a kmax of 317 nm. Entrapment efficiency in percentage was calcu-
lated by the given formula (Das et al., 2011; Zhang et al., 2014):

%EE ¼ Practical yield=Theoretical yieldð Þ � 100
2.4.3. Swelling
Swelling studies was performed in a water bath shaker at

37 ± 0.2 �C. Pre-weighed beads were placed in a phosphate buffer
(pH 7.4) and allowed to swell. Beads were removed at various time
intervals, blotted with filter paper to remove excess water and
their change in weights were recorded until an equilibrium weight
was achieved. The degree of swelling was calculated by:

Degree of swelling ð%Þ ¼ Wf �Wið Þ=Wf � 100
whereWi is the initial weight of beads before swelling, Wf is the

final weight of beads at equilibrium swelling.

2.4.4. In vitro drug release study
The drug release study was carried out using USP apparatus

type II (TDT-08L, Electrolab, India) at 100 rpm. Drug release was
measured in 900 ml enzyme free phosphate buffer (pH 7.4) main-
tained at 37 ± 0.2 �C mimicking the colonic pH. Beads equivalent to
10 mg of drug were added into the media. Aliquots (5 ml) were
withdrawn and replaced with the same amount of fresh buffer at
predetermined time interval until 24 h. The samples were analyzed
using UV–visible spectrophotometry (Jasco V-530, India) at
317 nm (El-Gibaly, 2002).

2.5. Coating of pterostilbene loaded biodegradable zinc pectinate beads

The optimized batch of zinc pectinate beads were coated using
Eudragit S-100, a colon targeted pH dependent polymer using mini
fluidized bed coater (V.J instruments, India) (Kadam and Gattani,
2010) with some modifications. Eight percent (w/w) polymer solu-
tion was prepared in isopropyl alcohol (IPA) and acetone (7:3). The
solution was plasticized with triethyl citrate (2.5% w/w of dry poly-
mer) and talc (15% w/w of dry polymer) was added as anti-tacking
agent. The desired level of coating was achieved with 15% of
weight gain. Since organic coating was used, to prevent loses due
to unwanted solvent evaporation 30% overages were prepared.
The samples were removed after desired level of weight gain was
achieved and stored in a suitable container for further analysis.

The amount of solvent used for coating is calculated as:

Solvent ¼ Solid content=% dispersionð Þ � 100� Solid content
¼ ½ð8þ 0:2þ 1:2Þ=7� � 100� 9:4
¼ 9:4=7ð Þ � 100� 9:4
¼ 134:28� 9:4
¼ 124:88 g

To achieve 15% (34.5 g) weight gain on 30 g of beads, 4.5 g of
solid content was applied. Hence, if 9.4 g of solid content equals to
8 g of polymer, then 4.5 g of solid content equals to 3.82 g of poly-
mer. Similarly, ratios of other ingredients were calculated (Table 2).

2.6. In vitro drug release study of pterostilbene loaded coated zinc
pectinate beads

The drug release study was carried out as described in
Section 2.4.4 with the exception of the use of release media. Drug
release was measured for 2 h in 0.1N HCl (pH 1.2) to simulate
stomach environment. To mimic small intestinal condition, the
drug release study was continued for the next 2 h in phosphate
buffer (pH 6.8). Phosphate buffer of pH 7.4 was used with and
without enzyme for another 20 h mimicking the colonic environ-
ment (Atyabi et al., 2005; Mura et al., 2003).

2.7. Morphological examination of pterostilbene loaded uncoated and
coated zinc pectinate beads

Surface morphology of pterostilbene loaded uncoated (F4) and
coated zinc pectinate beads containing pterostilbene was deter-
mined by Scanning Electron microscope (SEM). Sample was kept
on an aluminum sample holder onto which double-sided carbon
tape (Ted Pella Inc., California, US) was placed. The assembly was
positioned in the SEM chamber, which was maintained at a con-
stant pressure of 80 Pa. and operated in a low vacuum mode. Pho-
tographs of samples were taken to inspect their surface appearance
and shape.

