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Abstract Polyvinyl alcohol (PVA) based hydrogels,
generally prepared by freeze-thaw methods, are
commonly used in the field of wound dressing.
Biomedical materials require rigorous sterilization
prior to use which can result in the decomposition of
hydrogen bonded PV A hydrogels during conventional
high temperature sterilization. In this study, a highly
temperature resistant cellulose nanofiber/polyvinyl
alcohol (CNF/PVA) hydrogel is prepared using func-
tionalized CNF as a chemical cross-linker. NalOy, is
utilized to selectively oxidize CNF to increase CNF
chemical reactivity. The crystallinity and the thermal
decomposition temperature of CNF show a decreasing
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trend with the increase of oxidant content. The CNF/
PVA hydrogels are synthesized with functional CNF
and PVA at 80 °C under acidic condition through
aldolization. The mechanical strength and modulus of
the hydrogel (CNF-3/PVA) with more chemical cross-
linking networks are 0.43 MPa and 0.25 MPa, respec-
tively. The hydrogel exhibits a water content (82.7%)
close to that of the organism tissue and not decompose
or swell much during the high-temperature steriliza-
tion treatment. In addition, the produced hydrogel
shows the same softening effect as living tissue.
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Introduction

Soft and wet hydrogels usually are composed of three-
dimensional polymer network structure and a large
amount of water (50-99%) inside the network struc-
ture (Chen et al. 2015; Gong 2010). Hydrogels can
usually be divided into natural polymer hydrogels,
synthetic polymer hydrogels, and natural-synthetic
polymer hydrogels. They are widely used in biomed-
ical application due to their excellent biocompatibility
and physical properties similar to natural tissue (Dong
et al. 2016; Hoffman 2012; Qi et al. 2018; Slaughter
et al. 2009).

Polyvinyl alcohol (PVA) is a synthetic linear
polymer obtained from partial or full hydrolysis of
polyvinyl acetate. The resulting PVA exhibits a high
degree of water solubility, but is resistant to most
organic solvents (Tubbs 1966). Due to its water
solubility, it is usually necessary to introduce a cross-
linking network in the PVA polymer solution to form a
hydrogel for use in several applications. Strategies to
prepare PVA hydrogel usually include irradiation
(Peppas and Merrill 1976), cyclic freezing—thawing
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(Abitbol et al. 2011; Shi and Xiong 2013) and
chemical reaction (Krumova et al. 2000; Mansur
et al. 2008). PVA hydrogel is widely used as a
commercial product in the biomedical field, such as
for contact lenses (Karlgard et al. 2003; Kim et al.
2008), wound dressing (Elsner et al. 2011; Kamoun
et al. 2017), and implantable medical materials (Chin
et al. 2017), due to it bio-adhesive, non-toxic,
biocompatible, and high chemical resistance (Baker
et al. 2012).

Freeze—thaw technology is the most common cross-
linking method for preparing PVA hydrogels (Abitbol
et al. 2011). The molecular motion of the aqueous
solution can be fixed by van der Waals forces and/or
hydrogen bonds, and some molecular segments in a
certain region can form an ordered structure. When re-
freezing, more new ordered micro-domains are gen-
erated. These tightly combined ordered domains are
no longer separated. The hydrogel established by this
method has excellent mechanical strength at higher
water content. Cellulose nanofiber (CNF), as natural
material, possesses diverse characteristics different
from conventional materials, including high specific
surface area, rheological properties, liquid crystalline
behavior, mechanical reinforcement, high surface
chemical reactivity, biocompatibility, biodegradabil-
ity, non-toxicity (Battirola et al. 2017; Klemm et al.
2011; Lin and Dufresne 2014; Zhang et al. 2017). On
the basis of these unique properties, CNF has been
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used in the biomedical field, for example, to improve
the mechanical properties of PVA hydrogels for tissue
engineering (Tummala et al. 2016a). This enhance-
ment is typically achieved by hydrogen bonding of
hydroxyl groups between CNF and PVA during
hydrogel preparation (Tummala et al. 2016b, 2017;
Yang et al. 2018). The reported positive cell toxicity
studies have shown that CNF/PV A hydrogels provide
a safe environment for cell growth (Tummala et al.
2016a). Besides, Tummala et al. (2017) reported that
the tensile strength of CNF/PVA increased almost
three-fold compared to the pure PVA hydrogel.
However, CNF/PVA hydrogels formed by hydrogen
bonding generally have thermal instability. Hydrogel
as a biomedical material (e.g., wound dressing)
requires severe sterilization before use. In our previous
experiment, the PVA hydrogel prepared by freeze—
thaw method was completely decomposed when using
conventional autoclave sterilization. Since steriliza-
tion is an integral part of modern medical care, the
thermal instability may be a defect of the synthesized
PVA hydrogel with physical cross-linking. Chemical
cross-linking of linear polymers provides feasible
routes to improve mechanical properties and thermal
stability (Mu et al. 2012; Ramaraj 2007). Therefore, a
thermally stable PVA hydrogel can be produced by
chemical cross-linking.

