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Abstract Tunicate cellulose nanocrystals (TCNCs)
are widely used as nanofillers for the reinforcements of
polymeric materials because of their high aspect ratio
and modulus. However, poor interfacial compatibility
between TCNCs and polymer matrix always weakens
the mechanical performance of nanocomposite mate-
rials. Herein, novel nanocomposite hydrogels com-
posed of TCNCs and polyacrylamide (PAM) were
generated by chemical crosslinking of PAM with
TCNCs that worked as both multifunctional
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crosslinkers and interfacial compatible nanofillers.
Our strategy for the preparation of hydrogels avoided
using any toxic crosslinking agent. The morphology,
swelling behavior, and mechanical properties of
nanocomposite hydrogels could be tuned by varying
the amount of initiator. This work provided a simple,
universal, and sustainable method to synthesize
nanocomposite hydrogels with tunable mechanical
performance.
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Introduction

Hydrogels have a kind of three-dimensional network
structure, which could absorb a mass of water. In the
past two decades, hydrogels have been extensively
studied because of their special properties such as
biocompatibility, high swelling ratio, and bionic
micro-environment (Chang et al. 2011; Peng et al.
2016; Zhang et al. 2017). Owing to their soft and wet
properties, hydrogels have a very wide range of
occasions can be used, including drug delivery (Hoare
and Kohane 2008), tissue engineering (Hoffman 2012;
Khademhosseini et al. 2009), biomolecular separation
(Kim and Park 1998) and water treatment (Jing et al.
2013). However, the poor mechanical properties of
conventional hydrogels seriously limited their practi-
cal applications, which have aroused much attention
for scientists to develop hydrogels with improved
mechanical properties. Nanocomposite hydrogels
exhibited preferable mechanical performance after
incorporating nanofillers into polymer matrix (Schex-
nailder and Schmidt 2009; Zhang and Shi 2011;
Gulyuz and Okay 2014; Li et al. 2015). There are
various kinds of nanofillers that could be employed to
reinforce polymeric hydrogels, including silicate
nanosheet, graphene, and nanoclay (Liu et al. 2006;
Rao 2007; Xu et al. 2010; Cong et al. 2012; Haraguchi
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et al. 2002). For example, Haraguchi et al. reported a
series of nanoclay/polymer nanocomposite hydrogels
with excellent stretch ability (Haraguchi and Li 2005;
Haraguchi et al. 2006, 2011; Haraguchi 2007). Aida
et al. used single layer of nano-titanium dioxide as
photocatalytic cross-linking agent to fabricate photo-
voltaic hydrogels (Liu et al. 2013).

Cellulose nanocrystals (CNCs) have attracted a
great deal of interest in the nanocomposite field due to
their appealing intrinsic properties such as nanoscale
dimensions, high surface area, unique morphology,
low density and mechanical strength (Habibi et al.
2010). Recently, a series of CNCs reinforced hydro-
gels have been reported by adjusting the interaction
between CNCs and polymer matrix through control-
ling the crosslinking strategy (Yang et al.
2013, 2014, 2015; McKee et al. 2014; Chau et al.
2016). Compared with other CNCs, tunicate cellulose
nanocrystals (TCNCs) isolated from the mantles of
sessile sea creatures showed higher aspect ratio (> 70)
(Sacui et al. 2014) and superior mechanical modulus
(~ 140 GPa) (Sturcova et al. 2005). The character-
istics of TCNCs facilitated the formation of rigid
TCNC networks and improved the stress transfer
efficiency, which improved the mechanical properties
of nanocomposite materials (Capadona et al. 2008).
On the other hand, TCNCs had a strong tendency for
self-aggregation because of their highly interacting
surface hydroxyl groups (De Souza Lima and Borsali
2004), leading to the limitation of mechanical rein-
forcing effect. Good dispersion of TCNCs in the
polymer matrix could be achieved by surface modi-
fication of TCNCs to improve the interfacial
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compatibility (Zhang et al. 2017). However, as far as
we know, TCNCs reinforced hydrogels with com-
pletely chemically cross-linked networks have not
been reported.