2.8. In vivo study

2.8.1. Bioanalytical method development of pterostilbene using HPLC
Bioanalytical method was developed and validated for rat

plasma, stomach tissue, small intestinal tissue and colonic tissue.
Briefly, 20 lL working standard of pterostilbene (drug) and efavir-
enz (IS) was spiked in 160 lL of blank plasma or tissues homoge-
nate (stomach, small intestine, colon). To this mixture, 1 ml of
cold acetonitrile was added, vortexed for 2 min and centrifuged.
The supernatant was collected and evaporated to dryness. After
evaporation, dry deposits was reconstituted using 200 lL of mobile
phase, vortexed and injected (100 lL) into the HPLC system (Jasco
PU-980, India). Sample analysis was done by reverse phase HPLC
method using Inertsil ODS-3 column (4.6 mm i.d � 250 mm,
5 lm) at RT using Borwin software version 1.50. Mobile phase of
acetonitrile and water (70:30) was used isocratically with a flow
rate of 0.8 ml/min. The drug and internal standard was detected
at 7.9 and 10.2 min, respectively, at a wavelength of 240 nm. Cali-
bration curve (0.1–10 mg/ml) for both plasma and tissues homoge-
nate was found to be linear (R2 = 0.999) with a recovery of >90%.
The percentage RSD for repeatability and intermediate precision
was 1.16% and 4.91%, respectively. The samples were stable for
three-freeze thaw cycles.

2.8.2. Pharmacokinetic analysis
Male Wistar rats, weighing 250–300 g, were obtained from

Bharat Serum and Vaccines Limited, Thane, India. All animals used
in the experiments received care in compliance with the guidelines
of The Committee for the Purpose of Control and Supervision of Exper-
iments on Animals. The experimental protocol was approved by the
Institutional Ethical Committee, Bombay College of Pharmacy,
Mumbai, India (approval no. CPCSEA – BCP/2015 – 01/08).

The rats were randomly divided into two groups (n = 8)
receiving plain pterostilbene suspended in 0.5% sodium CMC and
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optimized coated beads, respectively. Both the groups were further
divided into two subgroups for blood withdrawals at alternate
time points. The rats were fasted 12 h prior to dosing having free
access to water. The dose of pterostilbene in both the groups was
kept to 40 mg/kg p.o. Formulation was administered orally along
with water with the help of infant feeding tube (No. 8) due to large
particle size (1 mm). Blood (0.5 ml) was withdrawn from both the
groups at 5 min, 15 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 25, 30 and 48 h through retro orbital plexus under
anaesthesia. The blood was collected in the micro centrifuge tubes
containing EDTA. Plasma samples (supernatant) were collected by
centrifuging the blood samples at 5000 rpm for 10 min and stored
at �20 �C until HPLC analysis.

The pharmacokinetic parameters such as Cmax, Tmax were
obtained from plasma concentration versus time curve whereas
AUC0–48h was calculated by linear trapezoidal rule and compared
between plain drug and optimized coated beads.

2.8.3. Organ distribution study
Sixteen rats were used in this study to assess the distribution of

pterostilbene in stomach, small intestine and colon after intragas-
tric administration of plain pterostilbene and optimized coated
beads. The rats were randomly divided into four groups (n = 4),
each group was given a single dose of 40 mg/kg plain pterostilbene
and optimized coated beads as described in Section 2.7.2. At 24 and
48 h after drug administration, animals were sacrificed and the
entire GI tract was excised, mesenteric and fatty tissues were sep-
arated. The GI tract was segmented into stomach, small intestine,
and colon. Organs were weighed, minced and homogenized, homo-
genate was centrifuged at 6000 rpm for 15 min at 4 �C, super-
natants were collected and the drug content in the supernatant
was determined by HPLC.

2.9. Statistical analysis

All the experimental data are presented as mean ± standard
deviation (Mean ± SD). ANOVA (Design Expert version 7.0.0) was
used to examine the significance in differences among results.
The unpaired Student’s t-test was applied to the in vivo study. Dif-
ferences at p < 0.05 were considered statistically significant.
3. Results and discussion

Colon targeted beads were formulated by coating Eudragit S-
100 over zinc pectinate beads. On entering the colon the coating
dissolves exposing pectin to the enzymes secreted by microbiota,
thus, degrading pectin and releases the drug in the colon. Thus,
the double dependent approach provide the successful delivery
of drug to the colon with negligible release in the upper GIT.
(Ahmad et al., 2012; Rahman et al., 2008).

