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Carboxylated nanocrystalline cellulose (CNCC) was used as a matrix material for the preparation
of N-isopropyl acrylamide-based thermal/pH sensitive hydrogels. The resulting hydrogels’ structure,
morphology, thermal/pH-sensitive properties, swelling behavior and mechanical properties were
investigated. The results indicated that the CNCC/PNIPAAm hydrogels exhibited the pH- and temperature-
sensitivity. From its stress—strain curves, the hydrogels’ stiffness increased obviously from the change of

yield point when the amount of CNCC was increased. Scanning electron microscopy (SEM) supported the
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hypothesis that the added CNCC became an integral network of the hydrogels, which is responsible for
the observed thermal/pH sensitivity and the improved strength.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels are crosslinked polymeric networks that have the
ability to swell when suspended in water (Karlsson & Gatenholm,
1997). These absorbent polymers have a wide range of applica-
tions, such as sustained-release drug delivery systems, contact
lenses, biosensors and much more (Meiring et al., 2004; Russell,
Axel, Shields, & Pishko, 2001). In recent studies, the uses of natu-
ral polymers as a support matrix material have been investigated
and showed favorable results (Van Vlierberghe, Dubruel, & Schacht,
2011).

Nano-crystalline cellulose (NCC) is the fundamental physical
building block of wood cellulose and can be isolated from the crys-
talline regions of the fibre (Bai, Holbery, & Li, 2008; Jahan, Saeed, He,
& Ni, 2011; Moon, Martini, Nairn, Simonsen, & Youngblood, 2011).
These fibres have a number of appealing characteristics, such as
optical, electrical and mechanical properties. When used in paper-
making, NCC can alter the surface of paper leading to a change of
the permeability, strength, flexibility and optical properties (Zoppe
et al., 2010). NCC can also be used in other industrial applica-
tions, such as chemicals, cosmetics, pharmaceuticals and many
more (Abitbol, Johnstone, Quinn, & Gray, 2011; Hasani, Cranston,
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Westman, & Gray, 2008; Simon, Kadiri, & Picard, 2008). Cellulose
can be ideal support material for hydrogels because of its renewa-
bility, its good mechanical properties and its ability to be formed
into many different structures (Rodriguez, Alvarez-Lorenzo, &
Concheiro, 2003). It is an ideal carrier for many functional poly-
mers, such as electro-conductive polymers (Ding, Qian, Shen, & An,
2010; Huang, Kang, & Ni, 2006), and functional chemicals for heavy
metals such as Cr (VI) in water samples (Kong & Ni, 2009). In fact,
the potential of making full use of lignocellulosic material, the so-
called biorefinery strategy, has recently become the focus of many
research activities (Shi, Fatehi, Xiao, & Ni, 2011; Van Heiningen,
2006; Zhu & Pan, 2010). Carboxylated nanocrystalline cellulose
(CNCC) could be prepared from NCC (Follain, Marais, Montanari,
& Vignon, 2010). Due to the large number of carboxylic acid groups
found in CNCG, it is no surprise that it exhibits different character-
istics at various pH levels.

Poly N-isopropylacrylamide is one of the most studied thermo-
responsive polymers and has a lower critical solution temperature
(LCST), ranging from 30 to 35°C (Yoo, Sung, Lee, & Cho, 2000). The
LCST is defined as the critical temperature at which a phase change
is observed for the hydrogel, below the LCST, the components of a
mixture are miscible. Due to the fact that the LCST is very close to
the human physiological temperature of 37 °C, NIPAAm has been
used in many studies involving controlled drug release (Ankareddi
& Brazel, 2011; Geever & Higginbotham, 2011).

In this study, the incorporation of CNCC into NIPAAm-based
hydrogels, and its effect on the resulting hydrogels, were inves-
tigated. The hypothesis is that the carboxylate groups of CNCC may
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Table 1
Summary of the chemicals used for the preparation of the CNCC/PNIPAAm hydrogels.
PNIPAAm GelCNy GelCN; GelCNyg
(GelCNp)
CNCC (5wt.%) (ml) 0 4 7 10
H,0 (ml) 25 21 18 15

impart to the hydrogel the desirable pH-responsive behavior, so
that the advantageous characteristics of the carboxylate groups of
the CNCC can be used to prepare a pH and thermal sensitive hydro-
gel. The addition of CNCC s also expected to improve the hydrogels’
mechanical properties that are important for high water retain-
ing capacity. The stimulus sensitive hydrogels exhibit a number of
swelling properties in response to the environmental conditions.
The chemical structure, morphology, swelling properties and com-
pression strength of the gels were also studied systematically.

