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ABSTRACT

Composite gels, with cellulose nanowhiskers as the reinforcing phase and regenerated cellulose as the
matrix, were firstly developed by a rapid thermal-induced phase separation followed by a regenerating
process. The gelation behavior, regeneration kinetics, morphology and properties of the all-cellulose com-
posite gel system were investigated by advanced rheometer, potentiometric titration, scanning electron
microscopy, Fourier-transform infrared spectroscopy, texture analyzer and swelling testing in the pres-
ence of different amount of cellulose nanowhiskers. The results revealed that cellulose nanowhiskers
could act as the “bridge” to facilitate the crosslinking of cellulose chains during gel formation pro-
cess. Moreover, they can significantly improve the dimensional stability and mechanical strength of the
regenerated gels. In vitro experiment demonstrated that these gels, featuring membrane-matrix hybrid

Membrane-matrix hybrid systems
Drug delivery

structures, could be used for controlled release of macromolecules in the simulated body fluid.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Polymeric hydrogels have been used extensively in the devel-
opment of bioengineering and biomedical applications such
as tissue engineering scaffolds and drug delivery formulations
(Nguyen & West, 2002). Those based on natural polymers with
physical crosslinks are especially interesting because of their
unique advantages of abundance, nontoxicity, biocompatibility
and biodegradability (Liang, Wu, Tian, Zhang, & Xu, 2008). Cel-
lulose, which is considered as an almost inexhaustible source of
raw material, has been formed into fibers, films, gels, micro- and
nano-particles for different applications (Cai et al., 2007; Klemm,
Heublein, Fink, & Bohn, 2005; Luo, Liu, Zhou, & Zhang, 2009; Zhou,
Chang, Zhang, & Zhang, 2007). Cellulose hydrogels can be obtained
by chemical crosslinking of water-soluble cellulose derivatives,
such as cellulose acetate, hydroxyethylcellulose and sodium car-
boxymethylcellulose (Andrews, Gorman, & Jones, 2005; Entcheva
et al., 2004; Fundueanu et al., 2005). Physically crosslinked cellu-
lose hydrogels are recently prepared by developing intermolecular
hydrogen bonds via hydroxyl groups on cellulose molecular chains
(Bing6l, Strandberg, Szabo, & Wegner, 2008; Hoepfner, Ratke,
& Milow, 2008; Klemm, Schumann, Udhardt, & Marsch, 2001).
The formation of such gel systems involves two steps: pre-
gelation and regeneration. Chang, Lue, and Zhang (2008) prepared

* Corresponding author. Tel.: +1 780 492 0038; fax: +1 780 492 4265.
E-mail address: lingyun.chen@ualberta.ca (L. Chen).

0144-8617/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2010.10.071

cellulose/poly(vinyl alcohol) hydrogels from NaOH/urea aque-
ous solution by applying a pre-gelation process of freezing and
thawing for 98 h. Liang, Zhang, Li, & Xu (2007) stored cellu-
lose/NaOH/thiourea aqueous solution at pre-gelation temperatures
of 5, 20, and 35°C for three weeks to obtain cellulose physical
gel with dense structure. Gavillon & Budtova (2007) kept cel-
lulose/NaOH aqueous solution at room temperature for 15h to
prepare the pre-gelated cellulose gel and subsequently investigated
the regeneration kinetics of cellulose gels immersed in a nonsol-
vent bath. In spite of success to make gels with good mechanical
strength, solute permeability and nontoxicity (Wu et al., 2010),
these methods generally include a time-consuming pre-gelation
process, which is not practical for industrial production.

Our preliminary experiment showed that a mild thermal treat-
ment can provide a convenient and rapid method to prepare
irreversible physically crosslinked cellulose gels from a NaOH-urea
aqueous system. However, an obvious irregular shrinkage took
place when these cellulose gels were immersed and regenerated
in a water bath (Sescousse & Budtova, 2009), leading to the distor-
tion of the final products. Thus, it will be interesting to introduce
fillers to reinforce the physically crosslinked cellulose networks.

Cellulose nanowhiskers, rod-like nanocrystals with highly
mechanical performance obtained from a range of renewable bio-
sources, have been successfully used as reinforcing fillers in a series
of synthetic and natural polymeric matrices (Chen, Liu, Chang, Cao,
& Anderson, 2009; Lu, Weng, & Cao, 2006; Paralikar, Simonsen, &
Lombardi, 2008; Roohani et al., 2008). These nanowhiskers have
a high tendency to form networks via surface hydroxyl group,
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which is advantageous for the formation of load-bearing perco-
lating architectures within the host polymer matrix because the
stress transfer can be facilitated by hydrogen bonding between
the nanowhiskers (Capadona et al., 2009). Since the cellulose
nanowhisker fillers can also develop hydrogen bonds with the host
polymer matrix, they may impact the gel formation and prop-
erties in addition to mechanical strength. Understanding of such
impacts is essential to design novel gels with desirable appli-
cations. However, research effort in this area is limited. Using
cellulose nanowhiskers to reinforce cellulose hydrogels has never
been reported previously.