In this work, we attempted to design the hydrogels
with tunable mechanical properties by using a facile
method, where TCNCs worked as both nanofillers and
multifunctional cross-linkers. Potassium persulfate
was added into the mixture of TCNCs and acrylamide
(AM) solution to initiate the radical polymerization of
AM monomer and generate free radicals on the surface
of TCNCs. AM monomers could bind to the surface of
TCNCs and the molecular chain grew to form cross-
linked hydrogel network. The morphology, swelling
ratio, and mechanical property of nanocomposite
hydrogels could be controlled by varying the amounts
of initiator. This work proved a simple, fast, and
universal way for the preparation of nanofiller rein-
forced nanocomposite hydrogels with chemically
cross-linked networks.

Experimental
Materials

Tunicate (Halocynthiaroretzi Drasche) was purchased
from Weihai Evergreen Marine science and technol-
ogy Co. Ltd (Shandong, China). Sulfuric acid, potas-
sium persulfate (KPS), acrylamide (AM) was obtained
from Sinopharm Chemical Reagent Co. Ltd. Other
reagents were all analytical grade and all solutions
were prepared with distilled water.

Isolation of tunicate cellulose nanocrystals
(TCNCs)

Isolation of tunicate cellulose from Halocynthiaroretzi
Drasche was conducted according to our previous
work (Zhang et al. 2017). 3 g tunicate cellulose were
dispersed in sulfuric acid solution (300 mL, 65 wt%),
and stirred at speed of 300 rpm at 60 °C for 6 h. For
the removal of large particles and remaining sulfuric
acid, the mixture was centrifuged at 7500 rpm, then
diluted with water, and dialyzed with water until
neutral.

Synthesis of TCNC/PAM hydrogels

For the preparation of TCNC/PAM hydrogels, 1 g
AM, 2.8 g TCNC suspension (2.83 wt%), and a
certain amount of KPS were added into distilled water
to obtain 5 g mixture. Then, the mixture was treated
with ultrasound in ice-water bath for 10 min and
poured into the mold to react 3 h at 60 °C. Finally,
TCNC/PAM hydrogels were carefully taken out and
immersed in distilled water to remove excess mono-
mers and initiators. The as-prepared hydrogels were
coded as Gel-0.04, Gel-0.2, Gel-0.4, Gel-1, Gel-2, and
Gel-4, according to KPS concentration of 0.04 wt%,
0.2 wt%, 0.4 wt%, 1 wt%, 2 wt%, and 4 wt%, respec-
tively. The content of TCNCs was controlled to be
7.34 wt% in the dried gel.

Characterization

Transmission electron microscope (TEM) observation
of TCNCs was performed by using a JEM-2010
transmission electron microscope (JEOL, Japan) with
an acceleration voltage at 200 kV, where a droplet of
dilute TCNC suspension (0.01 wt%) was dropped and
dried on a copper grid before measurement. Fourier
transfer infrared spectroscopy (FTIR) was carried out
by NICOLET 5700 FTIR spectrometer (Thermo
Fisher Scientific, USA). Scanning electron micro-
scope (SEM) images were taken with the field
emission scanning electron microscopy (FESEM,
Zeiss, Germany) at an accelerating voltage of 5 kV.
The hydrogels were swollen to equilibrium in distilled
water, frozen in liquid nitrogen, snapped immediately,
and freeze-dried at — 40 °C. Cross-section of speci-
mens was coated with gold vapor, observed, and
photographed. Zeta potential was measured by
ZetaSizer Nano series Nano-ZS (Malvern Instruments
Ltd, Malvern, UK) at room temperature. The mechan-
ical properties of hydrogels were tested at room
temperature by using a universal testing machine
(CMT6350, Shenzhen SANS, China). For tensile test,
the size of rectangular samples were 30 mm
(L) x 8 mm (W) x 1 mm (T), the crosshead speed
was 20 mm min_l, and the initial length of the
hydrogel samples for tensile test between two clamps
was 20 mm. For the compression test, the dimension
of cylinder samples was about 9 mm (D) x 6.5 mm
(H), the crosshead speed was 0.5 mm min~', and the
initial height of the hydrogel samples for compressive
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test between two clamps was 6.5 mm. As for the
loading—unloading tests, the final strains were fixed to
be 250% and 70% for tensile and compressive tests,
respectively. The swelling ratio of hydrogel was
measured by gravimetric method. The SR value was
calculated as follows.