Conventional molecule cross-linkers can efficiently
cross-link PVA. However, mechanical properties of
the resulting product hydrogels are poor, and the
potential toxicity of residual cross-linker molecules
limits the application of hydrogels. In this work, CNF
was used as cross-linker to prepare chemical cross-
linking PV A hydrogel. First, to increase the reactivity
of CNF, aldehyde cellulose nanofiber is prepared by
using sodium periodate as the oxidant. Then, the
modified cellulose is reacted with PVA at 80 °C under
acidic condition through aldolization to obtain the
hydrogel. Finally, the CNF/PVA hydrogel is rein-
forced through evaporation-swelling method accord-
ing to our previous study (Zhu et al. 2017a). The
oxidation degree of CNF has a significant effect on the
activity of the acetal reaction, resulting in significantly
different mechanical properties and water content of
the hydrogel. The hydrogel shows exceptional thermal
stability, which enhanced its application in the
biomedical field, especially wound dressings.

Materials and methods
Materials

Cellulose nanofiber (CNF) purchased from Mori
Machinery Corporation, Japan. Sodium periodate
(NalO4) was obtained by Wako Pure Chemical
Industries, Ltd., Japan. Polyvinyl alcohol (PVA) and
Nitric acid (HNOj3) provided by Nacalai Tesque, Inc.,
Japan. All of the chemical reagents were used as-
received. Distilled water was used in all experiments.

Oxidation of CNF

40 g CNF aqueous (5 wt% solid content) and 60 mL
distilled water were added to 250 mL conical flask.
The mixture was magnetically stirred for 10 min to
disperse the CNF. Then a certain amount of NalOy4
(12.5,25, 37.5 and 50 wt%, NalO,4 to CNF) was added
into the conical flask, the mixture was magnetically
stirred for 48 h under a dark environment. The
oxidation products were separated by centrifugation
(TOMY MX-305, 16,000 rpm (23,200 g), 12 min
each time) and washing with distilled water for three
times to remove the excess raw materials and reduce
impurity. The number of the product is shown in
Table 1.

Synthesis of the hydrogel

0.60 g of the oxide-CNF (CNF-1, CNF-2, CNF-3 and
CNF-4) and 2 g PVA were dispersed into 30 mL
water. The mixture was magnetically stirred for 1 h at
95 °C to ensure that the PVA dissolved completely
and the CNF homogeneous dispersed. 5 drops of
0.5 M HNO;3; were added as a catalyst to the mixture
after it was cooled to 60 °C. The hydrogel precursor
was transferred into a sealed transparent mold after it

Table 1 The oxidation condition of CNF

CNF* (g) NalO, (g) H,O (mL)
CNF-1 2 0.25 60
CNEF-2 2 0.50 60
CNF-3 2 0.75 60
CNF-4 2 1.00 60

“The weight of CNF is the solid content
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was stirred for 10 min. Finally, the mold was placed in
anoven at 80 °C for 24 h. As a comparison, CNF/PVA
having the same components with CNF-3/PV A also be
prepared.

The evaporation—swelling (E-S) method was used
to reinforce the mechanical performance of the
hydrogel. In brief, the hydrogel was evaporation at
40 °C in an electrical blast drying oven for 24 h. After
that, the CNF/PVA hydrogel was obtained after the
dried hydrogel was swollen in distilled water for 60 h.

At last, the treated-hydrogels by E-S method were
placed in an open glass vial and tested for high
temperature resistance using a commercial high pres-
sure steam sterilizer (TOMY, LSX-300). The high
pressure steam system was held at 121 °C for 30 min.

Characterizations

A Thermo Scientific Nicolet iN 10 infrared spectrom-
eter was used for the analysis of FT-IR. The sample
was measured in the range of 650—4000 cm™' with a
resolution of 4 cm™'. Both KBr pellet and ATR
technique were adopted in the test. A total of 32 scans
were accumulated.

