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a  b  s  t  r  a  c  t

To  assist  in  identifying  the  utility  of novel  materials  in  drug-delivery  applications,  this  study  investigated
the  use  of bacterial  cellulose  (BC),  a natural  biopolymer,  in the  synthesis  of  hydrogels  for  drug-delivery
systems.  BC  was  combined  with  different  proportions  of  acrylic  acid  (AA)  to  fabricate  hydrogels  by
exposure  to  accelerated  electron-beam  irradiation  at different  doses.  Fourier  transform  infrared  analysis
revealed  that  the  AA  had  been  successfully  grafted  onto  the  cellulose  fibers  and  allowed  for  prediction
of  the  reaction  mechanism  in  the synthesis  of hydrogels.  Thermal  and  morphological  characterization
eywords:
crylic acid
acterial cellulose
rug-delivery system
lectron-beam irradiation
ydrogel

indicated  the  formation  of  thermally  stable  hydrogels  with  pore  size  determined  by  AA  content  and  irra-
diation  dose.  The  results  of swelling  and  in  vitro  drug-release  studies  revealed  the hydrogels  to  be  both
thermo-  and  pH-responsive.  Such  thermo-  and  pH-responsiveness,  in addition  to their  morphological
characteristics,  suggests  that  these  BC/AA  hydrogels  are  promising  candidates  as  controlled  drug-delivery
systems.
welling behavior

. Introduction

The conventionally passive role of pharmaceutical excipients in
harmaceutical products as providers of weight, volume, flowabil-

ty, and consistency is rapidly evolving to the more active roles of
rug-performance enhancers that target drug delivery at the site
f action and protect the drug from degradation inside the body
Beneke, Viljoen, & Hamman, 2009; Guenther, Smirnova, & Neubert,
008). This evolution has prompted researchers to discover and
xplore new materials for drug-delivery applications. From the
pplication point of view, many natural polymers, such as starch,
ellulose, chitosan, carrageenan, and alginate, have been explored
ue their stability, availability, sustainability and low level of tox-

city (Malafaya, Silva, & Reis, 2007; Säkkinen, Seppälä, Heinänen,
 Marvola, 2002). These biopolymers also offer the advantages
f biodegradability, biocompatibility, and capability of chemical
odification which confers them principle properties for their

pplication to drug-delivery systems (Domb & Kost, 1997). While
any successful drug-delivery systems have been developed using

onventional biopolymers, the rapid evolution of the pharmaceu-

ical industry demands continued exploration to identify novel
iomaterials that can be used in devising intelligent drug-delivery
ystems with efficient in vivo performance.

∗ Corresponding author. Tel.: +60 3 9289 7690; fax: +60 3 2698 3271.
E-mail address: mciamin@pharmacy.ukm.my (M.C.I. Mohd Amin).

144-8617/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier Ltd. All ri
oi:10.1016/j.carbpol.2011.12.022
Crown Copyright ©  2011 Published by Elsevier Ltd. All rights reserved.

One such biopolymer of great interest is bacterial cellulose (BC)
synthesized by Acetobacter xylinum. BC possesses many unique
structural and biochemical properties, including an ultrafine
nanofibrous network structure (Patel & Suresh, 2008), bioad-
aptibility (Hong & Qiu, 2008), chemical stability, and non-toxicity
(Grzegorczyn & Slezak, 2007; Moreira et al., 2009). Due to its uni-
form and ultrafine fibrous network structure, BC has excellent
water-absorbance capacity and mechanical properties, including
high tensile strength and elastic modulus (Czaja, Young, Kawecki, &
Brown, 2008; Hua et al., 2009; Tatsuya, Sachiko, Kaoru, & Yoshinari,
2011). These advantageous properties make BC an attractive mate-
rial for the fabrication of intelligent adsorptive materials for
drug-delivery applications, such as hydrogels.