We reported here a convenient method to prepare
nanowhisker-reinforced, all-cellulose composite gels with the
intention of developing a novel high-performance porous material
for potential biomedical applications. Cellulose nanowhiskers with
high molecular weight were dispersed in the cellulose-NaOH-urea
aqueous system, which could only dissolve cellulose with molec-
ular weight below 1 x 10°. The impacts of cellulose nanowhiskers
on the gelation behaviors, regeneration kinetics, morphologies
and properties of the gels were carefully investigated. Moreover,
the gel controlled release properties were studied in the simulated
physiological conditions using bovine serum albumin (BSA) as a
model molecule.

2. Experimental
2.1. Materials

Two kinds of cellulose (cotton linter pulp) were provided
by Hubei Chemical Fiber Group Ltd. (Hubei, China). Their
viscosity-average molecular weight (M;) was determined by
using an Ubbelohde viscometer in LiOH/urea aqueous solution at
2540.05°C and calculated according to the Mark-Houwink equa-
tion to be 3.0 x 10° and 1.0 x 105, respectively (Cai, Liu, & Zhang,
2006). Bovine serum albumin (BSA, Fraction V) were purchased
from Sigma-Aldrich (MO, USA). All other chemical reagents were
purchased from Fisher Scientific (Ontario, Canada) and were used
as received unless otherwise described.

2.2. Preparation of cellulose nanowhiskers

Cellulose with high molecular weight was dispersed in sulfuric
acid, and the mixture was added to a three-necked flask equipped
with a mechanical stirrer and a thermometer. The flask was placed
into a water bath and stirred vigorously. The suspension was then
diluted with distilled water, and centrifuged at 8000 rpm (Avanti®
J-E centrifuge, Beckman Coulter, USA) for 15 min. The process was
repeated three times and the resulting suspension was dialyzed
until the pH reached 4. Finally, the dispersion was freeze-dried to
obtain cellulose nanowhisker powder (CN). The average length (L)
and width (D) of CNs observed by atomic force microscopy (AFM,
Molecular Imaging, Arizona, USA) were estimated to be 300 and
21 nm, respectively (Wang, Chang, & Zhang, 2010).

2.3. Preparation of all-cellulose composite gels

The gel formation involved three steps: preparation of cellu-
lose suspension, fabrication of physically crosslinked gels through
thermal-induced phase separation, and regeneration of cellulose
gels. Briefly, a 100 g mixture of NaOH, urea, and distilled water
(7:12:81 by weight) was pre-cooled to —12.6°C, and 4 g of cellulose
with low molecular weight was added immediately with vigorous
stirring for 5 min to obtain a transparent solution. After warming
to room temperature, a desired amount of CN was added to the
solution and stirred for 30 min. The suspension was centrifuged
at 3000 rpm and 10°C for 5min to remove air bubbles, and then

injected into a plastic tube. The sealed tubes were kept in water
bath at 40 °C for 30 min to obtain physically crosslinked gels. Then
the gels were removed from the tubes and regenerated in running
water for 24 h. These all-cellulose composites were coded as CCO,
CC20, CC35 and CC50, corresponding to a CN content (based on the
total solid content) of 0, 20, 35 and 50 wt¥%, respectively.

2.4. Gels formation kinetics study

To understand the variation of the structures of all-cellulose
composites during the thermal-induced phase separation and
regeneration processes, the dynamic rheology experiment was car-
ried out on an ARES-2000 rheometer (TA Instruments, DE, USA).
Parallel plate geometry with a gap of 1 mm was used to measure
dynamic viscoelastic parameters such as the shear storage mod-
ulus (G') and loss modulus (G”) as functions of angular frequency
(w), temperature (T), or time (t). The values of the strain ampli-
tude were monitored to ensure that all measurements were set as
10%, which is within a linear viscoelastic regime. For each measure-
ment, a fresh sample was used without pre-shearing or oscillating.
To prevent dehydration during rheological measurements, a thin
layer of low-viscosity paraffin oil was spread on the exposed sur-
face of the measured suspension. For the frequency and time sweep
measurements, time t=0min was defined when the temperature
reached the desired value. The sweep of the frequency was from 0.1
to 100rad/s. The dynamic temperature sweep measurements were
conducted from 20 to 50°C at an angular frequency of 1Hz and
with heating rates of 2 °C/min. The gelation behavior was studied
at 40°C as a function of time at a constant frequency of 1 Hz.