3.1. Formulation of pterostilbene loaded biodegradable zinc pectinate
beads

With regards to the selection of excipient, among various
polysaccharides (Shah et al., 2011), pectin, a non-starch linear
heteropolysaccharide obtained from the cell walls of plant holds
a promising carrier for targeting drugs to colon. Pectin is a long
chain of D-galacturonic acid residues with rhamnose forming a
part of the polymer backbone while arabinose and galactose form
a side chains (Kosaraju, 2005; Morris et al., 2010). Pectin is classi-
fied based on the esterification and amidation of carboxyl group
into high methoxy (HM) or low methoxy (LM) pectin and amidated
or non-amidated pectin, respectively (Morris et al., 2010;
Sriamornsak, 2003). De-esterification of HM pectin using ammonia
give rise to amidated LM pectin which is usually used in the CoDDS
due to its advantage of forming more efficient gel at low calcium
concentration than LM pectin alone (Chourasia and Jain, 2004;
Shah et al., 2011; Sriamornsak, 1998). Apart from the physico-
chemical properties, pectin also holds pharmacological benefits
that priorities its use in the treatment and prevention of colorectal
cancer (Wong et al., 2011).

Report (Sinha and Kumria, 2001) affirms that pectin is practi-
cally soluble in aqueous medium; therefore, oral delivery of drug
to the colon becomes a challenging task. Hence, the attention
moved in developing strategies, which would make pectin least
soluble in aqueous medium but can easily be degraded in colon.
Das et al. (2010) and Sriamornsak and Nunthanid (1998) have
depicted that the use of crosslinking agents like calcium and zinc
aid in strengthening the pectin matrix making the polymer less
soluble in aqueous medium. In this process, intermolecular cross-
links develop between the negatively charged carboxyl groups of
pectin and the positively charged divalent metal ions (Morris
et al., 2010; Sriamornsak, 2003). It has been reported that zinc
forms a stronger crosslink with pectin than calcium at the same
concentration (El-Gibaly, 2002), thus, zinc pectinate was consid-
ered to be a favorable carrier for colonic delivery than calcium
pectinate. The zinc pectinate system was further coated with a
pH dependent polymer (e.g. Eudragit S-100) that would dissolve
at colonic pH.

3.2. Optimization of pterostilbene loaded biodegradable zinc pectinate
beads

Pectin concentration (X1), zinc acetate concentration (X2) and
pterostilbene to pectin ratio (X3) were optimized for entrapment
efficiency (Y1) and in vitro drug release (Y2) (Table 3).

The effect of individual independent variables was studied on
each dependent variables. The results of individual dependent vari-
ables from 12 batches were subjected to multiple regression anal-
ysis with an appropriate model selection which gave a first order
polynomial equation for each dependent variable, which is as
follows:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b12X1X2 þ b13X1X3 þ b23X2X3

þ b123X1X2X3 . . . ð1Þ

where, Y – Dependent variables, b – Regression coefficients for first
order polynomial, X – Independent variables.

In the equation, X1, X2 and X3 represents the effect on responses
when each factors are changed individually from low to high level.
The interaction terms (X1X2, X2X3, X1X3 and X1X2X3) demonstrate
the effect on responses when all the factors are changed simultane-
ously. Models were evaluated by analysis of variance (ANOVA)
which suggests a significant model and model terms when
p < 0.05. Surface plot and Pareto chart were also plotted for both
responses.

The selected model (3FI) for each dependent variables was
found to be significant with a p value of 0.0293 and 0.0097 for
Y1 and Y2, respectively. The regression coefficient for the selected
model was 0.9682. The entrapment efficiency was significantly
affected by the interaction of factors AC and ABC having a p value
of 0.0076 and 0.0143 respectively, such that the interaction of AC
(26.56%) affects more than ABC (16.96%). This can also be repre-
sented by Pareto chart (Fig. 1) where the contribution of each
factors are shown sequentially. The model term significantly
affecting (p < 0.05) the entrapment efficiency crosses the t value
limit and the factors that are very close or beyond the bonfer-
roni’s limits have highest impact on entrapment efficiency. The
first order polynomial equation for entrapment efficiency is as
follows:



Table 3
Optimization of biodegradable zinc pectinate beads using 23 full factorial design.