Swelling Ratio = Wi = Wa (1)

Wa

where W, is the weight of swollen hydrogel at time
t and W is the weight dried gel.

Results and discussion

Preparation, structure, and morphology of TCNC/
PAM hydrogel

Owing to the presence of negatively charged sulfonate
groups on their surface, TCNCs could be well
dispersed in the suspension benefiting from the
electrostatic repulsion. Figure 1 shows the TEM
image and size distribution of TCNCs. It can be seen
that TCNCs exhibited strips-like morphology with
average length of 1880 + 57 nm and average diam-
eter of 26 & 11 nm. The aspect ratio of TCNCs was
calculated to be ~ 72, which was consistent with the
reported value (Cheng et al. 2018). The zeta potential
of TCNCs was — 30.6 mV, confirming the negatively
charged surface of TCNCs. For the fabrication of
nanocomposite hydrogels, TCNC suspension, AM
monomer, and initiator were uniformly blended to
obtain mixture. Then, temperature was raised to 60 °C
for conducting polymerization and crosslinking
(Fig. 2). The initiator (KPS) could initiate polymer-
ization of AM monomer, while radicals were gener-
ated on the surface of TCNCs by oxidizing the

hydroxyl groups with KPS, which could react with
AM monomers to form chemically cross-linked net-
work. Therefore, the density of hydrogel network
could be controlled by altering the amount of KPS. For
example, low usage of KPS resulted in long PAM
chains and lightly cross-linked hydrogel. In contrast,
heavily cross-linked hydrogel would be produced by
using more initiator.

The chemical structure of TCNC/PAM hydrogels
was characterized by FTIR, as shown in Fig. 3.
Compared with the spectrum of PAM, the character-
istic peak at 3440 cm ™' which belongs to —OH and —
NH, stretching vibration became wider in the spectra
of Gel-0.4 and Gel-4. These results revealed that
strong hydrogen bonds formed between the amino
groups of PAM and hydroxyl groups of TCNCs in the
hydrogel network. Importantly, the peak appeared at
1060 cm™" could not be found in the spectrum of
PAM, but it was available in the spectrum of TCNCs,
which could be attributed to the absorption peak of C—
O-C. In the spectra of nanocomposite hydrogels, the
intensity of the peak at 1060 cm™' sharply increased
when TCNCs content was higher. It indicated that the
covalent bonds formed between AM monomers and
TCNCs, and hydrogel network was successfully
constructed.

The morphologies of TCNC/PAM hydrogels were
characterized by using SEM technology. Figure 4
shows the SEM images of nanocomposite hydrogels.
All hydrogels exhibited porous structure, where the
pore size of samples gradually reduced as the increase
of initiator concentration. For example, Gel-0.04 had
macroporous morphology with the average pore size
of 13 um. When the concentration of KPS increased to
4 wt%, the pore size of Gel-4 was only ~ 1 pm.
These results indicated that the crosslinking density of
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Fig. 1 TEM image (a) and size distribution (b, ¢) of TCNCs

@ Springer

Length (nm)

N
o

o o

Percent Frequency (%) O

III||IIIII
15 20 25 30

3 40 45
Diameter (nm)

o

2000 2400 2800 10



Cellulose (2018) 25:6561-6570

6565

Fig. 2 Schematic illustration for the formation of TCNC/PAM hydrogel
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Fig. 3 FTIR spectra of TCNCs, PAM hydrogel, and TCNC/
PAM hydrogels: (a) TCNCs, (b) PAM, (c) Gel-0.4, and (d) Gel-

hydrogel network could be significantly improved by
raising the KPS concentration.