2. Experimental
2.1. Materials

CNCC was purchased from Biovision Technology Inc., and
its carboxylate substitution degree at C6 was 0.1-0.2, as pro-
vided by the supplier. N-Isopropyl acrylamide (NIPAAm), N,
N-methylenebisacrylamide (MBA), potassium persulfate (KPS), and
1, 2-di(dimethylamino)ethane (TMEDA) were purchased from
Aldrich Chemical Co., Canada. Various pH buffer solutions were
prepared using the combination of KH,PO4, K;HPOg4, H3PO4, NaCl
and NaOH solutions. Ionic strengths of the buffer solutions were
adjusted to 0.1 M with NaCl solution. All other reagents were ana-
lytical grades and used without further purification.

2.2. Hydrogel preparation

A series of hydrogels were prepared with different mass ratios
of CNCC to NIPAAm, following the method reported in the liter-
ature (Xu, Zhang, Cheng, Zhuo, & Kennedy, 2007). 1g NIPAAm,
10 mg MBA (crosslinker), were dissolved in distilled water at room
temperature, and then mixed with the specified amounts of the
CNCC solution (the detailed conditions were given in Table 1). Then
0.020 ml KPS aqueous solution (16 mg/ml) was added as the ini-
tiator and 0.045ml TEMED added as an accelerator to start the
copolymerization, which was allowed to continue for 24 h at 15°C.
Thereafter, the hydrogel prepared was taken out and immersed
in distilled water for 3days at room temperature. During this
period, the soaking water was replaced with fresh distilled water
every several hours in order to wash away the residue. Here, the
CNCC/PNIPAAm hydrogels thus obtained were labeled as GelCNX,
where x represents the amount of CNCC; here the added CNCC
becomes integral part of the hydrogel structure, and its uniform
distribution is critical for the chemical/physical properties of the
resulting hydrogel. The PNIPAAm hydrogel without CNCC was also
prepared under the same procedures/conditions as those of the
control, designated as PNIPAAm (or GelCNp). The detailed chem-
icals compositions used are summarized in Table 1.

2.3. Characterizations

2.3.1. Fourier-transformed infrared spectroscopy (FT-IR)

FT-IR spectra were recorded using a S-100 FT-IR spectrometer
(Perkin Elmer) and scanned from 4000 to 400cm~! in ATR mode
and using KBr as supporting material; the samples were mixed with
KBr powder at a weight ratio of 1:50. Thirty-two scans were taken
for each sample with a resolution of 4cm~1.

2.3.2. Scanning electron microscopy (SEM)

The swollen hydrogel sample was first equilibrated in distilled
water at room temperature, then quickly frozen in liquid nitro-
gen and freeze-dried in a Virtis Freeze Drier (Gardiner, NY) under
vacuum at —45°C for 3 days. After that, the freeze-dried hydrogel
sample was fractured carefully in liquid nitrogen and then sub-
jected to the SEM analysis using a scanning electron microscope
(JSM-6400, JEOL, Japan). For the sample preparation, the hydrogel
was gold-coated (Wang et al., 2008; Wang, Ni, Jahan, Liu, & Schafer,
2011).

2.3.3. Thermogravimetric analysis (TGA)

The thermal properties of hydrogel and CNCC were measured
using thermogravimetric analysis (TGA). Decomposition profiles of
TG were recorded at a heating rate of 10.0 °C/min between room
temperature and 600.0 °Cin nitrogen (its flow rate was 100 ml/min)
(Wang et al,, 2011; Zhang et al., 2009).

2.4. Temperature dependence of the equilibrium swelling ratio
(ESR) of the hydrogels

The classical gravimetric method was used to measure the ESR
of the hydrogels. For the temperature dependence of the ESR study,
the hydrogel samples were equilibrated in water at a predeter-
mined temperature ranging from 26 to 50°C. The freeze-dried
hydrogel sample (about 0.2 g) was soaked in an excessive amount
of distilled water at each predetermined temperature for 7h to
reach the swelling equilibrium. The swollen hydrogels were filtered
using a 100-mesh sieve and drained for 20 min to remove free water
before weighing the mass of the swollen hydrogels (Zhang, Wu, Li,
& Wang, 2005). The equilibrium water absorption can be calculated
using Eq. (1):

w1 —Wo
Wo

ESR = (M

In Eq. (1), ESR is the equilibrium water absorption, defined as
grams of water per gram of sample; wg and w; are the weights of
sample before and after swelling, respectively.