Formulation code Factors Responses

X1 X2 X3 Y1 Y2
Pectin concentration
% (w/v)

Zinc acetate concentration
% (w/v)

Pterostilbene:pectin ratio EE (%)
Mean ± SD (n = 3)

In vitro drug release till 24 h (%)
Mean ± SD (n = 3)

F1 2.00 1.00 1:4 71.37 ± 2.27 96.48 ± 4.86
F2 3.00 1.00 1:4 47.31 ± 1.06 100.00 ± 1.21
F3 3.00 2.00 1:4 56.42 ± 1.11 22.46 ± 3.86
F4 2.00 2.00 1:4 64.80 ± 0.85 37.88 ± 2.78
F5 2.00 2.00 1:3 71.58 ± 3.13 64.26 ± 1.05
F6 2.50 1.50 1:3.5 77.13 ± 0.12 97.12 ± 0.89
F7 2.50 1.50 1:3.5 80.01 ± 0.54 81.29 ± 0.55
F8 3.00 2.00 1:3 68.70 ± 1.75 9.86 ± 1.75
F9 2.50 1.50 1:3.5 75.97 ± 0.70 93.65 ± 2.66
F10 2.00 1.00 1:3 45.47 ± 1.11 100.00 ± 4.58
F11 3.00 1.00 1:3 70.63 ± 2.48 93.50 ± 3.87
F12 2.50 1.50 1:3.5 72.74 ± 0.81 94.51 ± 2.99

Fig. 1. Pareto chart for entrapment efficiency.
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Y1 ¼ 62:04� 1:27X1 þ 3:34X2 þ 2:06X3 � 1:54X1X2

þ 6:84X1X3 þ 2:71X2X3 � 5:47X1X2X3 . . . ð2Þ
Surface plot for response Y1 were also developed as shown in

Fig. 2.
For in vitro drug release, factor A (p < 0.0356), B (p < 0.0010) and

interaction of AB (p < 0.0441) has significant effect such that factor
B i.e. concentration of zinc acetate affects the highest having a con-
tribution (Fig. 3) of 69.16% followed by factor A (5.61%) and inter-
action of AB (4.73%). The regression coefficient of the model was
0.9850. The first order polynomial equation for in vitro drug release
is as follows:

Y2 ¼ 65:56� 9:10X1 � 31:94X2 þ 1:35X3 � 8:35X1X2

� 6:12X1X3 þ 2:10X2X3 � 3:62X1X2X3 . . . ð3Þ
Surface plot of response Y2 is shown in Fig. 4.

3.2.1. Effect of pectin concentration
The effect of pectin concentration was analyzed on EE (Y1) and

in vitro drug release profile (Y2). It was observed that pectin does
not have significant effect on the EE (p > 0.05). This is further
shown in the Pareto chart (Fig. 1) where factor A is below the t
value limit which indicates that the factor is not significant. This
is in agreement with the study carried by Das et al. (2010) where
the entrapment efficiency was said to be independent of pectin
concentration such that higher or lower pectin concentrations
causes neither increase nor decrease in the drug entrapment. With
regards to the effect of pectin concentration on in vitro release,
changes in pectin concentration causes a significant change in
pterostilbene release profile (p < 0.05). From the first order polyno-
mial equation (Eq. (3) of in vitro drug release the effectivity coeffi-
cient of X1 has a negative sign, thereby, indicating an inversely
proportional effect on the corresponding response. It can be noted
from Table 3 and Fig. 4 that drug release from biodegradable beads
made with 3% w/v pectin concentration (F8) was lower than
biodegradable beads prepared with 2% w/v pectin concentration
(F5). This is mainly attributed to the formation of denser matrix
which increases the drug retention behavior of the beads. Addi-
tionally, increase in pectin concentration causes increase in diffu-
sional path length that the drug molecules have to transverse.
This is in concordance with the previous reports by Das et al.
(2010), Kawadkar et al. (2010).
3.2.2. Effect of zinc acetate concentration
The effect of zinc acetate concentration was analysed on the EE

and in vitro drug release profile. It was observed that the p value for
factor B is 0.0516 which is marginally away from 0.05, therefore,
zinc acetate concentration can be considered to have a significant
effect on the EE with a total contribution of 6.33%. This is shown
in the Pareto chart (Fig. 1) where factor B is about to touch the t
value limit that can be considered as an indication of significant
factor. From the first order polynomial equation of EE the effectiv-
ity coefficient of X2 has a positive sign, thereby, indicating a direct
proportional effect on the corresponding response. It is seen from
Table 3 and Fig. 2 that the EE of biodegradable beads made with
2% w/v zinc acetate concentration (F5) was higher than that of
biodegradable beads prepared with 1% w/v zinc acetate concentra-
tion (F10). This is in concordance with the reported study
(Kawadkar et al., 2010) where the entrapment efficiency increases
with increase in the crosslinking agent concentration. This may be
explained by the formation of higher degree of crosslink between
polymeric mesh networks that would aid in the formation of
tightly bound matrix strongly trapping the drug and preventing
its discharge from zinc pectinate biodegradable beads (Kawadkar
et al., 2010).

