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ABSTRACT: The objective of this study is to produce a
class of optically transparent nanostructured biocompo-
sites composed of surface-modified bacterial cellulose (BC)
nanofibers reinforced into poly(hydroxyethyl methacrylate)
(PHEMA) hydrogel matrix. The surface of BC was first
modified by fibrous heterogeneous acetylation to preserve
the BC nanofibrillar morphology, followed by graft
copolymerization with PHEMA hydrogel by free-radical
mechanisms using benzoyl-peroxide as a radical initiator.
A series of samples of grafted nanofiber having different
degrees of acetylation and graft yields were produced and
characterized using NMR, FTIR, and gravimetry. The max-
imum degree of acetylation obtained in this study was
2.3% and the maximum graft yield was 82.35 %.The modi-
fied nanofibers were thereafter reinforced into a polymeric
matrix of PHEMA to form the final transparent biocompo-
site. The nanofiber-network-reinforced PHEMA polymer
composite sample containing 1% (w/w) nanofiber trans-

mitted over 80% of the light, while samples with less than
1% (w/w) nanofibrillar content exhibited higher light
transmittances. The loss of transparency in the nanocom-
posite was small, despite the differences of refractive indi-
ces of BC and PHEMA. Increasing content of the BC
nanofibers in the composite up to 1.4% (w/w) increased
its water holding capacity up to 48.7% compared to the
reference sample. This class of transparent nanostructured
cellulose-based hydrogel composite provides unique fluid
handling capability of absorption and donation. These
characteristics are essential for several applications as opti-
cally functional materials in addition to several biomedical
applications. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci
000: 000–000, 2012
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INTRODUCTION

Mechanical reinforcement of optically functional
materials is of significant interest for various indus-
tries due to the rapid expansion of related devices.
Nanocomposite materials with components less than
one-tenth of a wavelength in size (i.e., 0.1 nm) do
not scatter light and are acceptable for a variety of
optical devices applications. Bacterial cellulose (BC)
is a nanofibrous material that can be produced by
certain strains of Acetobacter including Acetobacter
xylinum with a diameter of less than 50 nm and a
high degree of crystallinity.1,2 It is a linear polymer
of glucose linked by b-(1-4)-glycosidic linkages that
is similar to plant-based cellulose in chemical struc-
ture and has a high degree of polymerization of
2000–6000 compared to 300–700 reported for plant-
derived cellulose.1–3 BC nanofibers are structured as
a web-like network, each nanofiber made up of a

bundle of cellulose chains. Pure BC nanofibers are
naturally produced in pellicular form having unique
physical properties. With high surface to volume
ratio combined with its unique polyfunctionality,
hydrophilicity, and biocompatibility, BC is a poten-
tial material for a wide range of biomedical applica-
tions. At the same time, its high elastic modulus and
tensile strength also make BC suitable for various
nanocomposites.4,5

Thermal expansion coefficient of BC is as small as
1 � 10�7 �C�1, which is similar to that of glass. The
physical properties of cellulose microfibrils are quite
similar to those of high strength aramid fiber. In
addition to that, the web-like structure of the nano-
fibers is expected to contribute to the further
enhancement of the mechanical properties of the
substrate into which the fibers are embedded.4–7

Although BC nanofibers have important proper-
ties, they lack the properties of synthetic polymers,
and hence, have drawn attention to their use in ‘‘bio-
composites.’’ Cellulose biocomposites can be pre-
pared with a plethora of other organic polymers to
form a wide range of polymeric composites. These
composites vary from simple blends to crosslinked
polymers, grafted polymers as well as copolymers.
Also other polymers can be polymerized in the
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presence of stable cellulose, giving rise to partial
interpenetrating polymer networks (IPN) that can be
sealed by subsequent coupling or crosslinking to
produce full IPNs. There has been special interest in
investigating cellulose-based composites with differ-
ent acrylic-based polymers. Cellulose is the key
structural player, since, in nature, it is produced as
long and strong crystalline fibers. These fibers can
support an amorphous polymer in a composite.
Because of the small nanofiber size, the surface
integrity is good, since there is a large area of con-
tact between the fibers and the other phase.2,8,9