2.5. Evaluation of pH-sensitivity

The pH values were determined using a pH meter (OAKTON-
300). The ESR result for each buffer solution at 26°C was
determined by following the same method as thatin distilled water.

2.6. Swelling kinetics of the hydrogels

0.20 g of hydrogels was placed in 500 ml beaker and then 200 ml
of aqueous solution was added. The swollen gel was filtered by a
sieve after a pre-determined time interval and the water absorption
at a given swelling time was determined from the mass changes
before and after swelling. Three replicates were conducted and the
averages were reported. The swelling ratio (SR) can be calculated
using Eq. (2):
Wy —Wo

Wo

SR=

(2)

In Eq. (2), SR is the water absorption defined as grams of water
per gram of sample; wg and w; are the weights of sample before
and after swelling for a specified time t, respectively.

2.7. Mechanical measurements
The mechanical property was measured using a Dynamic

Mechanical Analyzer Q800 (TA Instruments). All mechanical mea-
surements were conducted in a thermo-controlled container at
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Fig. 1. FTIR Spectra of (a) CNCC, (b) PNIPAAm, and (c) GelCNyo (CNCC/PNIPAAm).

24°C.The compression test was measured using cylindrical swollen
hydrogel specimens (13 by 6 mm). The compression rate was
0.5Nmin~! and the maximum force was 10N (Yu et al., 2007).

3. Results and discussion
3.1. FTIR spectra

Shown in Fig. 1 are the FTIR spectra of CNCC, PNIPAAm and
GelCN1g (10% CNCC in PNIPAAm). For CNCC, the characteristic
peaks are at 1061 cm~!, 1410 and 1600 cm~!, which are related to
the stretching vibration of C—OH, symmetric stretching of —COO—
groups and asymmetric stretching of —COO— groups, respectively.
For PNIPAAm, the peaks at 1650cm~! and 1540cm~! can be
attributed to N—C=0 and N—H groups. In the FTIR spectrum
of GelCN;9(CNCC/PNIPAAm), the peaks for C—OH at 1600cm™!,
N—C=0 at 1650cm~! and N—H at 1540 cm~, can all be identified.
Therefore, it can be concluded that the CNCC/PNIPAAm hydrogel
has the characteristic features of both CNCC and NIPAAm groups.
In examining those of CNCC, PNIPAAM, and the CNCC/PNIPAAmM
hydrogel, one can note that the changes for C—OH, N—C=0 and
N—H were insignificant, indicating that there was no chemical
reaction between CNCC and NIPAAM. As shown in the scheme of
CNCC/PNIPAAm hydrogel preparation in Section 2.2, the CNCC was
just physically dispersed in the hydrogel.

3.2. Morphology

The addition of CNCC to the CNCC/PNIPAAm hydrogel also
changed its structure and morphology. Fig. 2 shows the SEM micro-
graphs of CNCC, PNIPAAm hydrogel and CNCC/PNIPAAm hydrogel.
It can be seen that CNCC contained aggregated fibrils of 100 nm in
diameter and several hundreds of nanometers in length (Fig. 2a).
The CNCC fibrils were also evident in the SEM of the CNCC/PNIPAAm
hydrogel (Fig. 2c), which further supports the conclusion that the
CNCC fibrils were uniformly dispersed in the hydrogel.

3.3. Thermal analysis

The thermal degradation behavior of the hydrogels was studied
in the temperature range of 25-600°C under a nitrogen atmo-
sphere, and the results are presented in Fig. 3. The first phase of the
weight loss (100-200°C) is due to the evaporation of bound water,
indicating that both hydrogels were hygroscopic. This is consis-
tent with previous results reported in the literature (Schild, 1996).
For the PNIPAAm hydrogel, the vast majority of the weight loss
occurred at higher than 250 °C, with the maximum decomposition
rate at 386 °C. Beyond 315 °C, the backbone of the PNIPAAm started
to degrade corresponding to a weight loss of 81%. For CNCC, the
majority of the weight loss occurred in the range of 268-362 °C, and
two maximum decomposition temperatures were observed in the
DTG curves: one at around 242 °Cand the other atabout 317 °C. This
thermal characteristic was similar to those for the acid treated NCC
samples (Wang, Ding, & Cheng, 2007). And for the CNCC/PNIPAAmM
hydrogel, its maximum decomposition rate was at 397 °C. The last
degradation temperature of the hydrogels was due to random chain
scission of PNIPAAm. The CNCC/PNIPAAm hydrogel was thermally
more stable than the PNIPAAm crosslinked gel, most likely due to
the presence of CNCC, which resulted in more ordered structure
of the CNCC/PNIPAAm hydrogel as indicated from the SEM images
(Fig. 2(c)).