The diffusion of NaOH, urea and water took place when all-
cellulose gels were immersed in the regenerating bath. To achieve
a better understanding of the regeneration kinetics, the evolution
of NaOH concentration in the water bath as a function of time was
measured using titration with acetic acid in the presence of an indi-
cator as described by Gavillon et al. (Gavillon & Budtova, 2007). The
proportion between sample/bath weights was 1/400, and magnetic
stirrer with a low stirring rate (300 rpm) was used for bath homog-
enization. The amount of NaOH released from the sample in time
was calculated knowing the initial sample and bath weights.

2.5. Gels structure characterizations

The morphology observation of the regenerated gels was car-
ried out with a Hitachi X-650 scanning electron microscopy (SEM,
Hitachi, Japan). The samples were frozen in liquid nitrogen and
snapped immediately, and freeze-dried before SEM observation.
The cross-sections and surfaces of the gels were sputtered with
gold, observed and photographed. The cellulose crystalline struc-
ture and interaction in the regenerated gels were studied with an
FTIR (Perkin EImer Spectrum one, Wellesley, MA, USA) spectropho-
tometer in the region of 400-4000 cm~!. The freeze-dried gels and
CN powder were analyzed in KBr discs.

2.6. Mechanical property determinations

The mechanical properties of the composite gels were analyzed
by a texture analyzer (Texture Technologies Corp., New York, USA).
The gels with a cylindrical shape, i.e. ~10mm in diameter and
~7 mm in height, were compressed at room temperature in air at a
rate of 1 mm/min to evaluate their mechanical property. Raw data
(force vs displacement) were converted to engineering stress and
strain by the use of the initial dimensions of the gels.
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2.7. Swelling measurements

The swelling ratio of the regenerated gels with different CN con-
tents was analyzed with a gravimetric method in the distilled water
at 25°C. After the surfaces of the gels had been wiped with filter
papers to remove excess water, the weights of the hydrogels were
recorded. The equilibrium swelling ratio (ESR) was calculated as

ESR= —> (1)

where W; is the weight of the regenerated gel at 25 °C, and Wy is the
weight of the gel at dry state. To clarify the re-swelling, the freeze-
dried hydrogel samples were again immersed in distilled water to
rehydrate at 25°C for 24 h. The results were expressed as water
reuptake (WR), and can be calculated by

Wy — Wy

WR = pr—pe x 100 )

where W; is the weight of the re-swelling gel, and other symbols
are the same as defined above.

2.8. Release property investigation

The typical drug loading and in vitro drug release experiment
were performed as follows: BSA was selected as model molecule
to investigate the gel release properties. Simulated body fluid
(SBF) was employed as the media and prepared by dissolving the
following reagents in 1 L of ion-exchanged and distilled water
(Kokubo & Takadama, 2006): NaCl=8.035g, NaHCO3=0.355g,
KCl=0.225g,K;HPO4-3H,0=0.231 g, MgCl,-6H,0=0.311g, 1.0M-
HCI=39mL, CaCl;=0.292g, Na,S04=0.072g, Tris=6.118g.
Swelled cylindrical cellulose gels (~0.5 g) were immersed entirely
in 20mgmL-1 BSA SBF solutions and incubated in sealed vessels
at 0°C for 24 h. The drug loading content (LC) was calculated by
the following equation:

_ Wi

LC =
W

(3)

where W4 is the weight of the loaded drugs in the regenerated gels.

Then, drug loaded gels were separated, wiped with filter papers
to remove excess solution, and kept in 200 mL of SBF at 37 °C with
shaking at a constant rate. The release medium (1 mL) solution was
taken out for analysis at given time intervals and replaced with the
same volume of fresh preheated SBF (37 °C). The extracted medium
solution was analyzed by V-530 UV-vis spectrophotometer (Jasco
Inc., MD, USA) at a wavelength of 280 nm. The release data were
fitted to the following equations using regression analysis:

. dM,
Zero-order equation Ttt =k, 4)
where k is the constant, t is time, and M; is the amount of drug
released at time t.

First-order equation % = k(Mg — M), (5)

where k is the constant, t is time, Mg and M; are the amounts of
drug released at time 0 and t.

Fickianmodel 1t — k05 (6)

o0

where M;/M,, is the fraction of drug released after time t relative
to the amount of drug released at infinite time.