With regards to the effect of zinc acetate concentration on
in vitro release, changes in the zinc acetate concentration causes
a significant change in pterostilbene release profile (p < 0.05). This



Fig. 2. Surface plot for entrapment efficiency.

Fig. 3. Pareto chart for in vitro drug release.
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can be clearly seen from the Pareto chart (Fig. 3) where factor B
crosses the Bonferroni limit which indicates that factor B has high-
est impact on drug release profile compared to others. From the
first order polynomial equation of in vitro drug release the effectiv-
ity coefficient of X2 has a negative sign, thereby, indicating a
decreasing effect on the corresponding response. It is seen from
Table 3 that release from biodegradable beads made with 2% w/v
zinc acetate concentration (F5) was lower than biodegradable
beads prepared using 1% w/v zinc acetate concentration (F10). This
is in agreement with almost all the previous established reports
(El-Gibaly, 2002; Gadalla et al., 2016; Kawadkar et al., 2010;
Maestrelli et al., 2008) that attributed higher gel strength to be
the reason for retarded drug release at higher zinc acetate concen-
trations. The increased amount of zinc ions leads to a greater
degree of crosslinks between pectin in terms of number and
strength as well an aggregation of pectin molecules leads to higher
gel strength (El-Gibaly, 2002; Wakerly et al., 1997). Similar results
were reported for indomethacin loaded calcium pectinate gel
beads (Sriamornsak and Nunthanid, 1998).

3.2.3. Effect of pterostilbene:pectin ratio
The impact of pterostilbene:pectin was evaluated in the ratio of

1:3 and 1:4. It was observed that pectin does not show any signif-
icant effect on the EE (p > 0.05) as well as on drug release (p > 0.05).
This is further shown in the Pareto chart (Figs. 1 and 3) where
factor C is below the t value limit which is an indication of
insignificant factor.

3.3. Characterization of pterostilbene loaded biodegradable zinc
pectinate beads

The complete characteristics of uncoated zinc pectinate beads
containing pterostilbene is given in Tables 3 and 4.

3.3.1. Shape and size
Shape of beads were measured in terms of ER. All the formula-

tion batches exhibited good sphericity as indicated by their accept-
able elongation ratio (Table 4). However, formulations with lowest
pectin and zinc acetate concentration of 2% w/v and 1% w/v,
respectively (F1 and F10), possessed higher elongation ratio values,
presumably due to less denser matrix and lower degree of
crosslinking that causes depression of their weak surface during
drying (Maestrelli et al., 2008).

The size of beads from different batches (F1–F12) exhibited
diameter ranging between 0.96 ± 1.23 and 1.18 ± 0.96 mm. The
smaller size of 0.96 ± 1.23 mm was mainly due to low pectin and



Fig. 4. Surface plot of in vitro drug release.

Table 4
Characterization of zinc pectinate beads (Mean ± SD, n = 3).

Formulation code Shape (ER) Size (mm) Swelling (%)

F1 1.1 ± 0.02 0.96 ± 1.23 102.66 ± 1.52
F2 0.9 ± 0.03 1.08 ± 2.35 97.95 ± 1.23
F3 1 ± 0.02 1.04 ± 4.32 81.51 ± 1.40
F4 1 ± 0.03 1.04 ± 2.89 144.00 ± 0.75
F5 1 ± 0.04 0.99 ± 4.77 124.91 ± 2.30
F6 1 ± 0.07 1.07 ± 1.58 140.19 ± 3.62
F7 1 ± 0.05 1.06 ± 2.57 137.62 ± 2.09
F8 1 ± 0.01 1.18 ± 0.96 138.94 ± 1.08
F9 1 ± 0.03 1.04 ± 1.02 138.48 ± 2.51
F10 1.1 ± 0.04 1.00 ± 3.87 88.41 ± 2.36
F11 1 ± 0.09 1.11 ± 4.56 118.60 ± 0.96
F12 1 ± 0.08 1.05 ± 0.99 14.21 ± 1.55
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drug content (F1) compared to formulation (F8) where both pectin
and drug concentration was high leading to large beads of size
1.18 ± 0.96 mm. Low pectin and drug content produced a less vis-
cous solution and yielded smaller droplets, which in turn resulted
in smaller beads (Jose et al., 2011). This is in agreement with other
reports (Jose et al., 2011; Sriamornsak and Nunthanid, 1998) that
propose similar observations.
3.3.2. Swelling
Swelling increases on increasing the polymer concentration and