3.4. Thermal sensitivity

Similar to the PNIPAAm hydrogel, the CNCC/PNIPAAm hydrogel
exhibited a typical volume phase transition (VPT) behavior respon-
sive to a temperature change, due to the presence of the NIPAAm
polymer chains. The VPT behavior stemmed from the LCST char-
acteristic of hydrogels. The LCST of hydrogel is the lower critical
temperature at which phase change is observed for the hydro-
gel. Below the LCST, the NIPAAm polymer chains tend to form a
random coil conformation, causing the hydrogel to swell. When

(b) (c)

Fig. 2. SEM images of freeze-dried (a) CNCC, (b) PNIPAAm hydrogel, and (c) CNCC/PNIPAAm hydrogel.
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Fig. 3. TG (top) and DTG (bottom) curves of (a) CNCC, (b) PNIPAAm and (c)
CNCC/PNIPAAm hydrogels.

the temperature is increased above the LCST, the random NIPAAm
polymer coils collapse, causing the hydrogel to shrink. At a low
temperature (<28°C) the swollen hydrogels were homogeneous
and transparent. At a high temperature (>40°C), the hydrogels
shrank and became cloudy, indicating the occurrence of the vol-
ume phase transition. The shrunk hydrogels can be re-swollen in
water and became transparent again when they were below the
LCST. The equilibrium swelling ratio (ESR) is one of the most impor-
tant parameters for evaluating hydrogels because it can illustrate
the temperature-sensitive properties of hydrogels.

The swelling behavior of the prepared hydrogels in distilled
water at different temperatures was determined and the results
are shown in Fig. 4(a). All of the CNCC/PNIPAAm hydrogels demon-
strated similar thermo-responsive profiles. Below the LCST, the
hydrogels exhibited swollen states with high swelling ratios. As the
external temperature increased, the swelling ratios of the hydro-
gels decreased, due to the shrinking of hydrogel, resulting from the
collapse of the NIPAAm polymer coils.

Moreover, at the same temperature (below the LCST), the ESR
increases with the increase of the CNCC content in the hydrogel.
For example, GelCN¢ had the highest ESR (17.8 g/g) at 24 °C, while
the ESR for GelCN7, GelCN4 and GelCNg (PNIPAAm hydrogel) was
16.2, 14.2, and 13.2 g/g, respectively. These results indicate that
the water holding capacities of the hydrogels increased signifi-
cantly with the addition of CNCC. It is easier for CNCC to form

20

18-

164 —=— PNIPAAM

—&—GelCN,
—A— GelCN,
—v—GelCN, |

14
12

10-

ESR(g water/g hydrogel)

T T T T T T T T T T
25 30 35 40 45 50
Temperature (°C)

b 18.04
175

1 | —=— PNIPAAM
17.01 | —e— GelCN,
165 | —4— GelCN,
16.0—. — v Ge|CN10
15.5 1
15.0 4
14.5 ]
14.0
135
13.0 ]
125
12.0 ]

ESR(g water/g hydrogel)

T T T T T
pH value

Fig. 4. ESR of hydrogels as functions of (a) temperature or (b) pH at 26°C.

hydrogen bonds with water molecules using the carboxyl groups
(Dumitriu, Mitchell, & Vasile, 2011); this can be explained by the
improved hydrogel network during the polymerization process and
the increase of the specific surface area, as evidenced from the SEM
results in Fig. 2.

3.5. pH sensitivity

The carboxylic groups on the surface of CNCC can render
the CNCC/PNIPAAm hydrogels pH-sensitive properties. As shown
in Fig. 4(b), the ESR of the CNCC/PNIPAAm hydrogels increased
markedly with the increase of pH. In contrast, the ESR for the PNI-
PAAm hydrogel was essentially pH independent. The pH sensitivity
of the CNCC/PNIPAAm hydrogels also increased significantly with
the increase of the CNCC content added in the polymerization pro-
cess, as shown in Fig. 4(b). This is particularly true in the pH range
of 3.0-7.0.