Hydrogels are adsorptive materials composed of hydrophilic
polymers linked through chemical or physical crosslinking in such
a manner that they can absorb and retain large volumes of water
within their three-dimensional network without dissolution. In
addition to being thermo responsive, they can be fabricated to
become pH responsive by the addition of acrylic acid (AA). Such pH-
and thermo-responsiveness, in addition to their swelling capac-
ity and biocompatibility, allows hydrogels to serve as versatile
materials in many biomedical and pharmaceutical applications.
Such applications include the delivery of antibodies, antibiotics,

enzymes, hormones, and contraceptives that act through a vari-
ety of routes, including oral, subcutaneous, and intramuscular
routes. These characteristics allow hydrogels to play important
roles in sustained-release, controlled-release, targeted-release, and

ghts reserved.
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http://www.sciencedirect.com/science/journal/01448617
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rotective drug-delivery systems (Hamidi, Azadi, & Rafiei, 2008;
ennink, De Jong, Bos, Veldhuis, & Van Nostrum, 2004; Peppas,
ures, Leobandung, & Ichikawa, 2000). Nevertheless, their great
otential has been hampered by one major challenge: the difficulty
f fabricating sufficiently mechanically strong hydrogels using con-
entional chemical crosslinking methods without compromising
heir intelligent-swelling characteristics (Haraguchi, Takehisa, &
an, 2002; Karaaslana, Tshabalalab, Yelleb, & Buschle-Diller, 2011).

Electron-beam radiation (ionizing radiation) can initiate
rosslinking that produces pure, sterile, and residue-free hydrogels.
nlike conventional chemical crosslinking methods, this method
oes not require the addition of catalysts or any other additives to
odify the material in a manner that protects the inherent biocom-

atible and biodegradable properties of natural polymers (Hennink
 van Nostrum, 2002). Moreover, electron-beam radiation requires
o involvement of a radioactive source, eliminating the risk of haz-
rdous toxicity due to the formation of radioactive substances.
sing this method, the degree of crosslinking and the pore size of
ydrogels, which strongly determine the extent of swelling, can be
asily controlled by varying the irradiation dose (Anjali, Manohar,
abharwalb, Bhardwajb, & Majalib, 2000; Said, Abd Alla, El-Naggar,
004). As such, this method has been found to be very useful in
reparing hydrogels for pharmaceutical applications in which even

 low level of contamination is undesirable.
The aim of this work was to investigate the use of novel materials

n drug-delivery applications by synthesis and characterization of
hermo- and pH-responsive hydrogels for use in controlled drug-
elivery systems. BC was combined with AA at several ratios to
abricate hydrogels by exposure to accelerated electron-beam irra-
iation at different doses. After fabrication, FT-IR, thermal and
orphological characterization of the hydrogels was  performed to

nvestigate the structure, stability and the porosity of the hydrogels.
his characterization was followed by both swelling and in vitro
rug-release studies to evaluate the thermal and pH responsive-
ess of the hydrogels and their overall potential as drug-delivery
ystems.

. Experimental

.1. Materials

Bacterial cellulose (BC) was prepared from nata de coco that had
een purified, lyophilized, ground, characterized, and then identi-
ed as described in British Pharmacopeia (2010). Acrylic acid (AA),
ovine serum albumin (BSA), and phosphate buffer saline (PBS)
ere supplied by Sigma–Aldrich, USA. Simulated gastric fluid (SGF)

nd simulated intestinal fluid (SIF) without enzymes were pre-
ared according to the procedure described by the United States
harmacopeia (2010). Distilled water was used to prepare aqueous
olutions and dispersions, and 12 cm × 12 cm × 0.5 cm plastic trays
ere used as molds for the preparation of the hydrogels.

.2. Synthesis of BC/AA hydrogels

Lyophilized BC was ground to a powder of particle size ranging
rom 20 to 200 �m.  AA was added to a 1% (w/v) dispersion of BC in
istilled water to make 20:80, 30:70, and 40:60 AA:BC mixtures. To
nsure thorough mixing, each mixture was stirred by a mechani-
al homogenizer (IKA Labortechink Ultra Turrax T25, Germany) for
0 min, then poured into a mold for subjection to electron-beam
adiation of 35 or 50 kGy in air at the accelerator facility (EPS-3000,

apan) of the Malaysian Nuclear Agency. The resulting hydrogels

ere named as 208035, 208050, 307035, 307050, 406035, and
06050 hydrogels, on the basis of AA:BC ratio and electron-beam

rradiation dose.
e Polymers 88 (2012) 465– 473

2.3. Gel fractions of hydrogels

Freshly prepared hydrogels were cut into disks 1 cm in diameter
and 2 mm in thickness and dried in an oven at 60 ◦C to a constant
weight. The dried hydrogels were then subjected to extraction in
distilled water at ambient temperature for 7 days to remove free
BC and AA, after which the extracted hydrogels were dried in an
oven at 60 ◦C to a constant weight. The percent gel fraction was
calculated using the following equation:

Gd

Gi
× 100 (1)

where Gd is the initial dried weight before extraction and Gi is the
constant dried weight of the hydrogels after extraction.

2.4. FT-IR analysis

FT-IR analysis was conducted to identify the structure of the
hydrogels using the Perkin Elmer FT-IR Spectra 2000. Hydrogels
were cut into 1 cm × 1 cm × 2 mm thin films, directly placed on
the top plate of a diamond attenuated total reflection (ATR) and
scanned over a range of 4000–500 cm−1.

2.5. Thermogravimetric analysis

A Perkin Elmer STA 6000 was  used to perform thermogravimet-
ric analysis (TGA) of the BC, AA, and hydrogels. In preparation for
TGA, the hydrogels were ground to powder form. Approximately
10 mg of BC, AA, and hydrogel powder was placed in the sample
pan for analysis over a temperature range of 50–900 ◦C at a heating
rate of 10 ◦C/min under a nitrogen purge (25 mL/min). The differ-
ential thermogravimetric (DTG) curve was derived from the TGA
results using the Pyris 1 software program.

2.6. Differential scanning calorimetry

The glass-transition temperatures (Tg) of the purified hydro-
gels were determined using a Perkin Elmer Diamond differential
scanning calorimeter to perform differential scanning calorimetry
(DSC). Approximately 10 mg  of all samples was sealed in a standard
aluminum pan. The analysis was  conducted over a temperature
range of 0–150 ◦C at a 20 ◦C/min heating rate under a nitrogen purge
(20 mL/min).

2.7. Morphological analysis

The morphologies of the porous structure of the BC/AA hydro-
gels were examined by scanning-electron microscopy (SEM). To
prepare the hydrogel samples for examination under a Leo1450 VP
(Germany) SEM, they were mounted on an aluminum stub with
double-sided carbon tape and coated with gold in sputter coater
(SC500; BioRad, UK) under argon atmosphere.

2.8. Swelling studies

To measure the swelling ratio (SR), dried and weighed hydro-
gels disks were immersed into 50 mL  solutions of PBS at different
pH values (2–10) and temperatures (25–50 ◦C). The swollen sam-
ples were weighed during time intervals at which excess of buffer
was removed by blotting with filter paper. The SR percent was

calculated using the following equation:

SR% = Gs − Gd

Gd
× 100 (2)
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Table 1
Gel fractions of BC/AA hydrogels.

Samples Initial weight (Gi) Extracted
weight (Go)

% gel fraction

208035 12.16 ± 1.180 7.81 ± 0.839 60.21 ± 3.440
208050 12.48 ± 0.974 9.64 ± 0.777 77.23 ± 1.170
307035 19.78 ± 1.477 17.15 ± 1.206 86.75 ± 0.510

and hydrogel composites were obtained. As can be observed in
Fig. 1, although the hydrogels shared the same peaks, the peaks
were of varying intensities, suggesting that similar interactions
M.C.I. Mohd Amin et al. / Carboh

here Gs and Gd are the weights of swollen and dried hydrogels,
espectively. The experiments were performed in triplicate and the
verage of results was reported.

.9. Drug loading

Bovine serum albumin (BSA) was loaded as a model drug into the
08050, 208035 and 307050 hydrogels using the swelling-diffusion
ethod. The BSA solutions (0.5 and 1%, w/v) were prepared in PBS

t pH 7.4. Dried and weighed hydrogel disks were then immersed
n 25 mL  of the BSA solutions and incubated at 37 ◦C. After 2 days,
he hydrogels were removed from the solution, washed with SGF
pH 1.2), and dried under vacuum at 25 ◦C to a constant weight.
he remaining solution was diluted to 50 mL  and the amount of
SA left in the loading solution was determined by spectropho-
ometry (UV-1601; Shimadzu, Japan) at a wavelength of 280 nm.
SA entrapment efficiency (EE) in the hydrogels was calculated by
sing the following equation:

E = Wo − Wf

Wo
× 100 (3)

here Wo is the total amount of BSA in solution before loading and
f is the total amount of BSA in solution after loading.