3. Results and discussion

3.1. Impact of nanowhisker on all-cellulose composite gels
formation kinetics

The preparation of all-cellulose composite gels was divided
into three steps to detailedly investigate the effects of CN content
on the gel formation kinetics. Firstly, CNs were dispersed in the
cellulose-NaOH-urea aqueous solution to form an even suspen-
sion. This suspension was then heated in the second step to form
physically crosslinked gels through the thermal-induced phase
separation process. In the third step, the resulted gels were regen-
erated by removing the solvent molecules to induce a further phase
transition.

3.1.1. CN dispersion in cellulose solution

The rheological behaviors of cellulose composites changed dis-
tinctly during these three steps. Thus, an advanced rheometer was
used to track the transitions and understand the effects of CN on
the gel formation and properties. Fig. 1a shows the G’ and G” curves
as a function of angular frequency for the cellulose solution with
different CN contents. For all the samples, G’ value was smaller
than that of G” in the range of measured frequencies, exhibiting
aviscous liquid-like behavior with G’ and G” scaling approximately
with w by ¢/, G ~ w (Cai & Zhang, 2006b). It has been suggested
that the urea hydrates could be self-assembled at the surface of
the NaOH hydrogen-bonded cellulose to form an inclusion complex
(IC), leading to the dissolution of cellulose (Cai & Zhang, 2005). So, it
is possible that a competitive binding also formed between CNs and
solvent molecules which “switched off” the inter-particle hydrogen
bonding interactions between CNs. Both G’ and G” values increased
and the difference between these values became smaller when CN
content increased. Similar results were reported in the multiwalled
carbon nanotube/ionic liquid AmimCl mixtures, which indicated
the strong interactions between the well-dispersed nanotubes and
ionic liquids (Zhang et al., 2007). Therefore, it can be deduced that,
in our systems, the same strong interactions existed between CNs
and solvent molecules to keep CNs at a “switched off” status. This is
important because the extent of the reinforcement of nanowhiskers
depends on their dispersion in the matrix and the generation of
a strong filler-matrix interface through physic-chemical bonding
(Wang & Zhang, 2008). Since cellulose nanowhiskers have a strong
tendency for aggregation via hydrogen bonds to decrease the rein-
forcing effect (Capadona et al., 2007, 2009), it is essential to break
the hydrogen bonding interactions during the processing to ensure
cellulose nanowhiskers can be uniformly dispersed in the matrix
(Capadona, Shanmuganathan, Tyler, Rowan, & Weder, 2008; Qi,
Cai, Zhang, & Kuga, 2009; Shanmuganathan, Capadona, Rowan, &
Weder, 2010).

3.1.2. Thermal-induced physical crosslinking

The formation of physically crosslinked gels triggered by ther-
mal treatment was also monitored by rheometer (Fig. 1b and c). The
crossover of G’ and G” curves was chosen as a qualitative indicator
of the gel point, which only showed the transition current under
external factors’ influences (Sahiner, Singh, Kee, John, & McPherson,
2006). It should be pointed out that the gel point determined by
this method is frequency dependent (Ruan, Lue, & Zhang, 2008),
and the frequency of 1Hz was fixed in our tests. For all the sam-
ples, G’ and G” curves were parallel when the temperature was
below 30°C, indicating the suspensions were rather stable. Above
30°C, ¢’ value increased dramatically and a crosspoint of G’ and
G” curves appeared, suggesting the formation of an elastic gel net-
work. It is well known that the strength of hydrogen bonding is
dependent on temperature. The elevation of the temperature led to
the weakened hydrogen bond strength between cellulose and sol-
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Fig. 1. (a) Angular frequency dependence of storage modulus (G, ®) and loss modulus (G”, O) of composite cellulose solutions at 25 °C. (b) Temperature dependence of
storage modulus (G, ®) and loss modulus (G”, O) of composite cellulose solutions with a heating rate of 2 °C/min at a frequency of 1Hz. (c) Gelation temperature and Gge;
as a function of cellulose nanowhiskers content. (d) Time dependence of storage modulus (G', ®) and loss modulus (G”, O) of composite cellulose solutions at 40°C and a
frequency of 1 Hz. The data are shifted along the vertical axis by 109 with the given a value to avoid overlapping.