A hydrogel, 2-hydroxyethyl methacrylate (HEMA)
is a porous heavily crosslinked polymer that, like
BC, also exhibits excellent swelling properties
in water and other solvents. Cellulose has been
investigated for biocomposites with acrylic-based
polymers including poly(hydroxyethyl methacrylate)
(PHEMA). PHEMA is a porous, crosslinked and
inert biocompatible polymer that is known to be bio-
logically inert in most contexts and can be prepared
through different polymerization techniques. The
swelling property of this polymer depends on tem-
perature, pH, and solution’s ionic strength.1–3

PHEMA has also been tested for various pharmaceu-
tical applications by Karlson and Gatenholm,10

Seidel and Malmonge,11 Koo et al.,12 and Tsou
et al.13

There has been a special interest in grafting
acrylic-based monomers onto plant-based cellulose,
although information available on research using
HEMA is inadequate. Under swollen conditions,
Karlson and Gatenholm10 controlled degree, place,
and uniformity of grafting PHEMA onto plant cellu-
lose. Nho and Kwon14 found an application for
HEMA-grafted plant cellulose in hemidialysis using
a irradiation. They attached heparin to HEMA
strands on the cellulose and measured antithermobic
properties. Nishioka and Yoshida15 found that the
thermal stability was about that of the constituents
in graft polymers with a low degree of grafting,
while the thermal stability was heavily impaired in
the case of extensive grafting. They also found that a
blend of graft polymer and homopolymer actually
had a higher water holding capacity than any of the
constituents of this blend. The only research
involved in BC-based biocomposite with PHEMA
has produced a transparent composite with a low
thermal-expansion coefficient similar to that of a
silicon crystal with a higher mechanical strength
than that of engineered plastics. This is an excellent
material for a variety of applications.16–18

Careful review of literatures showed that there
has been no detailed study of nanostructured com-
posites that combined biocellulose nanofibers and
PHEMA hydrogels. Against this background, the
present work introduces nanostructured composites

that combine BC and PHEMA in a predesigned way
to produce a stable and transparent material with
advanced properties. The approach involves surface
acetylation of the nanofibers in addition to graft
copolymerization, where PHEMA is polymerized as
side chains on BC hydroxyl groups. Surface acetyla-
tion of the nanofibers improves transparency in the
final composite material, and helps to control the
degree of grafting.19 In general, these surface modifi-
cations of cellulose would subsequently increase the
water holding capacity, tear, and temperature resist-
ance. With this wealth of possible modifications, the
applications of BC would grow from plastic cellu-
loids to contact lenses, drug delivery systems, bio-
sensors, pervaporation membranes, and even to
water purification systems.19–23

EXPERIMENTATION

Materials

Biocellulose nanofibers were produced using the
bacterial strain A. xylinum BPR2001, which was pur-
chased from the American Type Culture Collection
(ATCC), Manassas, VA. Fructose, corn steep liquor,
KH2PO4, MgSO4.7H2O, (NH4)2SO4, NaOH, acetic
acid, acetic anhydride (Ac2O), H2SO4, methanol,
acetone, benzoyl-peroxide (BPO), ethylene glycol
dimethacrylate, HCl, and benzene (ACS regent
grade) were purchased from Sigma-Aldrich (To-
ronto, Canada) and used as received.

Production of composite material

Nanostructured biocomposite samples were synthe-
sized through the following three main steps: sur-
face (i.e., fibrous) acetylation of BC nanofibers; graft-
ing of PHEMA on the surface of the nanofibers; and
reinforcing the grafted BC nanofibers by a cross-
linked network of PHEMA.