.10. In vitro drug release studies

In vitro drug release profiles of the hydrogels were obtained by
mmersing BSA-loaded hydrogel samples into 25 mL  of SGF (pH 1.2)
or 2 h and then in SIF until maximum release. The samples were
ncubated at 37 ◦C with constant agitation (50 rpm). After a prede-
ermined period, 0.5 mL  samples were removed from the release

edium and replaced with fresh medium. The concentration of
SA in samples was measured using a UV/vis spectrophotome-
er at 280 nm,  according to the standard BSA calibration curve.
ll release studies were performed in triplicate and the means of
ll measurements calculated. The results were presented in terms
f cumulative percentage release as a function of time using the
ollowing formula:

umulative percentage release = Wt

Wl
× 100 (4)

here Wt is the amount of BSA released from the hydrogel at time
 and Wl is the amount of BSA loaded onto the hydrogel.

. Results and discussion

.1. Hydrogel synthesis

The minimum gelation dose for polyacrylic acid (PAA) alone has
een reported as 50 kGy (El-Naggar, Abd Alla, & Said, 2006). How-
ver, the results of the present study suggested that 35 kGy is the
owest dose required to solidify the hydrogels of 0.5 cm thickness

ithout any elevation of temperature that could produce bubbles
n the hydrogel matrices. The production of bubbles is to be avoided
ecause it could influence the mechanical properties of a hydrogel,
hich may  interrupt drug release when the hydrogel is used as a
rug-delivery carrier.

.2. Gel fractions

The gel fractions of the hydrogels are shown in Table 1. As can be
bserved, the fractions increased in tandem with the addition of an

ncreasing amount of AA into the gel formulation, which resulted
n increased polymerization of AA into polyacrylic acid (PAA) by
lectron-beam radiation. The extracted weight and gel fractions
ere also influenced by the irradiation dose. Among hydrogels of
307050 20.75 ± 0.510 19.02 ± 0.486 91.69 ± 1.544
406035 27.08 ± 0.141 24.61 ± 0.178 90.86 ± 0.206
406050 27.36 ± 0.445 25.92 ± 0.437 94.74 ± 0.164

the same initial formulation, those exposed to a higher dose of
electron-beam irradiation yielded a higher extracted weight and
gel fraction, suggesting that a higher dose results in a more highly
crosslinked and insoluble network. Moreover, electron-beam irra-
diation, which led to the radiolysis of water, resulted in the
production of electrons, hydroxyl radicals, hydrogen atoms, and
reactive species, which likely led several reactive sites on the AA
to become crosslinked. This likely scenario suggests that a greater
number of reactive species are produced with higher doses of irra-
diation, which increases the degree of crosslinking (Said et al.,
2004), and allows for the conclusion that the gel fraction of hydro-
gels is influenced by both the irradiation dose and the quantity of
AA.

3.3. FT-IR analysis

As FT-IR spectroscopy is an effective tool for studying the
molecular structure of polymers, the FT-IR spectra of the BC, AA,
Fig. 1. FT-IR spectra of BC, AA, and BC/AA hydrogels.
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Fig. 2. Reaction mechanism involved in hydrogel synthesis.
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Fig. 3. TGA (a) and DTG 

ccurred between the BC fibers and the AA during the formation
f the hydrogels. The BC FT-IR spectra exhibited a C O stretch-
ng vibration at 1040 cm−1, a C O C stretch of the ether linkage
1,4-�-d-glucoside) of cellulose at 1163 cm−1, a C H stretch at
926 cm−1, and an O H stretch of intermolecular hydrogen bond-