vent molecules, whereas the intra- and intermolecular hydrogen
bonds of cellulose tended to increase as a result of its strong self-
association tendency (Cai & Zhang, 2006b). Therefore, the structure
ofinclusion complexes were destroyed and physical entanglements
occurred between the cellulose backbones when the tempera-
ture was above 30°C (Weng, Zhang, Ruan, Shi, & Xu, 2004). This
is called a thermal-induced phase separation processing. During
the sol-gel transition, the hydrogen bonding interactions between
the cellulose molecules were “switched on”. With the increase
of CN contents, the gelation temperature decreased from 37.2
to 33.8°C and the gel modulus (Gg) raised from 9.4 to 20.0Pa,
as shown in Fig. 1c, suggesting that CNs played an important
role to facilitate the crosslinking of cellulose molecules. The sim-
ilar effects were also observed in the waterborne polyurethane
matrix by forming hydrogen bonding interactions (Wang, Tian, &
Zhang, 2010). This was further confirmed by the results in Fig. 1d
which shows the time dependence of G’ and G” curves of cellu-
lose solutions with different CN contents at 40°C. The gelation
of the all-cellulose suspensions took place easily (within 150s).
With the addition of CNs, the gelation time decreased from 143.9
to 124.4s. It was assumed that a more jammed cellulose suspen-
sion was formed when CN content was high, so that the distances
among cellulose molecules were greatly shortened. Thus, when
the temperature was raised to 40 °C to destroy the inclusion com-
plexes, the hydrogen-bonding interactions among cellulose chains
were “switched on” more easily and rapidly. Moreover, the rod-like
CNs could act as the “bridges” to mediate between the cellulose
chains by developing cellulose-CN hydrogen bonds at the “switch-

ing on” status to promote the gelation process and support the gel
network.

3.1.3. All-cellulose gel regeneration

During the regeneration process, the solvent is replaced by a
cellulose nonsolvent which should be miscible with the aqueous
NaOH-urea solution to trigger a phase separation. Water was cho-
sen as the nonsolvent to avoid the usage of organic solvents in
this study. Fig. 2a shows the mechanical property of cellulose gels
before and after regeneration. Before the regeneration, cellulose
molecules and CNs were combined together through hydrogen
bonds. The G’ curves of these samples presented a plateau-like
behavior at lower frequencies. CNs acted as the crosslinking points,
and the height and width of the plateau increased with CN content,
indicating that the hydrogen bonded network became stronger and
more elastic. The G’ curve of CC50 was flat and much higher than
other curves, which was the result of the extremely jammed net-
work caused by the high CN content. When the thermal-induced
gels were immersed in the water bath, another phase separation
took place, resulting in a further cellulose molecular chain entan-
glement and the formation of new cellulose crystalline regions (Qi
et al., 2009). Therefore, the plateaus of G’ curves raised approxi-
mate three orders of magnitude after regeneration. Interestingly,
an obvious reinforcing effect was still observed in the all-cellulose
composite gels, which suggested the strong reinforcement of CNs
even in a tough matrix.

The photographs of CCO and CC50 before and after regeneration
in water are shown in Fig. 2. Before the regeneration, CCO exhib-
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Fig. 2. (a) Angular frequency dependence of storage modulus (G') of cellulose gels
having different cellulose nanowhiskers contents before (solid symbols) and after
(open symbols) regeneration in water at 25°C. Photographs of all-cellulose gels
before (left) and after (right) regeneration in water at 25 °C with different cellulose
nanowhiskers contents: 0 (b, c) and 50 wt% (d, e).

ited a weak character with an unstable shape, whereas CC50 acted
like elastic foam with well-formed dimensions. It is suggested that
gel mechanical property was significantly improved by addition of
CNs, which made the all-cellulose gels more processable. An irreg-
ular shrinkage of CCO occurred during gel regeneration process as
shown in Fig. 2c. That was because the shrinking rate of every part
on the gel was different, so as to distort the regenerated gel. How-
ever, CC50 exhibited a similar shape before and after regeneration.
It was worth noting that CC20 and CC35 also exhibited well-formed
dimensions and the extent of shrinkage decreased when CN con-
tentincreased from 0 to 50 wt%. It could be explained that abundant
hydrogen bonding interactions were “switched on” between CNs
and cellulose molecules, which formed a strong and elastic network
to support and diffuse the stress faster and uniformly, leading to the
homogeneous shrinkage. Therefore, it is easy to control the shape
of the regenerated products and a uniform inside porous structure
can be expected in the CN filled cellulose gels.