decreases on increasing the drug loading. On increasing the pectin
concentration swelling increases from 124.91% ± 2.30 (F5) to
138.94% ± 1.08 (F8). This behavior is due to the presence of high
amount of polymer in the matrix that imbibes more water and
show high swelling compared to the matrix that contain low poly-
mer concentration. Moreover, it was well observed in batch F1 and
F10wherein the drug loadingwas varied by keeping pectin and zinc
acetate concentration constant. Lesser swelling of 88.41% ± 2.36
was noted in F10 due to increase drug loading compared to
F1 (102.66% ± 1.52) wherein the drug loading was found to be
lower. These observations and explanations are in accordance with
the study carried by Das et al. (2010) and Kawadkar et al. (2010).
3.4. Coating of pterostilbene loaded biodegradable zinc pectinate beads

Coating was achieved using Eudragit S-100, an anionic pH sen-
sitive copolymers of methacrylic acid and methyl methacrylate
that dissolves above pH 7. Coating was done on the optimized for-
mula (F4) using mini fluidized bed coater. To coat the optimized
zinc pectinate beads upto 15% of its weight gain, 8% of polymer
was selected. While performing coating in fluidized bed coater,
major problem that can arise is gun choking. To prevent this, a total
dispersion of 7% with a nozzle diameter of 0.5 mm and an optimum
spray rate of polymeric dispersion was used. The ability of Eudragit
S-100 to form a film is appreciable compared to other polymers.
Therefore, incorporating high amount of plasticizer can lead to film
formation on gun which disallows the spraying of polymeric dis-
persion. In order to prevent this, the amount of plasticizer used
was 2.5% w/w of dry polymer which was optimum to get a uniform
coat without cracks. Sticking of beads usually occur during the pro-
cess of organic coating. To overcome this problem, talc (15% w/w of
dry polymer) is used as an anti-sticking agent. Use of talc more
than an optimum level leads to dust formation after drying.
Another important parameter is product temperature which
beyond 32 �C and below 24 �C leads to spray drying of polymeric
dispersion and sticking of beads, respectively. As a result, product
temperature was kept in the range of 28–32 �C. The process offered
a smooth and uniform coating by keeping the fluidization air and
atomization pressure in the range of 0.40–0.60 bar. After complete
layering of the polymeric dispersion, the beads were dried in the
equipment for 10 min.
3.5. In vitro drug release study of pterostilbene loaded coated zinc
pectinate beads

The in vitro release profile of coated beads is presented in
Table 5. The release of pterostilbene was recorded in 0.1N HCl for
2 h, in phosphate buffer (pH 6.8) for another 2 h and finally in
phosphate buffer (pH 7.4) with and without enzyme (BL Pectinase)
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till 24 h. The utility of enzyme allows to mimic the colonic environ-
ment since in the colon pectinolytic bacteria resides which cleaves
the pectin bond leading to drug release in the colon. From the
release profile it was observed that a coat (15% weight gain) of
Eudragit S-100 was able to protect pterostilbene release in pH
1.2 and 6.8 thereby releasing in pH 7.4 wherein coating of Eudragit
S-100 dissolves and the drug releases from the biodegradable
beads. Unexpectedly, release studies carried out in the presence
of enzyme did not showcase the expected improvement in pteros-
tilbene release. In similarity with some reports (Liu et al., 2003;
Sriamornsak, 1998; Vandamme et al., 2002), pectinolytic enzymes
seemed not to be very effective in promoting the degradation of
pectin beads. Moreover, some authors (Chambin et al., 2006;
Semde et al., 2000) as well, did not find any significant effect of
pectinolytic enzyme on pellets and beads made from pectin.
Bourgeois et al., 2006 observed that only a small amount of diva-
lent ions actually take part in pectinate matrix formation, while
most of them remain in the formulation under free form. There-
fore, it could be hypothesized that the free divalent ions present
in beads, due to their ability to reduce enzymatic activities, could
induce a decline in pectinolytic enzyme activity (Maestrelli et al.,
2008). The other reason that may be ascribed is the optimum activ-
ity of pectinase enzyme is at pH 6, thus, providing a medium of pH
7.4 may hamper the enzymatic activity which could not show any
significant effect on the release profile of zinc pectinate beads.