Biosynthesis of BC

Bacteria were grown on a fructose-based nutrient
medium, as described in the literatures,24 in shake
flasks (175 ppm) at 28�C. Three days after inocula-
tion, the fermentation broth was harvested and ho-
mogenized at 12,000 rpm. The resultant medium
was treated with 1% (w/w) NaOH in a boiling
water bath for 30 min and washed repeatedly with
deionized water until neutral pH was obtained. The
extracted BC was kept in deionized water at 4�C
until further use.

Surface acetylation of BC nanofibers

BC was initially transferred into acetic acid by step-
wise solvent exchange (water-methanol-acetone-ace-
tic acid) and swollen for 72 h. BC was then acety-
lated in a suspension solution consisting of acetic
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acid (20 parts (w/w)), Ac2O (20 parts (w/w)), and
97% H2SO4 (0.04 parts (w/w)); all based on 1 part of
BC. After shaking for 1 h, the mixture was allowed
to stand for 1 h at room temperature (� 25�C). Ace-
tylated BC (i.e., cellulose acetate (CA)) was initially
washed several times with methanol and water and
thereafter transferred back into the aqueous solution
by stepwise solvent exchange (acetone-acetic acid-
methanol-water). The degree of acetylation was con-
trolled by varying the amount of acetic anhydride
added (range of 25–150 mL g�1 cellulose).

Graft copolymerization

Copolymerization of HEMA monomers onto CA
nanofibers was conducted in acetone using BPO
free-radical initiator. All grafting experiments were
conducted on CA nanofibers of degree of substitu-
tion (DS) � 1. An aqueous suspension of CA with a
known concentration was transferred to 100 mL of
acetone by stepwise solvent exchange (water-metha-
nol-acetone). Polymerizing reactor was a 500-mL
glass vessel equipped with a reflux condenser and
an overhead stirrer (Caframo RZR-2000). BPO initia-
tor of 5% (w/w dry cellulose) was added while con-
tinuously stirring CA in the reactor at 300 rpm
under N2 atmosphere. To form free radicals, the ini-
tiator was allowed to interact with the cellulose ace-
tylated fibers for 15 min at 60�C using a water bath
(Tamson Model 5), followed by the addition of
HEMA monomers of required initial weight (200%
w/w). Free-radical graft polymerization was contin-
ued for 6 h at 60�C under nitrogen. Following that,
the reactor was left to cool down to room tempera-
ture (i.e., 25�C). Fibers were then washed with meth-
anol/water (30 : 70 v/v) by stepwise solvent
exchange and repeated benzene extraction to remove
free (unreacted) monomers and acrylic homopoly-
mers. Grafted samples of CA with PHEMA (CA-g-
PHEMA) were kept in water at 25�C until analyzed.

Synthesis of PHEMA matrix

Synthesis of crosslinked PHEMA matrix was per-
formed through the mechanism of free-radical poly-

merization in the presence of the acetylated and
grafted nanofibers. BPO was the initiator and ethyl-
ene glycol dimethacrylate was the crosslinking agent
in the polymerization carried out in a 500-mL glass
reactor. Sample CA-g-PHEMA-2.0 (2% w/w mono-
mer to cellulose ratio, Table I) was the reinforcing
element at different initial concentrations of 0.5, 1.0,
2.0, 10, and 20% (w/w) with respect to the HEMA
monomer. The final product was molded in the
form of sheets of few millimeters thickness. These
samples were kept in water for few weeks before
examining their transparency.