The kinetics of cellulose regeneration in the presence of the
different content of CN was investigated by measuring the evo-
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Fig. 3. Diffusion of NaOH from cellulose gels having different cellulose
nanowhiskers contents into the water regenerating bath at 25 °C. Inset: Dependence
of NaOH diffusion coefficient on cellulose nanowhiskers contents in a water bath at
25°C.

lution of NaOH concentration in the water bath. The diffusion
of NaOH as a function of time is shown in Fig. 3. Fickian diffu-
sion mechanism was employed to fit the experimental data. It is
widely applied in drug release from the polymeric matrix and to
study the formation of membranes due to phase separation (Singh,
2007), and was already used to describe the kinetics of cellulose
regeneration from cellulose-N-methylmorpholine-N-oxide-water
and cellulose-NaOH-water solutions (Biganska & Navard, 2005;
Sescousse & Budtova, 2009). Fickian model is calculated from the
following equations:
Early-time approximation (0 < M;/My, <0.5):

%=4(Dt)1/2 7)

My w2
Half-time approximation (M;/M., =0.5):
D =0.049/(t/?); (8)

Late-time approximation (0.5 < M;/My <1):

M; 8 —m2Dt
M, = 2 P <12> ©)

where (M;/My,)is the fractional release, M; and M., are the amounts
released at time t and equilibrium, respectively, D is the diffusion
coefficient and [ is half of the thickness of the sample. The diffusion
profiles of NaOH were well fitted with early-, half-, and late-
time approaches (R%=0.99), indicating the validity of the Fickian
approach for the all-cellulose composite gels. The diffusion coeffi-
cient was calculated by the half-time approximation and plotted
in the insert of Fig. 3. The diffusion behavior of the NaOH from the
gel matrices was mainly controlled by “porous membrane” because
a relatively lower diffusion coefficient was observed (Sescousse &
Budtova, 2009). However, CCO displayed a lowest diffusion coeffi-
cient (1.60 x 10~% mm?/s), while the diffusion coefficient increased
to the maximum (2.58 x 10~% mm?/s) in CC20 and then decreased
with the further addition of CNs. It is interesting to notice that,
besides the “porous membrane”, the inside structure of the all-
cellulose composite gels may also contribute to the regenerating
process, and a stable and well-supported architecture was propi-
tious to the diffusion of NaOH and water molecules, leading to the
high regenerating rates of CC20 and CC35. While with increase of
the CNs content, the more jammed hydrogen bonded network were
formed which lower the diffusion rate of NaOH, resulting in an obvi-
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Fig. 4. SEM images of the cross-sections (left) and surfaces (right) of regenerated cellulose gels with different cellulose nanowhiskers contents: 0 (a, b), 20 (c, d), 35 (e, f),
and 50 wt% (g, h).
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ously decreased diffusion coefficient of CC50 (1.93 x 104 mm?/s).

It is the first time that the nanowhiskers reinforced all-cellulose
composite gels are prepare by employing a thermal-induced phase
separation process. Compared with other pre-gelation processes, it
is a convenient and time-saving method (several minutes) practi-
cal for industrial applications. CN played an important role during
the whole processing of the all-cellulose composite gel formation.
They acted as the “bridge” to facilitate the crosslinking of cellulose
chains, promote the diffusion of solvent and nonsolvent molecules,
provide a good support to the gel network to maintain a homo-
geneous shrinkage, and improve the mechanical property of the
composite gels.

3.2. All-cellulose composite gel morphology and molecular
structures

Fig. 4 shows SEM images of the cross-sections and surfaces of
regenerated cellulose gels with different CN contents. The expected
more homogeneous porous architectures were observed in CC20
and CC35 than that of CCO. The shrinkage during the regenera-
tion was irregular in CCO and was controlled by the support of
CNs in CC20 and CC35. It was difficult to distinguish CNs or their
aggregates on the cross-section of CC20, indicating that CNs were
well dispersed and embedded in the regenerated cellulose matrix.
When CN content was 35 wt%, pores with tiny branches appeared,
as shown in the insert of Fig. 4e. A further increased CN content,
regenerated cellulose matrix could not cover all the CNs and some
of them were exposed after the shrinkage. It also directly proved
the uniformly dispersed CNs caused by “switching off” process at
the suspension status, and after regeneration, CNs were still well
distributed in the network. However, much fewer pores existed on
the cross-section of CC50. That was because a more jammed hydro-
gen bonded network formed in CC50 and the distance between CNs
was much closer than those in other suspensions, as shown in the
rheological tests. Thus, CNs combined together to come into the
phase continuity and blocked the pores during the regeneration.
Interestingly, similar dense surfaces, which demonstrated the same
appearance as porous membranes, were observed in all the sam-
ples. It could be explained that a high diffusion rate of the solvent
and nonsolvent molecules existed on the surfaces of the gels, lead-
ing to a strong shrinkage which was beyond the support of CNs. This
observed surface morphology also agrees well with the results of
the regeneration kinetic test. In summary, with the addition of CNs,
the all-cellulose composite gels prepared in this work demonstrate
membrane-matrix hybrid structures, featuring dense surfaces and
various porous inside architectures reinforced by CNs.