Mechanical property and swelling behavior
of TCNC/PAM hydrogel

The appearances of TCNC/PAM hydrogels are shown
in Fig. 5. To compare the mechanical properties of
hydrogels, the water contents of all hydrogel samples
were controlled to 80 wt%. All hydrogels were
opaque, due to the phase separation in the hydrogel
networks, as shown in Fig. 5a. Despite the similar
appearances of hydrogel samples, their mechanical
performances were quite different. After loading a
piece of iron slab on the hydrogels, Gel-0.04 largely
deformed because of its soft nature, but Gel-4 was stiff
and hard enough to tolerate the loading without

Fig. 4 SEM images of TCNC/PAM hydrogels: a Gel-0.04, b Gel-0.4, and ¢ Gel-4
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Fig. 5 Photographs of TCNC/PAM hydrogels before (a) and
after loading iron slabs (b, ¢)

apparent deformation (Fig. 5b). When the iron slab
was removed, the deformed Gel-0.04 could not
recover (Fig. 5c), revealing that the chemically
cross-linked network of hydrogel was irreversibly
destroyed by external force. These results suggested
that the mechanical performances of hydrogels could
be tuned by varying the concentration of KPS.

To quantitatively investigate the mechanical prop-
erty of hydrogels, both tensile and compressive tests
have been conducted for all samples with water
content of ~ 80%. The tensile stress—strain curves of
nanocomposite hydrogels are shown in Fig. 6a. The
mechanical performances of hydrogel samples were
strongly dependent on the initiator concentration in the
preparation process. As the concentration of initiator
increased, the tensile strength of hydrogel samples

a
500 - | Gel-4
©
o 400 -
=
&
8 300
™
b7
o 200} Gel-0.4
g Gel-0.2
@ 100 g
2 Gel-0.04
0 1 1 1
0 400 800 1200 1600

Strain (%)

Toughness (kJ m™3

o

)

gradually increased from 62.5 to 501.5 kPa, whereas
the fracture strain decreased from 1527 to 124%. By
adjusting the concentration of KPS, soft and stretch-
able Gel-0.04 converted to strong and stiff Gel-4,
revealing that the mechanical property of hydrogel
samples were tunable. Moreover, the elastic modulus
and toughness of various nanocomposite hydrogels are
shown in Fig. 6b. The elastic modulus of hydrogel
samples gradually increased with the concentration of
KPS from 20 to 483 kPa. This result suggested that the
improvement of the crosslinking density of hydrogel
network could effectively enhanced the stiffness of
hydrogels. However, toughness of nanocomposite
hydrogels increased first and then decreased along
with the raise of KPS concentration (Fig. 6b). Despite
higher KPS concentration could improve the tensile
stress of nanocomposite hydrogels, their fracture
strain sharply decreased, resulting in the decline of
toughness. Therefore, the maximal value of toughness
was 964.5 kJ m ™ as the concentration of initiator was
0.4 wt%.

The compressive tests had similar tendency to the
result of tensile measurement, where the mechanical
properties of the hydrogel strongly depend on initiator
concentration. The compressive stress—strain curves
of various TCNC/PAM hydrogels are shown in
Fig. 7a. As the dosage of initiator in the samples
increased, the compressive stress increased from
0.18 MPa for G-0.04 to 2.46 MPa for G-4. On the
other hand, the elastic modulus of TCNC/PAM
hydrogels samples gradually increased from 1.83 to
11.53 MPa (Fig. 7b) with the increase of KPS con-
centration from 0.04 to 4 wt%, indicating that
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Fig. 6 Stress—strain curves (a), and corresponding statistics toughness and elastic modulus (b) of various TCNC/PAM hydrogels
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Fig. 7 Compressive stress—strain curves (a), and corresponding statistics elastic modulus (b) of various TCNC/PAM hydrogels

hydrogel samples behaved stiffer with higher initiator
concentration. These results suggested that crosslink-
ing density of hydrogel networks could be tailored by
varying initiator concentration, resulting in tunable
mechanical properties of TCNC/PAM hydrogels.