Degree of acetylation

Degree of acetylation of BC nanofibers was deter-
mined by titration with excess alkali after acetyla-
tion. Initial BC concentration of aqueous BC sample
was determined by measuring the dry weight of
1 mL of the suspension. Thereafter, dried BC was
swollen in 40 mL of 75% ethanol by heating in a
glass bottle for 30 min at 50–60�C. After adding
40 mL of 0.5N NaOH, the swollen sample was
heated for 15 min at 50–60�C and allowed to stand
for approximately 24 h at 25�C. The excess alkali
was thereafter titrated with 0.5N HCl.21

Grafting parameters

The quantity of PHEMA grafted on BC nanofibers
was quantified gravimetrically. Samples of graft
copolymers obtained after repeated extraction with
benzene were dried for 2 h at 70�C in an air-circu-
lated oven. On cooling to 25�C in a desiccator, the
dry weigh of grafted nanofibers was measured using
a precision analytical balance. Common grafting
parameters were calculated as follows:

Monomer conversion ¼ W2 �W1ð Þ=W3½ � � 100%

Graft yield ¼ W4 �W1ð Þ=W1½ � � 100%

Grafting efficiency ¼ W4 �W1ð Þ=W3½ � � 100%

Homopolymer yield ¼ ð100�%graftingefficiencyÞ

where W1 is the initial weight of CA, W2 is the dry
weight of polymerized sample before extracting the

TABLE I
Characteristics of PHEMA BC Nanofiber-Based Nanocomposites

Sample ID

Monomer/
cellulose

ratio (% w/w)

Monomer
conversion

(%)

Graft
yield
(%)

Graft
efficiency

(%)
Homo-polymer

(%)

Fiber
diameter
(nm)a

CA-g-PHEMA-0.5 0.5 86 11.96 10.46 86.24 75–90
CA-g-PHEMA-1.0 1.0 87 25.78 13.85 84.50 90–200
CA-g-PHEMA-2.0 2.0 89 86.41 23.09 79.89 150–200
CA-g-PHEMA-10 10 97 875.45 65.83 36.58 200–250
CA-g-PHEMA-20 20 99 1090.63 97.52 5.41 350–550

a Calculated from SEM images.
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homopolymers, W3 is the weight of monomer added,
and W4 is the weight of grafted BC fibers after the
removal of homopolymers.

Composition and morphology

Grafting of nanostructured biocomposite samples
was characterized by Fourier transform infra-red
(FTIR), 13C solid-state nuclear magnetic resonance
(NMR), and scanning electron microscopy (SEM).
FTIR spectra of the nanofibers were recorded before
and after modification using a Bruker IFS 55 infrared
spectrometer equipped with attenuated total reflec-
tion. Spectral measurements were taken with a mer-
cury-cadmium-telluride detector cooled with liquid
nitrogen. Spectra were processed by the Grams/32
software (Galactic Industries Co., Salem, New
Hampshire, USA). The NMR spectra were recorded
using a 600 MHz Varian Inova-600 spectrometer. A
total of 900 scans were acquired for all 13C T1 spec-
tra. All measurements were performed at a spinning
speed of 4 kHz. SEM images of the BC nanofibers
were recorded using a Leo 1530 (LEO Electron Mi-
croscopy, Cambridge, UK). To avoid charging of the
surface, a conductive layer (5–7 nm) of gold was
coated onto the fiber using a sputter coater. A 2 kV
beam voltage was used to provide higher surface
sensitivity of the polymer fibers.

Transparency

Light transmittance was quantified to describe the
optical clarity of the prepared samples. Measure-
ments of light transmittance of thin sheets (� 1 mm)
of the final composite samples were recorded
between the range 200–800 nm using a UV/visible
spectrophotometer (DU 520, Beckman Coulter, Brea,
California, USA). Regular transmittance values were
taken by placing the specimen sheets at � 20 cm
from the entrance port of the beam.

Water content, equilibrium swellability,
and evaporation rate

Sample sheets of equal size were soaked in water for
24 h and air dried. The weight loss was recorded
with time at 25�C and � 36% relative humidity. The
ratio of the weight of absorbed water in a swollen
sample to the weight of the swollen sample refers to
the equilibrium water content (EWC). The ratio of
the volume difference between swelling and drying
states to the dry volume [i.e., (V � V0)/V0] refers to
the equilibrium swellability of the sample. The corre-
sponding evaporation rates were determined using
data on evaporation weight loss over time. The satu-
rated water evaporation rate was obtained from the
linear regression slope of the weight loss versus

time plot for the first 15 min of evaporation. Weight,
volume, and density of both dry and wet samples
were measured and postcalculated using the water
displacement (Archimedes) method according to the
ASTM D 792–00.

