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Abstract
In this study, novel cellulose/carboxymethyl chitosan (CMCS) composite hydrogels were constructed by
blending cellulose and CMCS in LiOH/urea aqueous solutions, and then cross-linking with
epichlorohydrin. The structure and morphology of the composite hydrogels were characterized by Fourier
transform infrared spectroscopy (FT-IR), wide-angle X-ray diffraction (WXRD), thermo-gravimetric analysis
(TGA), and scanning electron microscopy (SEM). The results revealed that the chemical cross-linking
reaction between cellulose and CMCS occurred in the hydrogel, and CMCS contributed to the
enhancement of pore size, whereas cellulose as a strong backbone in the hydrogel to support the pore
wall. The mechanical strength of the composite hydrogels increased with the cellulose content, while the
equilibrium swelling ratio and antibacterial activity increased with the CMCS content. The composite
hydrogels had no cytotoxicity towards L929 cells, suggesting good biocompatibility. All these results
indicate that cellulose/CMCS composite hydrogels can be effectively used as a material in wound
dressing.

1. Introduction
Recently, great efforts are being invested to develop new materials for healing the damaged skin rapidly
and relieving suffering (Rowan et al. 2015). Wound dressings had been developed from a simple plain
textile strip to engineered composite materials such as gauzes, membranes, sponges, gels, hydrocolloids
and hydrogels (Pinho and Soares 2018). As an ideal dressing material, it should be readily operated and
painlessly removed, absorbing �uids and exudes effectively, haemostaticity, maintaining a moist wound
environment, showing higher gas permeation and preventing microbial infection (Cheng et al. 2019; Chen
et al. 2018; Capanema et al. 2018). Non-toxicity, favorable biocompatibility, high elasticity and also
adequate mechanical strength are the other desired properties of an ideal wound dressing (Naseri et al.
2015).

Properties such as biodegradability, biocompatibility, similarity to macromolecules recognized by the
human body and promoting cell growth make some natural polymers suitable for widely using in
biomedical applications (Gonzalez et al. 2014). In the last decade, natural polymers, like polysaccharides
and derivatives (chitin, chitosan, alginates, heparin and cellulose), proteoglycans and proteins (collagen,
gelatin, �brin, keratin), have been developed as wound dressings (Mogoşanu and Grumezescu 2014;
Ganesan 2017; Ye et al. 2018; Jayakumar et al. 2011; Clark 2018; Ge et al. 2018; Li et al. 2016;
Deepachitra et al. 2014; Singaravelu et al. 2015).

Chitosan, a positively charged polysaccharide obtained by partial N-deacetylation of chitin, is known to
possess unique properties including antibacterial activity, wound healing, hemostasis, and is widely used
in Celox and Hemcon (Chen et al. 2018; Pourshahrestani et al. 2017). However, the fact that chitosan
shows poor solubility in neutral water limits its applications in biomedicine, and the chemical
modi�cation of chitosan requires toxic organic substances. Carboxymethyl chitosan (CMCS), one of the
chitosan derivatives with high solubility under physiological conditions, inherited the basic merits from



Page 3/21

chitosan that make it to be a potential candidate for wound dressings. Wang et al. reported that CMCS
coated carboxymethylated cotton showed better hemostatic capacity than the cotton fabric (Wang et al.
2020). However, the water-soluble polymers are too weak to be used by itself for wound dressing or
scaffolding application, many attempts have been made to increase the structural strength of CMCS.
CMCS �lms were crosslinked by microwave technique to prolong their dimensional integrity for possible
use in wound care applications (Zhang et al. 2019). CMCS-based hydrogel reinforced with modi�ed
cellulose nanocrystal for deep partial thickness burn wound healing was developed by Huang et al.
(2018). The hydrogels exhibit high self-healing e�ciency, injectability, good mechanical strength, and a
high equilibrium swelling ratio of 350% while maintaining integrity. Furthermore, natural polymers such
as gelatin have been combined with CMCS by radiation crosslinking, which was e�cient to stabilize the
hydrogel structure and prolong the degradation time. The CMCS/gelatin hydrogel could induce
granulation tissue formation and accelerate the wound healing (Huang et al. 2013).