The crystallographic structure of samples was
obtained by X-ray diffraction system with a diffrac-
tometer (XRD 6000, Shimadzu Corporation, Japan) in
range of 5-90° by step scanning. Nickel-filter Cu Ko
radiation (A = 0.15417 nm) was used with a generator
voltage of 40 kV and a current of 30 mA.

Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of the samples were per-
formed with TG instrument (DTG-60, Shimadzu Co.,
Ltd., Kyoto, Japan) at a scan rate of 10 °C min~! from
room temperature to 600 °C in N, atmosphere (flow
rate of 50 mL/min). Sample (4-6 mg) were placed in
aluminum crucibles by using an empty aluminum
crucible as a reference. All of the samples were
obtained from freeze-drying.

The morphologies of samples were characterized
by SEM (S-4300, Hitachi Co., Ltd., Tokyo, Japan).
Both CNF and CNF/PVA hydrogel samples were
prepared through freeze-drying method. The sample
was sputter-coated by gold with Ion sputter (E-1030,
Hitachi Co., Ltd., Tokyo, Japan) for 3 or 5 min to
provide enhanced conductivity before the test. The test
voltage was 3 or 5 kV, and electric current was 10 pA.

The uniaxial elongation properties were carried out
on a universal testing machine (Instron 3350 series,
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50 N load cell, Instron Co., Ltd., Canton, America)
and the measurement conditions were as follows:
hydrogels were cut into the rectangle with the size of
length 50 mm (1), gauge length 30 mm (l,), width
10 mm (w) and height 0.5-1 mm (h), and tests were
conducted at a cross-head speed of 500 mm/min. The
cyclic compressive properties were measured using
the same universal testing machine at a cross-head
speed of 1 mm/min. Hydrogels were cut into disc
shapes with a diameter 9 mm and height of 2.5 mm.

Results and discussions
Oxidation of CNF

Sodium periodate has a high selectivity for the
oxidation of cellulose. This reaction breaks the C2—
C3 bond of the glucopyranoside ring and produces two
aldehyde groups at the C2 and C3 positions (Sche-
me la) (Kim et al. 2004; French 2017). The oxidation
of CNF was carried out in a dark surrounding to
prevent the degradation of NalO,, and the oxidation
time was chosen to be 48 h to achieve a higher degree
of oxidation. FT-IR spectra show that the peak
intensities at 1060 cm™' and 1130 cm™' gradually
decrease, indicating that the amount of hydroxyl
groups in CNF decreases with increasing the NalO,
content. In addition, the peak at 1160 cm™! s the
stretching vibration of C2—C3, and the peak intensity
decreases gradually, indicating that more C2-C3
bonds are oxidized when the number of oxidant
molecules increases (Fig. 1a) (Dash et al. 2013). The
increase of NalO,4 during the oxidation process of CNF
resulted in a corresponding increase in carbonyl
content. As shown in Fig. 1b, the stretching vibration
peak at 1730 cm™ ' confirms the aldehyde is formed on
the cellulose surface.

As illustrated in Fig. 2a, the -crystallographic
diffraction peaks of CNF at about 26 = 22.7° for the
(200) plane, 34.5° for the (004) plane gradually
weakened with the increase of NalO, content (French
2014). The crystallinity of the oxidized CNF is
calculated according to Segal method (Thygesen
et al. 2005), the equation as follows:

oo — 1,
xer% = XA 100% (1)
Do
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crystallinity of CNF-1 has only a slight change (from
65.9 to 65.3%) compared with that of CNF in the case
of lower NalO, content (Fig. 2b). However, with more
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NalOy the crystallinity sharply decreased from 65.3 to
26.1%. The decrease in crystallinity of the oxidized
CNF was explained by the fact that the structure and
functional groups of the cellulose after oxidation were
changed, resulting in a decrease in intramolecular and
intermolecular hydrogen bonding of the cellulose.

Thermal properties of oxidation CNF

The thermal stability of CNF and oxidized CNF were
evaluated by TGA (Fig. 3). A significant weight loss is
observed at about 90-120 °C in the CNF and oxidized
CNF TGA curves due to the evaporation of absorbed
and intermolecular H-bonded water (Mu et al. 2012).
The degradation temperature of oxidized CNF is
obviously reduced when compared with CNF. The Ty
(weight loss of 20%) of CNF is 323.2 °C, which is
higher than T,, of CNF-1, CNF-2, CNF-3 and CNF-4
(310.9 °C, 291.6 °C, 259.1 °C and 248.0 °C). The
decrease in thermal performance is caused by the
reduction of hydrogen bond after the oxidation of CNF
(Cui et al. 2014).