3.6. Morphological examination of pterostilbene loaded uncoated and
coated zinc pectinate beads

Surface morphology of pterostilbene loaded uncoated (F4) and
coated beads was observed by SEM and the images are shown in
Fig. 5a and Fig. 5b. The SEM images of uncoated beads revealed
that the beads show dense fibrous, crosslinked network structure.
Table 5
In vitro drug release profile of coated beads (Mean ± SD, n = 3).

Time
(h)

Coated beads (without enzyme)
(%)

Coated beads (with enzyme)
(%)

0.08 1.17 ± 3.52 1.15 ± 4.21
0.5 1.75 ± 2.36 1.64 ± 6.70
1 1.40 ± 1.25 2.09 ± 8.95
2 1.49 ± 2.58 2.40 ± 6.21
4 10.10 ± 3.22 11.90 ± 7.85
6 24.44 ± 4.11 28.36 ± 15.24
8 55.11 ± 9.87 67.25 ± 9.54
10 91.97 ± 12.57 98.95 ± 7.65
12 94.80 ± 10.54 99.99 ± 2.11
24 99.09 ± 1.58 100.00 ± 0.87

Fig. 5a. SEM images of u
The surface of uncoated beads show rough and rugged surface
which indicates that the drug crystals are embedded in the bead
matrix. Slight depression and absence of ideal spherical morphol-
ogy can probably be attributed to the drying process that causes
certain invaginations in the beads, as is commonly reported
(Kawadkar et al., 2010). On the other hand, surface morphology
of coated beads showed a smooth surface that can be easily differ-
entiated from the rough surface of uncoated beads. Coating of
Eudragit S-100 on zinc pectinate beads was even and uniform.
On higher magnification, the haziness of the coat can easily be
identified.

3.7. In vivo study

3.7.1. Pharmacokinetic study
In vivo pharmacokinetic studies of plain pterostilbene and opti-

mized coated beads were performed in rats. The pharmacokinetic
parameters evaluated are listed in Table 6. Plasma drug concentra-
tions following administration of the plain drug and optimized
coated beads were plotted against time (Fig. 6). The study showed
longer Tmax value for optimized coated beads than plain pterostil-
bene. However, Cmax and AUC0–48h values were higher in case of
plain drug than optimized coated beads. In group 1, pterostilbene
was detectable in plasma at 5 min (0.15 ± 0.17 lg/ml). Drug con-
centration was rapidly increased and reached to maximum con-
centration (1.59 ± 0.51 lg/ml) at 3 h, and then quickly decreased.
Drug was not detectable in plasma at 12 h. In case of group 2,
the drug was not detectable in plasma upto 12 h following admin-
istration of optimized coated beads. Thereafter, maximum concen-
tration (0.91 ± 1.44 lg/ml) of pterostilbene was detected in plasma
at 22 h, since enzymatic degradation of polysaccharides by colonic
microflora is a slow process that requires several hours for comple-
tion (Rahman et al., 2008; Yang et al., 2002). Drug concentration in
plasma gradually decreased with time such that the drug was not
detectable in plasma at 48 h.

Measurement of drug concentration in blood was performed to
determine drug release in the GI tract following administration of
the formulation. Many researchers used pharmacokinetic study to
predict in vivo colon specific drug release (Bourgeois et al., 2008;
Das et al., 2011; Krishnaiah et al., 2003; Munjeri et al., 1998;
Musabayane et al., 2000; Wu et al., 2008; Zhao et al., 2008). It is
well established that drug in any formulation needs about 5–6 h
for its arrival to the colon (Das et al., 2011; Liu et al., 2003). Hence,
plain pterostilbene cannot be considered as colon specific since the
drug starts appearing in 5 min and the concentration was maxi-
mum at 3 h. On the other hand, no drug was detected in plasma till
12 h after administration of optimized coated beads. Absorption
ncoated beads (F4).



Fig. 5b. SEM images of coated beads (coated F4).

Table 6
Pharmacokinetic parameters of plain pterostilbene and optimized coated beads
(Mean ± SD, n = 4).