RESULTS AND DISCUSSION

Surface acetylation of bacterial cellulose

The objective of BC acetylation is to improve the
nanofibers–matrix interfacial strength. In addition to
that, this makes the fibers and the final nanocompo-
site less hydroscopic, thus controlling moisture
absorption which can cause deformation of the com-
posite.19 Acetylation will also facilitate linking of
HEMA during grafting and will improve the ability
to control graft density of the PHEMA.20 Figure 1
shows DS (i.e., degree of acetylation) during the sur-
face acetylation plotted against the volume of Ac2O
added to biocellulose nanofibers suspension in acetic
acid containing 100 mg of dry BC. As shown in this
figure, DS increased with the increase in the volume
of Ac2O added. The maximum DS observed was
� 2.3 while the acetylation levels were lower with
lower Ac2O volumes added. This indicates the possi-
bility of controlling DS at lower levels by varying
the amount of reagent added. Higher DS ranges
such as 2.77–2.90 were reported earlier in the litera-
tures.22,25 The nonlinearity observed in Figure 1 indi-
cates the fibrous heterogeneous acetylation or it may
be due to possible incompleteness of solvent
exchange of the BC sample.22 According to the liter-
atures, fibrous heterogeneous acetylation represents
an initial rapid surface acetylation and a slow inside
acetylation with the collapsing crystal structure of

Figure 1 DS of acetylated BC versus the amount of acetic
anhydride (Ac2O) added to BC suspension in acetic acid
containing 100 mg of dry BC.
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cellulose, proving the hypothesis that the reaction
proceeds from the surface to the core of semicrystal-
line nanofiber.22

It is important to mention that depending on DS,
acetylation of cellulose nanofibers can result in
decreased interfibrillar hydrogen bonding causing
the fibers to become weaker in terms of tensile and
flexural strengths.19,22 While using a coupling agent
to make a chemical bond between the polymer ma-
trix and the acetylated cellulose was found to
improve the tensile and flexural strength of the final
composite was found to increase by 20–35% depend-
ing on degree of acetylation.22 Similarly, grafting of
host polymer onto acetylated BC would improve the
mechanical properties of the final composite. Graft-
ing of acetylated cellulose was also reported to
improve resistance to repeated deformation.23

Graft copolymerization of CA nanofiber

Grafting of the nanofibers with PHEMA will further
improve adhesion and compatibility between BC
fibers and the polyHEMA matrix. As the grafted
polymer and the second polymer are the same, the
grafted fibers are expected to be fully compatible
with the final composite, which would result in
complete blending of the polymer and grafted fibers
within short periods of time.21 Figure 2 represents a
schematic diagram for the acetylation and grafting
reactions.

Graft copolymerization of CA nanofibers proceeds
by the following free-radical mechanism26,27:

C6H5OCOAOCO6H5 ����!D

60oC
2C6H5OCO�

2C6H5OCO�����!2C6H
�
5 þ 2CO2 "