Hydrogen bonds were considered the main interactions in the
physical crosslinked all-cellulose composite gels. Therefore, the
infrared spectrometer, which is known as a powerful instrument
for the investigation of hydrogen bonding behavior and cellulose
crystalline structure (Kataoka & Kondo, 1998; Kondo, Koschella,
Heublein, Klemm, & Heinze, 2008), was employed to study the
regenerated gels. The FT-IR spectra of cellulose gels and neat CN
powder are shown in Fig. 5. CN was proved to be cellulose I crys-
talline by X-ray diffraction (Wang, Tian, et al., 2010), which is
thermo-dynamically stable and prevails in cotton and tunicate
cellulose, and shows the absorbance of the bands at 3344 and
710cm~! (Akerholm, Hinterstoisser, & Salmén, 2004; Azizi Samir,
Alloin, & Dufresne, 2005; Oh, Yoo, Shin, Kim, et al., 2005; Sugiyama,
Persson, & Chanzy, 1991). The absorbance of the band at 1430 cm™!
also corresponds to a crystalline absorption and is closely related
to the portion of cellulose I structure (Oh, Yoo, Shin, & Seo, 2005).
When CN content was 20 wt%, the absorbance of the bands at
1430 and 710 cm~! was very weak, indicating that CNs (cellulose I)
were dispersed and embedded in the regenerated cellulose matrix
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Fig. 5. FT-IR spectra of regenerated cellulose gels having different cellulose
nanowhiskers contents and neat cellulose nanowhisker powder.

(cellulose II) by “switching off and on” the inter-particle hydrogen
bonding interactions, which was observed by SEM. With the further
increase of CN content, CNs were exposed and gradually formed the
continued phase, resulting in the increased intensity of the peaks
at 1430 and 710 cm~'. The addition of CNs might disturb the origin
interactions existed in neat cellulose gel and affect the formation of
regenerated cellulose crystal. For CCO sample, the hydrogen bonded
-OH groups stretching vibration exhibited a strong absorption peak
centered at 3460 cm~!. This absorption peak gradually shifted to
lower wavenumbers at 3417 cm~! and its intensity increased with
the higher CN content, confirming that a stronger and denser hydro-
gen bonded network formed in the all-cellulose composite gels
when CNs acted as the crosslinking point and scaffold.

3.3. All-cellulose composite gel properties

3.3.1. Mechanical performance

The mechanical performance of the regenerated cellulose gels
was evaluated under compression, and the stress—strain curves are
shown in Fig. 6. The neo-Hookean constitutive relationship for rub-
bers was utilized to analyze the data. In this model, an expression
for stress (o) is derived as the following equation (Sanabria-DeLong,
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Fig. 6. Stress—strain curves of regenerated cellulose gels having different cellulose
nanowhiskers contents. Inset: Shear modulus with varying cellulose nanowhiskers
contents.
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Fig. 7. Swelling and re-swelling properties of regenerated cellulose gels with dif-
ferent cellulose nanowhiskers contents.

Crosby, & Tew, 2008):

0 =20 [(s+1)— (10)

7]
(e+1)?
where ¢ is the strain, and the single parameter C; is defined as
half of the shear modulus, G (C; =G/2). It was found that the fit
was in excellent agreement with the stress-strain curves and pre-
dicted the observed nonlinear behavior well (R% =0.99), suggesting
that the regenerated gels were a rubbery material. By using the
neo-Hookean fit, the shear modulus of the regenerated cellulose
gels was calculated and plotted in the insert of Fig. 6. With the
increase of CN contents, the shear modulus of the neat cellulose
gel increased from 81 to 160 kPa, while a much strengthened stress
was also observed, indicating an obvious reinforcing effect. There
was alinear dependence of shear modulus on the CN concentration.
This effect could be explained based on the understanding of the
composite gel structure. As already described, CNs were dispersed
and acted as the crosslinking points in the gel network to form the
jammed hydrogen bonded architecture. If it is assumed that CNs
were well-dispersed and all of them contributed to the network,
then the crosslinks would be linearly increased. Because the mod-
ulus was directly proportional to the crosslink density, the linear
relationship between the modulus and the CN content further con-
firms that CNs were satisfactorily “switched off” and well dispersed
in the regenerated cellulose matrix, while were “switched on” dur-
ing gel thermal treatment and regeneration process, leading to the
homogeneous distribution of the CNs in gel matrices to render a
better reinforcement (Sanabria-DeLong et al., 2008). All-cellulose
gels prepared in this work exhibited similar modulus compared
to those of PLA-PEO-PLA hydrogels and PLA-fibrin gels which had
been proposed to be used as cartilage tissue engineering materials
(Sanabria-DeLong et al., 2008; Zhao, Ma, Gong, Gao, & Shen, 2009).
Thus, these elastic natural polymer gels have potential to be used
in the biomedical field.