ng at 3440 cm−1. The AA spectra exhibited distinctive peaks at
600 cm−1 due to C C stretching and at 1700 cm−1 due to C O
tretching, as well as a broad peak at 3040–2340 cm−1 due to O H
tretching (Pavia, Lampman, & Kriz, 2001). Such C C stretching as

 shoulder in the hydrogel spectra indicates the polymerization of
A into PAA, an indication supported by the finding that irradiation
f acrylates with electrons leads to the curing of the polymer by the
ormation of radicals that initiate polymerization and crosslinking
eactions (Scherzer, Beckert, Langguth, Rummel, & Mehnert, 1998;
akács, Dajka, & Wojnárovits, 2001). Moreover, the absence of C O
tretching vibrations in the hydrogel spectra indicated the grafting
f AA onto BC fibers.

.4. Reaction mechanism

The reaction mechanism involved in the hydrogel synthesis
s illustrated in Fig. 2. During the irradiation process, the water

olecules were converted into reactive species, such as electrons,
ydroxyl radicals, and hydrogen atoms (Strauss, Knolle, & Naumov,
998), that created active sites on the AA and BC for grafting. The
resence of a C O stretching vibration at approximately 1700 cm−1

n the hydrogel FT-IR spectra was clearly due to the presence of a
arboxylic group from AA, while a very broad peak at approximately
500–2500 cm−1 indicates the presence of extensive hydrogen
onding. This vibration reflects the increased hydrogen bonding of
C with the AA polymerization, with bonds being formed between
he carboxylic group of AA and the non-substituted hydroxyl group
f the BC (Said et al., 2004).

In accordance with the expectation that all reactive transients

rom water react with AA monomers during the radiolysis of water,
ater radiolysis in this study resulted in the formation of radi-

als that initiated the polymerization of AA into PAA (Strauss et al.,
998). The formation of the mid-chain radicals (crosslinked sites)
BC, PAA, and hydrogels.

by the intermolecular 1,5 H-shift, which has been observed in
electron-pulse radiolysis (EPR) investigations of acrylates (Ulański,
Bothe, Rosiak, & von Sonntag, 1994), could be the pathway by which
PAA crosslinks with BC during the irradiation process. The OH and H
radicals are also known to be capable of extracting hydrogen atoms
from polymers when addition to the double bond is not possible
(Said et al., 2004).

3.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was  conducted to examine
the effect of composition and irradiation dose on the thermal
decomposition of the BC/AA hydrogels. As evident from the TG and
DTG curves of BC, PAA, and hydrogels shown in Fig. 3, BC underwent
single-step decomposition, with maximum decomposition occur-
ring at 343 ◦C. These results are in agreement with previous reports
and confirm the purity of the cellulose extracted from nata de coco
(Huang & Li, 1998; Nada & Hassan, 2007). In contrast, the TG and
DTG curves show that the PAA underwent a stepwise decomposi-
tion, with peaks occurring at 301 ◦C and 425 ◦C. In the three-step
decomposition of PAA, the first step is predominantly associated
with the release of H2O; the second with a loss in mass from the
release of H2O, CH4, and the AA monomer at approximately 330 ◦C;
and the third with a loss in mass between 350 ◦C and 500 ◦C due to
the release of AA moieties consisting of short-chain fragments from
depolymerization (Dubinsky, Grader, Shter, & Silverstein, 2004).

The thermal decomposition data of the hydrogels shown in
Fig. 3 demonstrate that the hydrogels underwent three stages of
decomposition similar to those of the PAA. The sharp and deep
decomposition peaks at 300 ◦C resemble the BC decomposition
peak, suggesting that initiation of BC decomposition in the hydro-
gel composites began at a lower temperature, falling from 343 ◦C
to 300 ◦C, due to grafting of PAA (Huang & Li, 1998). Likewise,
the decomposition peak of AA moieties occurred between 406 ◦C

and 410 ◦C instead of at 425 ◦C. This decrease was the result of
a part of the AA monomer being grafted onto the BC to produce
branched structure. The resultant combination of branched and lin-
ear structures made the hydrogels less crystalline and thermally



470 M.C.I. Mohd Amin et al. / Carbohydrat

s
b
d
t
p
o
c
t

3

h
o
4
8
c
T
i
(
A
a
d
g
r
c
g
a
h
g
m
p

2
h
p
2
m

Fig. 4. DSC curves of hydrogels; arrows indicate Tg positions.

table, facilitating their degradation at lower temperatures. This
ranched structure also facilitated chain scission of PAA, enabling
ecomposition of AA moieties at lower temperatures. The finding
hat the 406050 hydrogel exhibited a higher decomposition tem-
erature than the 208035 hydrogel demonstrates that the addition
f a greater quantity of AA produces a greater number of highly
rosslinked and compact structures, which have a higher degree of
hermal stability.