CAAOHþ C6H
�
5����!CAAO� þ C6H6

CAAO� þM����!CAAOAM�

CAAOAM� þ nM����!CAAOAM�ðnþ1Þ

CAAOAM�ðnþ1Þ þ CAAOAM�
ðmþ1Þ
���!Grafted Polymer

where CAAOH is cellulose acetate, CAAO* are
cellulose acetate radicals, CAAOM* is the graft co-
polymer radical, and M is HEMA monomer. Accord-
ing to this mechanism, BPO initiator molecules
decompose at 60�C yielding phenyl radicals. The
OH groups on CA nanofibers were the targeted
grafting sites. The C6H5* radicals interacted with
free (nonacetylated) OH on the surface of CA, pro-
ducing CA macroradicals that initiated grafting on
the fiber surface. Compared with the weight of CA
before grafting, the weight increment of the ben-
zene-extracted grafted fibers indicates grafting of
acetylated BC nanofibers. Grafting parameters were
calculated and are listed in Table I. The monomer
conversion of graft copolymerization was relatively
high (in the range of 86–99%). Grafting efficiency
and grafting yield increased with increasing mono-
mer/cellulose ratio, which is simply related to the
higher chance of OH groups grafting at higher
monomer concentration.26,27 This trend is consistent
with observations of Goel et al.28 who reported an
increase of grafting yield with the increasing concen-
tration of monomer from 10 to 20%. Previous works
show that the grafting yield increased with increas-
ing macromonomer content, while the grafting effi-
ciency tended to decrease,29 apparently due to the

Figure 2 Schematic diagram for the acetylation and graft copolymerization of the biocellulose nanofibers.
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fact that at any instant radicals generated on the
backbone interact with more monomer mole-
cules.28,29 Figure 3 shows the SEM pictures of an
acetylated nanofibers sample before and after graft-
ing (i.e., sample CA-g-PHEMA-10 in Table I). Exam-
ining these figures reveals that the diameters of the
nanofibers increased to up to � 200–250 nm com-
pared to the original size of � 27–40 nm when using
monomer to fiber ratio of 10. Table I lists the final
diameters of the different samples of grafted biocel-
lulose nanofibers. In general, results show that the
diameter of the grafted BC nanofibers increased
with increasing quantity of HEMA added during the
graft copolymerization.

Figure 4 shows the FTIR spectra of pertinent mate-
rials. Examining spectra of acetylated BC [Fig. 4(b)]
reveals a monotonous decrease in the OH band at
3349 cm�1 and an increase in the three major bands
of cellulose triacetate, i.e., the C¼¼O stretching band
at 1730 cm�1, the CAO band at 1052 cm�1 and the
CACH3 bands at 1375 and 1250 cm�1, respectively,
indicating that acetylation of BC took place. All the
prominent peaks, pertaining to PHEMA, namely OH
stretching at 3300 cm�1, ester methyl stretching
vibrations at 2900 cm�1, asymmetric and symmetric
CH2 stretching vibrations at 2800 cm�1, and carbonyl
vibrations at 1740 cm�1, are clearly visible in the
spectra of PHEMA [Fig. 4(c)]. The spectra of HEMA-
grafted acetylated BC nanofibers [Fig. 4(d)] show a
blend of the two reference spectra of PHEMA and
acetylated BC, indicating grafting of PHEMA onto
the surface of the nanofibers. This is clearly seen
from a trident-like peak of PHEMA-grafted nanofib-
ers at 2800–2900 cm�1 that is a combination of the
peaks of the two reference materials at the same fre-
quency range. Table II lists the peak assignments of

the three reference materials namely the original BC,
AC, and PHEMA.
Figure 5 shows the NMR spectra of the BC nano-

fiber after surface graft copolymerization with
HEMA compared with the unmodified BC. Peak
assignment of the NMR spectra of PHEMA and CA-
g-PHEMA fibers that had initial weight ratios of 2 :
1 of HEMA : CA are summarized in Table III. The
degree of acetylation and the grafted quantities of
PHEMA were determined by comparing the peaks
arising from the fast rotating methyl carbons (a8) at

Figure 3 SEM photomicrographs of BC nanofibers before (left) and after (right) surface grafting of PHEMA (sample CA-
g-PHEMA-10 in Table I, monomer to fiber ratio of 10). Corresponding diameters of unmodified- and modified-BC nano-
fibers are � 27–40 nm and � 200–250 nm, respectively.