Pharmacokinetic
parameters

Group 1
(Plain
pterostilbene)

Group 2
(Optimized coated
beads)

Tmax (h) 3 22
Cmax (mg/ml) 1.59 ± 0.51 0.91 ± 1.44
AUC0–48h (mg h ml�1) 6.45 ± 1.16 4.05 ± 3.27

Fig. 6. Plasma concentrations time profile of pterostilbene after a single oral dose of
plain pterostilbene (Group 1) and optimized coated beads (Group 2) (p > 0.05).
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was delayed in case of optimized coated beads, indicated by its
longer Tmax, indicating that the optimized coated beads prevented
drug release in the upper part of the GI tract and releases it in the
colon. The higher Cmax and AUC0–48 with plain pterostilbene is due
to the absorption of maximum amount of drug from the upper part
of GI tract, which has a large surface area available for absorption.
The lower value of Cmax and AUC0–48 in case of optimized coated
beads would account for the low systemic bioavailability. Thus,
minimal amount of drug is available systemically for interaction
with non-target site such that most of the drug resides in the colo-
nic tissue for longer duration for its desired local action at colonic
sites. This signifies that Eudragit S-100 coated zinc pectinate beads
loaded with pterostilbene showed in vivo colon specific release.
Fig. 7a. Distribution of pterostilbene in different tissues at 24 h post administra-
tion. Stomach (p < 0.05), Small Intestine (p > 0.05), Colon (p > 0.05).
3.7.2. Organ distribution study
Organ distribution study was performed to further confirm the

colon targeting potential of optimized coated beads by measuring
the drug concentration in the stomach, small intestinal and colonic
tissues. Rats were sacrificed at 24 h and 48 h after oral administra-
tion of plain drug and optimized coated beads. The amount of drug
distributed in unit mass of stomach, small intestine and colonic tis-
sue were measured at 24 h and 48 h. Pterostilbene was not
detected in the stomach at 24 h when rats were administered with
plain pterostilbene while the amount in small intestine and colonic
tissues were 0.03 ± 0.04 lg/g and 0.36 ± 0.19 lg/g, respectively.
The amount of pterostilbene in stomach, small intestine and colo-
nic tissue from the optimized coated beads at 24 h include
1.02 ± 0.43 lg/g, 0.57 ± 0.66 lg/g and 3.22 ± 3.26 lg/g, respectively
(Fig. 7a). Pterostilbene was undetectable throughout the GIT at
48 h when given as a plain drug whereas, on administration of
optimized coated beads, highest level (7.61 ± 12.91 lg/g) was
measured in colonic tissues at 48 h compared to stomach
(0.83 ± 0.84 lg/g) and small intestinal tissue (1.01 ± 1.09 lg/g)
(Fig. 7b). Thus, highest amount of pterostilbene was achieved in
the colonic tissue with optimized coated beads at 24 and 48 h with
minimum detection in stomach and small intestine compared to
plain pterostilbene. Thus, the high amount of pterostilbene in the
colonic tissue indicates that the optimized coated beads were
intact during transit through the stomach and small intestine
which causes minimal drug release in the upper part of the GIT
compared to colon. It was evident that the amount of pterostilbene
in colonic tissue was increased by 2 folds from 24 h to 48 h thus
providing a greater scope for chemoprevention at the local site
due to high tissue retention of pterostilbene.



Fig. 7b. Distribution of pterostilbene in different tissues at 48 h post administra-
tion. Stomach (p > 0.05), Small Intestine (p > 0.05), Colon (p > 0.05).
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4. Conclusion

Colorectal cancer is the third widespread cancer mostly affect-
ing old age people. Chemoprevention with nutraceutical at pre-
cancerous stage not only reduces the chances of cancer progression
but also reduces the side effects associated with chemotherapy.
Pterostilbene, an upcoming nutraceutical has an established
chemopreventive effect but possesses a bioavailability problem
limiting its reach to the colonic tissue. To overcome this issue, a
multiunit colon targeted delivery system of pterostilbene was
developed using a double dependent approach. Firstly, zinc pecti-
nate beads loaded with pterostilbene were formulated using iono-
tropic gelation technique which was supposed to get degraded by
the colonic bacteria. The formulation was optimized using 23 full
factorial design. The optimized formulation was coated using mini
fluidized bed coater with Eudragit S-100 a polymer that dissolves
above pH 7. The coating on zinc pectinate beads was assessed by
in vitro drug release. Pharmacokinetic and organ distribution study
of optimized coated beads in rats confirmed the release of pteros-
tilbene in colon. Therefore, this kind of formulation targeting the
chemopreventive drug pterostilbene to the colon can be effective
due to local action to delay or prevent development of colon
cancer.
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