The —COO~ and —COOH functional groups on the CNCC nano
fibres can be interchanged, depending on the pH of the medium.
The carboxylic functional groups of the CNCC had a pK; of about
3.2. When the system pH was lower than the pK,, most of the
carboxylic groups were in their —COOH form. Strong hydrogen-
bonding was formed between the —OH and —COOH groups, which
impairs the diffusion of water into its structure (Wang & Wang,
2010). As a result, the ESR was reduced. When the pH was higher
than the pKj,, most of the —COOH groups are dissociated, and in
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Fig. 5. Swelling kinetics of the hydrogels in distilled water at 26 °C.

the —COO~ form, leading to the significant decrease in the hydro-
gen bonds (Hoogendam et al., 1998; Lu, Liu, Ni, & Gao, 2010; Zhao
et al., 2009). Due to the increase in the number of negatively
charged —COO~ groups, the electrostatic repulsion became dom-
inant, which facilitated the diffusion of water molecules into the
network to swells the hydrogel. These results are in good agreement
with a previous study (Shi, Zhang, Ma, & Yi, 2007), in which the graft
copolymer of N-isopropylacrylamide (NIPAAm) on carboxymethyl-
cellulose (CMC) was investigated with respect to their pH behavior
in aqueous solution. The significant change of the ESR in response
to the pH change of the external buffer solution demonstrated the
pH-sensitive characteristic of the CNCC/PNIPAAm hydrogels.

3.6. Swelling kinetics

Fig. 5 shows the swelling ratio (SR) as a function of time for the
PNIPAAm and CNCC/PNIPAAm hydrogels in distilled water at 26 °C.
Initially the rates of swelling increased rapidly. The increase slowed
down at 25 min, and started to level off at about 200 min. The equi-
librium swelling was achieved at about 7 h. It can be seen that the
SR values of the CNCC/PNIPAAm hydrogels was significantly higher
than that for the control PNIPAAm hydrogel, and it increased with
increasing the CNCC content in the hydrogels. The swelling of the
GelCNyg is faster than that of the other three gels; this is due to the
hydrophilic nature of the carboxyl groups in CNCC. The increas-
ing hydrogen bonds among water molecules and CNCC resulted in
a faster swelling of the GelCN¢ hydrogels (Zhang, Zhong, Zhang,
Chen, & Zhao, 2010). Again, these results support the conclusion
that the addition of CNCC enhanced the swelling behavior of the
hydrogels.

3.7. Strength property

Fig. 6 shows the results of mechanical strength analysis of the
CNCC/PNIPAAm hydrogels. It can be seen from the strain/stress
curve that the yield point of the hydrogel was 0.8 (PNIPAAm),
2.6 (GelCNy), 3.5 (GelCN7) and 4.7 (GelCNyq), respectively. The
strain/stress curve of PNIPAAm hydrogel (a) was linear after the
static force reached 0.4 N, which is in agreement with Hook’s law,
indicating that the compression is an elastic deformation process.
The PNIPAAm hydrogel fractured when the static compressing
force was 0.8 N and the strain was —22%. Then the PNIPAAm hydro-
gel compressed at a slower speed; it collapsed at the strain of —36%.

With the addition of CNCC, it can also be seen that the strain
of the hydrogels increased from 22% to 42%(b), 46%(c) and 50%(d)

Strain/%

100 1 1 1 1 1 ] 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Static force/N

Fig. 6. Mechanical properties of hydrogels: (a) PNIPAAm; (b) GelCNy; (c) GelCNy;
and (d) GelCNjp.

at the yield point; and increased from 36% to 58%(b), 68%(c) and
77%(d) when the hydrogels were compressed to collapse. These
results reveal that the hydrogels’ mechanical strength was signifi-
cantly improved with the addition of CNCC, the higher the CNCC
content, the higher the strength property. It is evident that the
CNCC increased the stiffness and toughness of the hydrogels by
forming network structure in the hydrogels, as supported from the
SEM results (Fig. 2). CNCC was the backbone of the hydrogel matrix,
which facilitates water holding capacity of the resultant hydrogel
(Chang, Duan, & Zhang, 2009; Chang, Han, & Zhang, 2011). Also, the
mechanical properties of CNCC/PNIPAAm hydrogels may be con-
trolled by adjusting the content of CNCC to be consistent with their
application.

4. Conclusions

The pH/thermal sensitive hydrogels were successfully synthe-
sized using NIPAAm monomer and carboxylated nanocrystalline
cellulose (CNCC). The CNCC/PNIPAAm hydrogels’ structure, mor-
phology, thermal/pH-sensitive property, swelling property and
mechanical strength were investigated. Results showed that the
resultant hydrogels exhibited both pH-sensitive and thermal-
sensitive properties. Swelling ratios of the hydrogels increased with
the increase of CNCC at the same temperature. SEM images sup-
ported the conclusion that the CNCC nano-fibrils were uniformly
dispersed in the hydrogel without agglomeration. The introduction
of the CNCC to the hydrogel structure also significantly improved
its mechanical properties.
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