.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) curves of the BC/AA
ydrogels are shown in Fig. 4. The glass transition temperatures (Tg)
f the 208035 and 208050 hydrogels were found to be 39 ◦C and
1 ◦C, respectively, with an endothermic peak observed between
0 and 100 ◦C for the 208035 hydrogel. As H2O molecules bind to
ellulose, acting as a plasticizer and influencing the reduction in
g, the higher cellulose content of the 208035 hydrogel resulted
n its Tg being much lower than that of both BC (220–250 ◦C)
Wang, Luo, Peng, & Pei, 2008) and PAA (106 ◦C) (Chan & Chu, 2001).
lthough the 208050 hydrogel contained the same amount of BC
s the 208035 hydrogel, it was crosslinked at higher irradiation
ose (50 kGy), which polymerized the PAA to longer chains and
rafted more PAA onto the BC fibers to form a more condensed and
igid structure. Such increased interaction between the polymer
hains decreased the ability of the moisture to bind with the hydro-
els (Szczesniak, Rachocki, & Tritt, 2008). As a result, a very low
mplitude of the endothermic peak was observed for the 208050
ydrogel. The polymerization of PAA into longer chains and the
rafting of PAA to BC also increased the molecular weight of the
aterial. As large molecules require more energy and higher tem-

eratures to move, they exhibit higher Tg values (Gabbott, 2008).
The additional finding that the DSC curves for the 208035 and

08050 hydrogels exhibited only one Tg peak suggests that BC/AA

ydrogels proceed through a miscible homogenous amorphous
hase (Lau & Mi,  2002). As it contained slightly less BC than the
08035 hydrogel, the 307035 hydrogel exhibited a small endother-
ic  peak between 100 ◦C and 105 ◦C. In contrast, the 307050
e Polymers 88 (2012) 465– 473

hydrogel exhibited no endothermic peak, as the intensive inter-
actions between the polymer chains may  have prevented moisture
from binding in the polymer matrix. Similarly, no endothermic peak
was observed for the 406035 and 406050 hydrogels due to their
low BC content and high crosslinking density in the presence of a
greater quantity of PAA. Changes in the slope of the DSC baselines
for the 307035, 307050, 406035, and 406050 hydrogels were so
broad that their Tg values were difficult to determine. These broad
baselines suggest that the hydrogels consist of a combination of an
amorphous and partially crystalline materials which are together
referred to as a rigid amorphous fraction (Gabbott, 2008). In this
fraction, the amorphous component is not completely free to move
due to its close proximity to the crystalline materials, prevent-
ing it from undergoing the glass-transition phase. Moreover, the
coupling between the crystalline and amorphous phases causes a
shift in the glass-transition phase to higher temperatures (Righetti,
Tombari, & Di Lorenzo, 2008). Consequently, the Tg values for these
hydrogels may  be at or above the melting point. In this experiment,
the detection of Tg was  hindered because the temperature range
was limited to an upper range of 160 ◦C based upon the observa-
tion of Szczesniak et al. (2008),  who reported that cellulose begins
to change color from white to yellow-brown above 180 ◦C.

3.7. Morphological analysis

As shown by the SEM results in Fig. 5, the morphology of the
hydrogels depends on the hydrogel composition and irradiation
dose, with pore size decreasing with increasing AA content and irra-
diation dose. This observation supports the previous observation
that higher doses of electron-beam irradiation lead to the forma-
tion of a greater number of inter-polymeric networks between
PAA and BC, resulting in denser networks and smaller pore size
(Chauhan & Chauhan, 2008; Da Silva & Ganzarolli de Oliveira, 2007).
These morphological observations suggest that the highly porous
sponge-like structure of BC/AA hydrogels facilitates the diffusion of
water in all directions, making these hydrogels suitable for drug-
delivery (Amin, Halib, & Ahmad, 2010). The pore size of the 208050
(20–110 �m),  208035 (60–190 �m)  and 307035 (2–50 �m)  hydro-
gels suggested that they are more suitable than the other hydrogels
for BSA loading and release studies.