Because their biocompatible and biodegradable, cellulose and its derivatives have been also developed
for wound dressing materials (Harkins et al. 2014; Cheng et al. 2018; Capanema et al. 2018; Fawal et al.
2018). Moreover, cellulose with stiffness molecular chain could be used effectively to strengthen the
materials (Harkins et al. 2014; He et al. 2018). Thus, we attempted to introduce cellulose as a backbone
into CMCS matrix, and fabricate novel cellulose/CMCS composite hydrogels for use as wound dressing
material. In the present work, cellulose and CMCS were dissolved in LiOH/urea aqueous solution to
construct macroporous hydrogels by using epichlorohydrin as cross-linker. The structure and morphology
of cellulose/CMCS composite hydrogels were characterized by Fourier transform infrared (FT-IR)
spectroscope, wide-angle X-ray diffraction (WXRD), thermogravimetric analysis (TGA) and scanning
electron microscope (SEM). The swelling behavior and the mechanical properties of the composite
hydrogels were investigated and discussed. In addition, the hydrogels were evaluated for use as wound
dressing material.

2. Experimental Section

2.1 Materials
Cotton linter pulp was supplied by Hubei Chemical Fiber Co. Ltd. (Xiangfan, China). The weight-average
molecular weight (MW) was determined by static laser light scattering (DAWN DSP, Wyatt Technology Co.,

US) in NaOH/urea aqueous solution to be 6.3 ⋅ 104. Chitosan (CS, 5 ⋅ 104, degree of deacetylation is 93%)
was purchased from Qingdao Yunzhou Biochemistry Co., Ltd. (Qingdao, China). NaOH, isopropanol,
ethanol, monochloroacetic acid, LiOH•H2O, urea, epichlorohydrin (ECH) and all other reagents (Shanghai
Chemical Reagent Co. Ltd., China) were analytical grade and used without further puri�cation.

2.2 Preparation of CMCS
CMCS was prepared according to Wahid et al. (2017) with slight changes. Initially, to make CS swollen
and alkalized, 1 g of puri�ed chitosan was dispersed in isopropanol (20 mL) and 40 wt% NaOH aqueous
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solution was added at room temperature. After alkalization for 2 h, 1.5 g monochloroacetic acid dissolved
in 2 ml isopropanol was added dropwise for 30 min under continuous stirring and the reaction mixture
was stirred for 2 h at 60 ℃. The reaction was stopped by adding an excess of 70% ethanol, then the
reaction mixture was neutralized with 10% acetic acid. The product was �ltered and washed several times
with 70–90% ethanol. Finally, the obtained powder was dried and stored for further use. The degree of
substitution of CMCS was about 0.70, which was determined by using the potentiometric titration method
(Huang et al. 2015).

2.3 Preparation of the cellulose/CMCS composite
hydrogels
The cellulose solution was prepared according to the previous report He et al. (2018) as follows. 5 g
cotton linter pulp was completely dissolved in the precooled 95 g of 8 wt% LiOH•H2O/15 wt% urea
aqueous solutions at -12.8 ℃ to obtain 5 wt% cellulose solutions. CMCS was dissolved in the same
solvent at room temperature to obtain 5 wt% CMCS solutions. The cellulose and CMCS solutions were
mixed, and 1ml ECH as the crosslinking agent was added dropwise into 10 g solution in an ice bath under
mechanical stirring for 30 min to obtain a homogeneous solution. The mixed solutions were kept at 5 ℃
for 12 h to form gels. Finally, gels were washed with distilled water to obtain the hydrogels samples,
which were coded as Gel0, Gel1, Gel2, Gel3, Gel4 and Gel5 according to cellulose/CMCS weight ratio of
10/0, 9/1, 8/2, 7/3, 6/4 and 5/5, respectively.

2.4 Characterization
The samples were freeze-dried, cut into powder, and vacuum-dried for 48 h at 60 ℃ before measurement.
FT-IR spectra were obtained by the KBr disk technique using a Fourier-transform infrared spectrometer
(Perkin Elmer Spectrum One, Wellesley, MA) in the wavelength range from 4000 to 400 cm− 1. The wide-
angle X-ray diffraction (WAXD) patterns with Cu Kα radiation (λ = 0.15405 nm) at 40 kV and 30 mA were
recorded on an XRD instrument (D8, Bruker AXS GmbH, Karlsruhe, Germany) in the region of 2θ from 6° to
40° with scanning rate of 2°/min. Thermogravimetric analysis (TGA) was carried out on a NETZSCH STA
449C thermal analyzer (NETZSCH, Germany) at heating rate of 10 ℃/min from room temperature to 500
℃ under nitrogen atmospheres. Scanning electron microscope (SEM) was taken with on a JSM-6510
scanning electron microscope (JEOL, Japan) at an accelerating voltage of 15 kV. The hydrogels swollen
to equilibrium in distilled water at 37 ℃ for 24 h were frozen in liquid nitrogen, snapped immediately, and
then freeze-dried using a lyophilizer. The cross-section of the hydrogels was sputtered with gold,
observed, and photographed.