Figure 4 FTIR spectra of: (a) original BC; (b) acetylated
BC (D.S. � 2.3); (c) PHEMA; (d) grafted nanofibers (sam-
ple CA-g-PHEMA-10 in Table I).
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28.8 ppm and carbonyl carbon (b1) at 178.8 ppm,
with the peak arising from the carbons adjacent of
ether linkage in cellulose at 71.07 ppm.30–33 The
maximum degree of acetylation of cellulose nanofib-
ers was 2.5, which is comparable to the result
obtained from the back titration method reported
above (i.e., DS � 2.3).

Optical transmittance of biocomposites

Figure 6 shows the light transmittance obtained
against the wavelength measurements of the nano-
composite sheets of PHEMA reinforced with CA-g-

PHEMA. As shown in this figure, biocomposite
transmitted over 80% of the light including surface
reflection (Fresnel’s reflection). When comparing the
light transmittance of the nanocomposite material
with that of the pure PHEMA, the degradation in
light transmission due to the nanofiber network con-
tent of 1% (w/w) is � 10%, while it is less than 5%
with the sample that contained 0.05% (w/w) nano-
fiber. It is known that composite materials suffer
from increasing light scattering, resulting in a loss of
transparency, caused by differences in the refractive
indices of materials in the composites. However, the
loss of transparency in the BC-based nanocomposite
is small, despite the differences in the refractive indi-
ces of BC and PHEMA (refractive index of cellulose
fiber is 1.618 along the fiber and 1.544 in the trans-
verse direction, and that of PHEMA is 1.49).34 These
results clearly indicate the size effect of the nano-
scaled fibers, which may facilitate the material to be
combined with various optically functional materials
with significantly different refractive indices.

Water content, equilibrium swellability,
and evaporation rate

Table IV lists water contents, equilibrium swellabil-
ity, and the evaporation rates of the five nanostruc-
tured biocomposite samples. As shown in Table IV,
NanoComp1.4 with 20% (w/w) of modified cellulose
nanofiber had the highest water content (48.7%) and
swellability (47.92%). Results also show that the
water content of the material decreased accordingly
with the decreasing contents of the nanofiber. The
water content of the reference PHEMA matrix with
no reinforced nanofiber was 29.2% compared to
48.7% of the sample with 20% nanofiber content.
Moreover, the swellability increased from 27.45% to
47.92% for the maximum nanofiber content

TABLE II
Characteristic FTIR Bands of Reference Materials

BCa CAb PHEMAc

Group

Wave
number
(cm�1) Group

Wave
number
(cm�1) Group

Wave
number
(cm�1)

OH stretching 3349 OH stretching 3349 OH stretching 3300
CH stretching 2900 C¼¼O stretching 1730 C¼¼O stretching 1730
OH bending of
adsorbed water

1637 CH3 asymmetric
deformation

1450 C¼¼C stretching 1640

HCH and OCH in-plane
bending vibration

1422 CH3 symmetric
deformation

1375 C¼¼CH2 stretching 1440

Acetate CACAO
stretching

1250 OACH2ACH2 705

CAO stretching 1052

a Spectrum is shown in Figure 4(a).
b Spectrum is shown in Figure 4(b).
c Spectrum is shown in Figure 4(c).

Figure 5 13C solid-state NMR of surface grafted CA
nanofibers with HEMA with initial weight ratio HEMA :
CA of 2 : 1 (top spectrum) compared to unmodified-BC
nanofibers (bottom spectrum).
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examined. Such results are expected since the biocel-
lulose nanofibers have water holding capacity of up
to one hundred times of their weight.3,4