3.8. Swelling studies

The swelling ratios of BC/AA hydrogels are presented in Fig. 6. As
can be observed in Fig. 6(a), the hydrogels exhibited a low swelling
ratio within acidic medium (pH 2–5) that increased with increasing
pH (pH 5–8) until reaching a peak in medium of neutral pH (pH 7).
At pH 2, the swelling rate slightly increased between 2 and 8 h of
exposure before reaching a swelling equilibrium after 24 h. How-
ever, at pH 7, the state of equilibrium could not be determined, as
the hydrogel continued to swell beyond 48 h. At pH 10, the swelling
rate was  slightly higher for the first 8 h compared to that at pH 7, but
subsequently decelerated until reaching equilibrium after 24 h. The
sensitivity of the response of the hydrogels to changes in pH (from
pH 2 to pH 7) was likely due to the hydrophilicity of the carboxylic
group in the hydrogel structure. When the pH is increased, the
carboxylic group of AA is deprotonated to a negatively charged car-
boxylate ion (Da Silva & Ganzarolli de Oliveira, 2007; Marchessault
& Sundararajan, 1983), with the resulting electrostatic repulsion
causing the hydrogel to swell (Akala, Kopeckova, & Kopecek, 1998).
However, in an alkaline environment, the hydrogels interact with

basic species, restricting the interaction of the water molecules
with the acid molecules. The non-ionized condition of the car-
boxylic groups and the restricted interaction between the water
and acid molecules result in a reduction of the swelling ratio,



M.C.I. Mohd Amin et al. / Carbohydrate Polymers 88 (2012) 465– 473 471

6050, 

p
C

t
w
o
w

Fig. 5. SEM images of hydrogels: (a) 406035, (b) 40

articularly at pH values <5 and >10 (Amin et al., 2010; Chauhan &
hauhan, 2008).

The swelling kinetics for the hydrogels at various tempera-
ures is shown in Fig. 6(b). As can be observed, the hydrogels

ith greater AA content and synthesized at an irradiation dose

f 50 kGy swelled to a lesser extent due to their denser structure,
hich likely restrict mobility within the network (Panda, Manohar,

Fig. 6. Swelling behavior of hydrogels: (a) pH 
(c) 307035, (d) 307050, (e) 208035, and (f) 208050.

Sabharwal, Bhardwaj, & Majali, 2000). Although all the hydrogels
reached their equilibrium state after 24 h, the hydrogels synthe-
sized at 35 kGy exhibited the least swelling at 37 ◦C, while those
synthesized at 50 kGy experienced a reduced swelling percentage

at 25 ◦C. These demonstrated characteristics of thermo- and pH-
responsive swelling suggest that these hydrogels are promising
candidates for controlled drug-delivery systems, as it suggests that

response and (b) temperature response.
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aded with 1% (w/v) BSA and (b) hydrogels loaded with 0.5% (w/v) BSA.
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Table 2
Diffusion exponent n, constant k and regression coefficient r2 for BC/AA hydrogels.

Sample n k r2

208050 0.4646 0.1351 0.9404
208035 0.5663 0.0993 0.9667

nary findings suggest that BC/AA hydrogels could be exploited
Fig. 7. In vitro drug release profiles of hydrogels: (a) hydrogels lo

hey can be developed in a manner that triggers drug release with
ny change in pH and body temperature.