The crystallinity of cellulose after oxidation has
undergone tremendous changes. The DTA results also
indicate that the crystal structure of CNF has changed.
The cellulose crystallization endothermic peaks
slightly shift from 80 to 88 °C with increasing the
NalO,4 content. Moreover, the temperature at the
maximum decomposition endothermic peak of CNF,
CNF-1, CNF-2 slowly decrease with increasing the
oxidant content. In contrast, CNF-3 and CNF-4 only
have the weak decomposition endothermic peak at
227.2 and 188.5 °C, the decomposition process is

Weight (%)

100 200 300 400 500 600
Temperature (°C)

Fig. 3 TGA curves of CNF and oxidized CNF
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basically a continuous exothermic state (Fig. 4). This
result indicates that the high oxidation degree disrupts
intramolecular hydrogen bonds and intermolecular
hydrogen bonds of CNF, resulting in a significant
decrease in the thermal performance of CNF.

Morphology of oxidation CNF

SEM was utilized to examine the morphology of CNF
and oxidized CNF. The purchased commercial CNF
shows that the diameter of cellulose nanofibers in the
range of 50-500 nm (Fig. 5a). The diameter of CNF
greatly changed when a certain amount of NalO, is
added to the CNF suspension. It is observed that the
diameter of oxidized CNF is increased to 100-500 nm
by adding 0.25 g NalO, (Fig. 5b). When more
oxidants are added, the oxidized CNF with a diameter
of less than 200 nm is gradually disappeared (Fig. 5¢c—
e). The phenomenon indicates that as the oxidant
content increases, a large number of hydrogen bonds
between the cellulose molecules are ruptured, result-
ing in more aldehyde CNF macromolecules being
dissolved in aqueous solution. The low-diameter CNF
is more susceptible to oxidation and dissolution,
therefore, the remaining aldehyde CNF shows a large
diameter after centrifugation. As the diameter of the
oxidized CNF increases and the hydrophilicity of the
oxidized CNF decreases (C—OH group converts into —
CHO on the surface of CNF), the stability of the
oxidized CNF in water has changed. The stability of
CNF in water decreased with more NalO,4 added, after
7 days of sedimentation experiment (Fig. 6).

7 120 mV

DTA (mV)

——CNF
—— CNF-1
——CNF-2
—— CNF-3
——CNF-4

T LE T LE T ¥ T ¥ T ¥
100 200 300 400 500 600
Temperature (°C)

Fig. 4 DTA curves of CNF and oxidized CNF
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Fig. 5 SEM images of CNF and oxidized CNF. a CNF, b CNF-1, ¢ CNF-2, d CNF-3, e CNF-4

Synthesis of hydrogel

The reactivity of the CNF is greatly improved after the
introduction of the aldehyde group on the surface of
CNF. The CNF with multiple aldehydes can be used as
a natural macromolecule cross-linker. For example,
Ragauskas et al. reported a biocompatible gelatin
hydrogel with oxidized cellulose nanowhiskers as
cross-linker (Dash et al. 2013). Although the prepa-
ration of the hydrogel is very gentle, the degree of
chemical cross-linking between gelatin and nano-
whiskers can be as high as 0.14-17%. In the present
study, CNF/PVA hydrogels were prepared by
aldolization with aldehyde CNF and PVA under acid
catalysis at 80 °C. The color of obtained hydrogels

(CNF-1/PVA to CNF-4/PVA) turned from light yel-
low to yellow. For comparison, the raw CNF and PVA
mixture has no chemical reaction (Fig. 7). It should be
noticed that although the CNF-1 and PVA mixture
have aldolization, the resulting product does not form
a hydrogel. This may be due to the small number of
aldehyde groups on the surface of CNF-1, making
CNF-1 and PVA difficult to generate enough cross-
linked sites to form a hydrogel.