Figure 7 shows the weight loss of all samples
listed in Table IV during evaporation. All samples
possess a similar evaporation pattern, i.e., high rate
of evaporation at the earlier stage which declined
later at the final stage. Samples having higher nano-
fiber content lost weight due to evaporation at a
higher rate at the early stage. Moreover, the slope of
the evaporation curves is almost similar in the later
stage representing similar water evaporation rates.
This demonstrates a similar water evaporation
mechanism involved in all the samples, with high
evaporation of water absorbed in the nanofiber fol-
lowed by a similar water evaporation rate probably
occurring from the PHEMA matrix. In general, ini-

tial water evaporation rates of the samples are con-
sistent with the water contents, observing the high-
est water evaporation rate of NanoComp1.4 and the
lowest value of the PHEMA reference sample that
had no nanofiber content as shown in Table IV.
These results show that the incorporation of the cel-
lulose nanofiber improves the water holding
capacity and, consequently, water evaporation rate
increases. These characteristics demonstrate potential
applications of this class of composites are essential
to prepare the targeted ideal wound dressing mate-
rial. This composite can also function as a scaffold
material for the regeneration of a wide variety of tis-
sues and eventually it can become an excellent plat-
form technology for medicine.35–37

CONCLUSIONS

In summary, a new class of biocomposites of acety-
lated BC nanofibers graft copolymerized with
HEMA and reinforced into a continuous hydrogel
matrix of PHEMA was synthesized in the present
study. This class has improved characteristics such
as lightness, high flexibility, and high transparency.
The material maintained its transparency up to 1%
w/w of the modified-BC nanofiber content transmit-
ting over 80% of the light. The loss of transparency
of the BC-based nanocomposite is relatively small
due to the size effect of the nanoscaled fibers. As
nanofiber content in the PHEMA polymer compo-
sites increased, the water retention capability also
increased, which implies the ability to improve the
water holding capacity of the composite material.
These unique characteristics of this new biocompo-
site material are highly applicable to products such
as transparent wound dressings and can find
demand in a wide range of important industrial
applications. Furthermore, these characteristics would

TABLE III
13C-NMR Solid-State NMR Peak Assignments of CA-g-PHEMA (Cellulose Acetate

Nanofibers Grafted with PHEMA)

Chemical shifts
(ppm) Peak assignments

178.8 Carbonyl carbon in PHEMA (b1)
169.25 Carbonyl carbons of CA (a1)
100.39 Two carbons adjacent of ether linkage of CA (a2) and (b7) in PHEMA.
71.07 Two carbons adjacent of ether linkage and

another three carbons in CA (a3, a4, and a5)
66.98 a-Quarternary carbon in PHEMA (b2)
63.5 Carbonyl (a7) in CA
60.85 3-Methyl carbon in PHEMA (b3)
52.66 b-Methylene carbon in PHEMA (b4)
45.16 2-Methylene carbon in PHEMA (b5)
28.8 Fast rotating methyl carbons (a8)
16.53 1-methylene carbon in PHEMA (b6)

Figure 6 Light transmittance at different wavelengths
recorded through sheets of different nanocomposite sam-
ples of PHEMA reinforced with the grafted nanofibers
compared to the reference sample of PHEMA.
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also allow this novel nanostructured biocomposite to
be used as optically functional materials.

Kithsiri E. Jayasuriya is acknowledged for his contribution in
preparing this manuscript.
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TABLE IV
Water Absorption and Evaporation Parameters of the BC-Reinforced PHEMA Samples

Sample ID
BC Nanofibera

(wt %)
Swellability
(vol %)

EWC
(wt %)

Evaporation
rate (g/g day)

Transmittanceb

(%)

NanoComp1.4 1.4 47.92 48.7 53.81 84
NanoComp0.7 0.7 43.33 44.8 38.62 86
NanoComp0.3 0.3 41.71 38.5 24.21 87
NanoComp0.1 0.1 38.82 35.1 17.83 92
NanoComp0.05 0.05 36.38 33.3 13.075 96
PHEMAc 0 27.45 29.2 11.15 96

a Nanofiber content is based on the pure non-modified cellulose nanofibers.
b From Figure 7.
c Reference sample without cellulose nanofibers.

Figure 7 Evaporation weight loss of different nanocom-
posite samples of PHEMA reinforced with CA-g-PHEMA
after swelling in water compared to the reference sample
of pure PHEMA.
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