.9. In vitro drug-release studies

The in vitro drug-release profiles of the hydrogels are presented
n Fig. 7. The EE of BSA in hydrogels was found to be 36.3%, 48.3%
nd 55.6% for 307035, 208050 and 208035 hydrogels, respectively.
his suggests that the EE was mainly dependent on the pore size of
he hydrogels as it was the highest for 208050 and the lowest for
07050 hydrogels. Drug release from a hydrogel mainly depends on
he swelling behavior of the hydrogel, the interaction of the drug
ith the polymers, and the solubility of the drug in the release
edia (Brazel & Peppas, 1999). The cumulative percentage release

f BSA from the hydrogels was lower in the SGF than the SIF, which
as mainly due to lower swelling of hydrogel in acidic environ-
ent as discussed earlier in Section 3.8. Among all hydrogels, the

07035 showed the lowest release in SGF, which was expected
ue to its greater AA contents resulting in more pH sensitivity.
t initial immersion, the hydrogels released a burst of BSA, which
as likely due to the presence of some BSA on the surface of the
ydrogels. Since the concentration gradient is the driving force in
rug release, the relatively high concentration gradient between
he surrounding medium and the surface of the hydrogel at this
nitial stage was likely to lead the release of BSA (Chiba, Hanes, &
anger, 1998; Gupta, Vermani, & Garg, 2002). The time to reach
aximum cumulative percentage release was found to be 8 h for

08035 (≈90%), 11 h for 208050 (≈88%) and 13 h for 307035 (≈83%)
ydrogels which was most likely due to the differences in the pore
ize of the hydrogels. Hydrogels with larger pore size are expected
o achieve maximum release sooner than others.

As the drug release from swellable matrices is primarily con-
rolled by diffusion process, hence, Peppas’ semi-empirical power
aw as in Eq. (5) was applied in order to understand the release
inetics of BSA from the hydrogels (Korsmeyer, Gurny, Doelker,
uri, & Peppas, 1983).

Mt

M∞
= ktn (5)

here Mt/M∞ is the fractional release of drug in time t, k is con-
tant characteristic of drug delivery system and n is the diffusion
xponent indicating release kinetic mechanism. The n and k val-
es were calculated from the slope and intercept of the plot of

n(Mt/M∞ ≤ 0.6) against ln t, respectively and represented in Table 2

long with the regression coefficients. For cylindrical hydrogel
isks, when n value equals to 0.45, it corresponds to the Fickian
iffusion while when n value is between 0.45 and 0.89, it then
epresents the non-Fickian diffusion (Ritger & Peppas, 1987). The
307050 0.7669 −0.3022 0.9056

values of n for BC/AA hydrogels ranged between 0.47 and 0.77
indicating that the absorption of the surrounding medium and
the release of BSA via a swelling-controlled diffusion mechanism
occurred simultaneously.

These findings suggest that BC/AA hydrogels exhibit tremen-
dous potential as controlled drug-delivery systems, especially in
drugs that degrade in gastric environments, such as protein-based
drugs. Due to their lesser extent of swelling at a much lower pH,
these hydrogels could protect the drug in the acidic stomach envi-
ronment (pH 1.2) before releasing it in the small intestine (pH 6.8)
for absorption into the systemic circulation.

4. Conclusions

This study explored the potential of a novel hydrogel fabri-
cated from BC, a natural polymer, for application in drug-delivery
systems by fabricating a series of BC-based hydrogels by electron-
beam irradiation. The results of FT-IR analysis revealed that AA
had been successfully grafted onto the cellulose fibers and allowed
for prediction of the reaction mechanism in the synthesis of the
hydrogels. Morphological analysis revealed that all hydrogels had
a highly macroporous sponge-like structure and the pore size
of hydrogels decreased with increasing AA content and irradia-
tion doses. DSC analysis suggested that the thermal stability of
the hydrogels was  suitable for their application as drug-delivery
systems.

The results of the swelling studies suggest that the hydrogels
were thermo- and pH-responsive, with an initially low swelling
ratio at pH 2 increasing with increasing pH, mainly due to the
ionization of AA at higher pH values, until reaching a peak at
pH 7. Such pH-responsive behavior resulted in a lower in vitro
drug-release rate in SGF compared to SIF. The hydrogels showed
a reduced swelling at body temperature suggesting that they can
be applied for temperature-controlled delivery. These prelimi-
as components in a controlled delivery system for protein-
based drugs. As such, they warrant further investigation into the
biodegradability and stability of these hydrogels under simulated
conditions.
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