To better understand the dissipation of mechanical
energy, the repeated loading—unloading tensile and
compressive tests of TCNC/PAM hydrogels were
conducted. For successive tensile tests, the dissipated
mechanical energy was about 7.85 kJ m ™ in the first
loading—unloading cycle, which decreased to
1.41-1.15 kJ m™? in the 2-5th cycles (Fig. 8a). These
results indicated that the hydrogel sample was mainly
consisted by chemically cross-linked networks which
were damaged to dissipate most of energy in the first
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loading—unloading cycle. Moreover, the successive
compressive curves of G-4 during 5 loading—unload-
ing cycles with a strain of 70% is shown in Fig. 8b.
The dissipated mechanical energy calculated from the
area of hysteresis loop was 4.48 MJ m— for the 1st
cycle, which reduced to 1.42 MJ m~> for the 2nd
cycle. Finally, the dissipated energy maintained at
12MJm™ in the 3-5th cycles. These results
revealed that the chemical crosslinking was broken
during the initial cycle resulting in dissipating
mechanical energy and the reversible physical inter-
action existed in the 2—-5th cycles.

To investigate the swelling kinetics of TCNC/PAM
hydrogels, the dried gels were immersed in distilled
water at 25 °C (Fig. 9a). Four hydrogel samples
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Fig. 8 Successive tensile curves of G-0.4 sample during 5 times loading—unloading cycles with a strain of 250% (a), and successive
compressive curves of G-4 sample during 5 times loading—unloading cycles with a strain of 70% (b)
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Table 1 Diffusion

- Samples Diffusional exponent Diffusional constant Correlation coefficient
characteristic of hydrogels n k r
in distilled water at 25 °C
Gel-0.04 0.650 0.0095 0.988
Gel-0.4 0.606 0.0146 0.991
Gel-1 0.577 0.0210 0.979
Gel-4 0.588 0.0238 0.980

exhibited similar swelling tendency, where the swel-
ling ratio of dried samples increased rapidly at initial
stage and then the swelling rate gradually slowed
down until equilibrium. The equilibrium swelling ratio
of hydrogel samples decreased as the increase of the
KPS usage. For example, the equilibrium swelling
ratio of Gel-0.04 was 69 g g', but that of Gel-4
decreased to 23 g g~ '. These results were attributed to
the difference in crosslinking density of hydrogel
samples, which were in good agreement with SEM
results. Furthermore, the following exponential
Eq. (2) was used to determine the diffusion mecha-
nism of water into hydrogel samples.

M,

= n 2
M kt (2)

where M, and M, were the amount of water diffused
into the gel at time ¢, and infinite time (equilibrium),
respectively. k was a diffusion coefficient which was
relative with structure of the network. The exponent
n was the diffusion index which could be used to
determine the type of diffusion. For cylindrical
samples, n < 0.5 indicated that the diffusion was
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Fickian diffusion, but 0.5 < n < 1.0 represented non-
Fickian diffusion (Zhou et al. 2007; Franson and
Peppas 1983). For TCNC/PAM hydrogels, we calcu-
lated the exponent »n and diffusion coefficient k from
the slope and intercept of straight line in Fig. 9b. The
n values of TCNC/PAM hydrogels were 0.650, 0.606,
0.577, and 0.588, for Gel-0.04, Gel-0.4, Gel-1, and
Gel-4, respectively (Table 1), revealing non-Fickian
diffusion character. In the non-Fickian diffusion,
initial water absorption in the dried gel was controlled
collaboratively by water diffusion and relaxation of
polymer chains (Lee et al. 2018). Therefore, the
crosslinking density of hydrogel samples increased as
the increase of KPS concentration from Gel-0.04 to
Gel-4, which gradually limited the movability of
polymer chains, leading to the decline of n values.

Conclusion
We have successfully designed and fabricated a series

of TCNC/PAM nanocomposite hydrogels. TCNCs
acted as multifunctional crosslinking agents and



Cellulose (2018) 25:6561-6570

6569

nanofillers in the hydrogel network. Both the hydroxyl
groups on the surface of TCNCs and AM monomers
were oxidized and triggered by initiator to generate
free radicals, resulting in the growth of polymer chains
and the formation of chemical bonds between PAM
and TCNCs. The morphology, mechanical perfor-
mance and swelling behavior of nanocomposite
hydrogels could be well controlled by altering the
amounts of initiator. This work provided a simple,
rapid, and universal method for the synthesis of
mechanically tunable nanocomposite hydrogels.
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