The compression strength of hydrogels in the equilibrium swelling state was measured on a universal
tensile machine (CMT 6503, Shenzhen SANS, China) according to ISO527-3-1995 (E). The dimension of
cylinder samples was about 10mm (D)×10mm (H), the crosshead speed was 2 mm/min. The results are
averages of �ve measurements.
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The gravimetric method was employed to measure the swelling ratios of the hydrogels in distilled water
at 37 ℃. The equilibrium swelling ratio (ESR) was calculated as

ESR = Ws /Wd               (1)

where Ws and Wd represent the weight of swollen hydrogel at swelling equilibrium and freeze-dried gel,
respectively. All experiments were performed at least three times.

Water uptake (WU) is applied to clarify the reswelling. To measure WU, the freeze-dried gels were
immersed in distilled water at 37 ℃. At regular time intervals, the samples were taken out and weighted
after wiping excess water on the surface. The WU value was calculated as

WU (%) = (Wt –Wd)/Ws ⋅ 100%             (2)

where Wt is the weight of the re-swollen gel at time t, Wd and Ws are same as Eq. (1).

2.5 Antibacterial activity test
The antibacterial performance test of the hydrogels was performed similar to the previous report
Gonzalez et al. (2014) to evaluate the resistance of the hydrogel against bacteria. Brie�y, the dried Gel0,
Gel2, Gel3 and Gel5 with the diameter of 1 cm and the height of 1cm were sterilized for 30 min by UV in a
clean bench. The sterilized samples were put on the MHA (Mueller-Hinton Agar) that be already solidi�ed.
15 µL of a suspension of bacteria (Staphylococcus aureus CMCC 26003 and Echerichia coli CMCC
44102) with a concentration of 3.0 ⋅ 108 UFC/mL was dropped on the upper surface of hydrogels to
culture at 37°C for 24 h in an incubator. The cultured hydrogels were frozen in liquid nitrogen and
snapped immediately, and then freeze-dried. The cross-section of the hydrogels was sputtered with gold,
and then observed and photographed.

2.6 L929 cell viability assay
The cytotoxicity for hydrogels was evaluated through MTT assay. The freeze-dried hydrogels were cut
into powder, sterilized by autoclaving, and then suspended in PBS at 1 mg/mL to culture, with each hole
5000 cells in 200 µL DMEM. After incubating for 48 h, 10 µL MTT was added in each hole for a further 4
h incubation before 200 µL DMSO was added to dissolve the formazan and detected absorption intensity
at 570 nm. Cell viability was calculated using the following equation:

Cell viability (%) = (Atest ÷ Acontrol) ×100%

where Atest and Acontrol correspond to the absorbance values of the test and control groups, respectively.
In live/dead staining assay, 1 mg/mL hydrogel powder was added into the plate hole to culture at 48 h.
After �nished, 15 µL (2.5 µM) calcein-AM and 9 µL (2.5 µM) PI were added into the hole to incubate 15
min more at 37℃ 5% CO2 atmosphere, and observed under Fluorescent Inverted microscope.

3. Results And Discussion
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3.1 Appearance and structure of the cellulose/CMCS
composite hydrogels
Proposed mechanism for the cross-linking reaction of cellulose and CMCS with ECH in alkali aqueous
solution is shown in Scheme 1. Figure 1 shows the photographs of the hydrogels at different states: the
original hydrogels (Fig. 1a), the swollen hydrogels in distilled water (Fig. 1b), the dried hydrogels after
vacuum-drying the swollen hydrogels (Fig. 1c) and the dried hydrogels swelling in physical saline water
for a week (Fig. 1d). Clearly, all original hydrogels (Fig. 1a) were homogeneous, transparent and relatively
small, the swollen hydrogels (Fig. 1b) became bigger with the increase of CMCS content. After vacuum-
drying, the obtained dried hydrogels (Fig. 1c) with larger shrinkage became looser with the increasing
CMCS content. The dried hydrogels were placed in physical saline water for a week, the reswelling
hydrogels (Fig. 1d) exhibited a certain mechanical strength which decreased with the increase of CMCS
content from Gel0 to Gel5. 