In the spectrum of CNF-3, the peaks around
3370 cm™' and 2900 cm™' are attributed to the
stretching vibration of O-H and C-H, respectively.
The peaks at 1115 cm™" and 1160 cm™" are absorp-
tion peaks of C—OH and C-C, respectively. Due to
their high hydrophilicity, CNF or PVA will adsorb a
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Fig. 6 Digital image of 0.15 wt % CNF and oxidized CNF
suspension after settlement for 7 days

small amount of water during the FT-IR samples
preparation. Therefore, the peak at 1635 cm™' or
1650 cm ™! is the absorption peak of water (Peresin
et al. 2010). Since PVA contains incompletely
hydrolyzed ester groups, there are significant absorp-
tion peaks at 1714, 1568 and 1143 cm™"'. During the
gelation reaction, the ester groups in the PVA were
hydrolyzed due to the presence of the acid catalyst,
and the absorption peaks at 1714 and 1568 cm™'
disappeared. After the aldolization, the absorption
peak of CNF-3/PVA at 1143 cm™' was lower than that
of PVA. This is because part of the PVA cross-links
with CNF-3, hindering the formation of C-OH (PVA)
crystals in the hydrogel (Mallapragada and Peppas
1996). Moreover, the peak at 1085-1150 cm~ ! is the
absorption peak of C—O-C (Mansur et al. 2008).The
absorption intensity of CNF-3/PVA is higher than that
of PVA at 1085-1150 cm_l, indicating that C-O-C is
formed in the hydrogel by aldolization (Fig. 8).

Mechanical properties of hydrogel

In previous work, the E-S method is an efficient way
to enhance the mechanical properties of hydrogels
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(Zhu et al. 2017a). This convenient method uses the
hydrogen bond reconstruction to reinforce the
mechanical properties of the hydrogel. The CNF-
PVA, CNF-1/PVA and synthesized hydrogel (CNF-2/
PVA, CNF-3/PVA and CNF-4/PVA) are further
strengthened through E-S method. This convenient
method enables the non-cross-linked mixture (CNF-
PVA, CNF-1/PVA) to be a hydrogel. The tensile
property of produced hydrogel is shown in Fig. 9. The
hydrogel formed by the mixture of CNF and PVA had
a tensile strength of 1.49 MPa, an fracture elongation
of 180% and an elastic modulus of 1.54 MPa after
treatment with E-S method. Similarly, CNF-1 and
PVA also formed a tough hydrogel (tensile strength:
3.13 MPa, fracture elongation: 170%, elastic modu-
lus: 2.10 MPa). The other three samples (CNF-2/PVA,
CNF-3/PVA, and CNF-4/PVA) that have been gelled
possess lower mechanical properties than the un-
gelled hydrogel (CNF-1/PVA). The tensile strength
and elastic modulus of CNF-2/PVA, CNF-3/PVA and
CNF-4/PVA are range from 0.25 to 0.96 MPa and 0.14
to 0.42 MPa, respectively. This phenomenon may be



Cellulose (2019) 26:5291-5303 5299
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Fig. 9 Stress—strain curves of reinforced CNF/PVA hydrogel

explained by the abundant chemical cross-linking sites
limit the formation of hydrogen bonds of the hydrogel
during the E-S process.

The reinforced hydrogel can undergo large com-
pressive strains without damage. However, most
hydrogels with hydrogen bonds or/and ionic cross-
linking sites generally show the softening effect (also
known as Mullins effect Diani et al. 2009) under cyclic
large deformations (Webber et al. 2007). The

Fig. 11 Water content of reinforced CNF/PVA hydrogel

softening effect is also found in natural living tissues
which possess a similar composition with hydrogel
(Pefia et al. 2010). Figure 10a shows that the initial
compressive strength of CNF-3/PVA hydrogel can
reach 1.7 MPa at a strain of 70%.

With increasing the cyclic times the compressive
stress gradually decreases, indicating that CNF-3/PVA
hydrogel has softening effect. The softening ratio (SR)
is calculated according to the modified equation (Chen
et al. 2016):

Fig. 10 a Cyclic a 1.8 b
. .8 —30% i
compressive curves of CNF- i 50% 25 —a—30% P
3/PVA hydrogel obtained : —70% —e—50% /A/
after 10 tests at various _ 141 ot S| =it //‘
strains. b Softening ratio of o 127 com o 151 /‘
H =
CNE-3/PVA hydrogel at S 1071 G © /
i i @ 1 & p o 10
various strains @ 0.8 ;:: 7 e 10 & .
s 067 Csirain () qc) — "
n =
0.4 1 \ % =] / Az
n
021 0
0.0 T T T T T T T
0 20 40 60 80 0 2 4 6 8 10