3.3.2. Swelling and re-swelling

A good understanding of gel swelling and re-swelling behav-
iors is important to evaluate their applications. Fig. 7 shows the
swelling and re-swelling properties of the regenerated gels with
different CN contents. All gel samples had relatively strong water-
holding capacity. The equilibrium swelling ratio (ESR) of the gels
was impacted by CN content in the gel matrices: with CN con-
tent increasing from 0 to 50 wt%, ESR values of the composite gels
gradually decreased from 9.88 to 6.50. This is due to the increased
crosslinking density which restricted the swelling of regenerated
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Fig. 8. Release profiles of bovine serum albumin from drug-loaded cellulose gels
with different cellulose nanowhiskers contents in simulated body fluid at 37°C.
Inset: Diffusion coefficients with varying cellulose nanowhiskers contents.

cellulose matrix. The gels were then freeze-dried for testing their
re-swelling property. When immersed in water bath, dried gels
swelled to different extents depending on their CNs content. The
composite gels containing more CNs showed higher re-swelling
ratios. This may be explained since a stiffer network was formed
at high CN content, which could prevent further crosslinking of the
cellulose chains during the drying processing and were propitious
to the water uptake.

3.3.3. Release property

The release behaviors of the composite gels were subsequently
investigated, and bovine serum albumin (BSA) was employed
as a model molecule. The BSA loading in the gels are around
11.19-13.81 mg/g. Fig. 8 shows the release profiles of BSA in sim-
ulated body fluid (SBF) at 37 °C. The amounts of the drugs released
at equilibrium, M, were tested after incubating for 48 h. The
release profile of CCO gel could be modelled according to first-
order kinetics (R? =0.99). It showed a burst release and about 36%
of the loaded drug was detected in the release medium in the first
60 min. This initial burst release is not favorable to sustained or
controlled release from a pharmaceutical viewpoint, because it not
only wastes the release agent but also shortens the long-term ther-
apeutic effect (Zhao, Platt, & Xie, 2009). Interestingly, the addition
of CNs modified BSA release profiles. BSA molecules were steadily
released form CC20, CC35 and CC50 gels during the test. The release
rates followed a near zero-order kinetics (R? =0.98) after 20 min
of the test. Moreover, the release of BSA from the composite gels
was proportional to the square root of time (M;/M, versus t!/2,
R? =0.99), indicating that the hydrogels served as diffusion barriers
and the proteins were released through Fickian diffusion mech-
anism. The diffusion coefficients were calculated and plotted in
the inserts of Fig. 8. The diffusion coefficient of the composite
gels decreased dramatically from 0.42 x 1074 t0 0.21 x 10~4 mm?/s
with the CN content increased from 0 to 20 wt%, and then raised
gradually to 0.30 x 10~4 mm?/s when the CN content was 50 wt%.
As observed by SEM, some irregular big pores existed in CCO. This
anomalous structure could be a major reason for the burst release
phenomenon. Whereas CNs reinforced cellulose gels showed rather
homogeneous porous structures, thus the burst release could be
avoided and a near zero-release kinetics was obtained. For CC50,
CNs combined together and blocked some pores in the gel, so it
might be difficult for BSA to penetrate into the inside of the com-
posite gel during the drug loading process, leading to a higher BSA
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loading at the matrix surface and consequently a slightly increased
diffusion coefficient. The release results showed that CNs could
impact the morphology of cellulose gels, subsequently their dif-
fusion properties. Steadily release of BSA could be achieved by
addition of CNs in the cellulose gel systems.

4. Conclusions

In this work, nanowhiskers reinforced all-cellulose compos-
ite gels were prepared through a convenient and time-saving
process involving a rapid thermal-induced phase separation fol-
lowed by a regenerating process. Cellulose nanowhiskers played
important roles to promote cellulose gelation and increased the
dimensional stability of gel systems during the regeneration. In the
presence of cellulose nanowhiskers, the composite gels exhibited
dense surfaces and well-organized porous inside structures as well
as significantly enhanced mechanical properties. Moreover, these
composite gels demonstrated capacity to steadily release BSA in the
simulated body fluid. Therefore, these novel nanocomposite gels
may have potential applications in bioengineering and biomedical
areas.
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