Strain (%)

Number of cycles
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Fig. 12 Thermal property of CNF/PVA hydrogel before and
after high temperature treatment

O, — 0]

SR% =

x 100% (2)
0]
where o represents the maximum stress at the first
cycle; G, represents the maximum stress at the current
cycle. At compressive strains of 30% and 50%, the
softening ratios of the hydrogel are less than 10% and
gradually tends to be a plateau. However, the softening
rate of the hydrogel reaches 25% after 10 times of
cyclic compression at 70% of the compressive strain
(Fig. 10b). It indicated that when the compression
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strain is less than 50%, the internal network structure
of the hydrogel changes slightly. On the contrary, the
softening effect may be caused by sliding and
disentanglement of polymer chains, and the rupture
of hydrogen bonds and chemical bonds under large
deformation (Zhu et al. 2017c¢).

Morphology of CNF/PVA hydrogel

The water content of the hydrogel is inversely
proportional to the cross-linking density (Akar et al.
2012; Zhu et al. 2017b). Therefore, the water content
of the CNF/PVA hydrogel after swelling equilibrium
can reflect the state of the cross-linking network. As
shown in Fig. 11, the water content increase from
CNF-1/PVA to CNF-4/PVA, indicating that the den-
sity of the cross-linked network inside the hydrogel
gradually decreases. The experimental data show that
the un-cross-linked mixture (CNF/PVA and CNF-1/
PVA) can obtain better mechanical properties than the
chemical cross-linked hydrogel (CNF-2/PVA, CNF-3/
PVA, and CNF-4/PVA) by the E-S method. However,
the water contents of CNF/PVA and CNF-1/PVA
(65.3% and 75.1%, respectively) are obviously lower
than that of the soft tissue in the organism. As a tissue
engineering material, the mechanical properties of
CNF-2/PVA, CNF-3/PVA, and CNF-4/PVA are
closer to the soft tissue properties of the organism.
The hydrogel cross-linked only through hydrogen
bonds is directly decomposed during the use of
conventional high temperature autoclaving process
(Fig. 12). In contrast, hydrogels (CNF-1/PVA, CNF-
2/PVA) with low chemical cross-linking density did
not decompose, but exhibit significant swelling;
hydrogels (CNF-3/PVA, CNF-4/PVA) with high
chemical cross-linking density show no significant
change in morphology and water content. It is worth
noting that after high temperature autoclaving process,
the tensile strength of CNF-3/PVA and CNF-4/PVA
are partially reduced, which may be due to the rupture
of hydrogen bonds inside the hydrogel (Supporting
information 1). This suggests that the chemically
cross-linked hydrogel with aldehyde CNF as cross-
linker has excellent high-temperature thermal stabil-
ity, and can be conveniently processed using high-
temperature sterilization before use.

The prepared hydrogels generally show porous
network structure after the freeze-drying process
(Fang et al. 2013). To investigate the microstructure
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Fig. 13 a SEM images of CNF-3/PVA hydrogel. b Amplification image of a

of CNF/PVA hydrogel, SEM is utilized to observe the
structure. The reinforced CNF-3/PV A hydrogel exhi-
bits a porous network structure with the size of the
porous is approximately 1 um (Fig. 13a, b). No
separate CNF is found in the SEM image, indicating
that the CNF and PVA are completely fused together.

Conclusion

In this study, a novel high temperature resistant CNF/
PVA hydrogel is synthesized by using multi-aldehyde
CNF as chemical cross-linker. The CNF is first
oxidized to the multi-aldehyde CNF using NalO, as
an oxidant. The crystallinity and decomposition
temperature of the oxidized CNF decrease with
increasing the amount of NalO,. The CNF/PVA
hydrogels are prepared with aldehyde CNF and PVA
at 80 °C under acidic condition through aldolization.
Hydrogels containing more chemical cross-linking
sites can effectively reduce the formation of hydrogen-
bonding networks within the hydrogel when the
hydrogel is reinforced with the E-S method. The
tensile strength and elastic modulus of CNF-3/PVA
prepared with more chemical cross-linking networks
are 0.43 MPa and 0.25 MPa, respectively. The wet
and soft hydrogel (CNF-3/PVA) has an ideal water
content (82.7%) and a softening effect closer to the
natural soft tissues, and exhibits thermal stability
during conventional high temperature autoclaving
process.
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