The FTIR spectra of the samples of chitosan, CMCS and the hydrogels were shown in Fig. 2. In the
infrared spectrum of chitosan, the very strong broad absorption peak around 3437 cm− 1 is the O-H
stretching and overlaps N-H stretching in the same region. The peaks at 2960 − 2870 cm− 1 correspond to
symmetric and asymmetric C-H vibrations. The peaks at 1645 and 1599 cm− 1 correspond to amide I and
II groups, respectively (Andrea et al. 2016). Compared with the FTIR spectrum of chitosan, CMCS showed
the characteristic peaks at 1606 cm− 1 and 1415 cm− 1, which corresponded to the respective asymmetric
and symmetric stretching vibrations of -COO− (Wahid et al. 2017; Andrea et al. 2016). Furthermore, the C-
O stretching band at 1030 cm− 1 corresponding to the primary hydroxyl group of chitosan disappeared,
which veri�ed a high carboxymethylation of 6-OH (Zhou et al. 2015). The characteristic peak of second
hydroxyl group at 1080 cm− 1 was not changed. These results con�rm the carboxymethylation of
chitosan. Compared to the cellulose hydrogel without CMCS (Gel0, see Fig. 2b), intense peaks at 1627
cm− 1 (N-H stretch) and 1418 cm− 1 (C-O stretch) in the composite hydrogel indicated the presence of -NH2

groups and -COOH groups, respectively (Kim et al. 2016). It revealed that cellulose and CMCS were
successfully crosslinked in the hydrogel. 

The X-ray diffraction patterns of cellulose, CMCS and Gel3 were studied. As shown in Fig. 3, cellulose
displayed distinct diffraction peaks at 2θ = 14.8°, 16.3° and 22.6°, which exhibits the cellulose I crystalline
from. The diffraction pattern of pure CMCS shows a broad diffraction peak at 2θ = 21.4°, representing its
amorphous structure (Yan et al. 2011). However, Gel3 exhibited greater amorphous morphology than
cellulose and CMCS, and the typical peaks of cellulose and CMCS disappeared. It indicated the chemical
cross-linking between cellulose and CMCS occurred in the hydrogel, leading to the destruction of the
initial crystalline structure of cellulose and CMCS. 

Thermogravimetric analysis (TGA) is a powerful technique to determine the polymers’ state and evaluate
the inter-molecular interaction between the two polymers in the materials. Figure 4 shows the TG and
DTG curves for cellulose, CMCS, the cellulose/CMCS (weight ratio = 7:3) mixture and Gel3 under N2
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atmosphere. The weight loss below 100°C was the release of moisture from the samples. The peak
around 270°C of CMCS was attributed to the thermal decomposition of CMCS, whereas the peak at 350°C
of cellulose was caused by the cellulose decomposition. The mixture of cellulose and CMCS exhibited
two steps of weight loss, which were assigned to the decomposition of CMCS and cellulose, respectively.
However, there was only one weight loss step in the range of 220–380°C in the case of Gel3. This further
indicated the chemical cross-linking between two polymers occurred in the hydrogel. 

Figure 5 shows the SEM images of the cross-section of the freeze-dried, swollen hydrogels. The cross-
sections of the hydrogels displayed three-dimensional porous network structure. The average pore size of
cellulose hydrogel regenerated from LiOH/urea aqueous solution (Gel0, see Fig. 5a) was about 20 to 30
µm. With an increase of CMCS content, the average pore size of the composite hydrogels increased and
exceeded 100 µm, leading to a more open and loose structure. It indicated that the hydrophilic CMCS with
-COOH groups contributed the enhancement of pore size, whereas the relatively stiff cellulose acted as a
backbone in the hydrogel to support the pore wall (Chang et al. 2010). Therefore, the composite hydrogels
have higher swelling ratio. 

3.2 Properties of the cellulose/CMCS composite hydrogels
The mechanical properties of cellulose and cellulose/CMCS composite hydrogels have been investigated.
The results for the typical compressive modulus-strain curves of the hydrogels at room temperature are
shown in Fig. 6. The compressive modulus of cellulose hydrogel was above 155 KPa, and much higher
than cellulose hydrogels that were chemically cross-linked and regenerated from NaOH/urea aqueous
solution (Chang et al. 2009). As expected, the mechanical strength of the composite hydrogels increased
with an increase of cellulose content in the hydrogels. For example, the compressive modulus values of
Gel5, Gel4, Gel3 and Gel1 were 39.2, 44.1, 129.8 and 145.2 KPa, respectively. This further proved that
cellulose played a key role in supporting the hydrogels, and could be used to improve the mechanical
property of CMCS. Therefore, according to the application, the mechanical properties of the composite
hydrogels can be controlled by adjusting the cellulose content. 

Figure 7 shows the in�uence of CMCS composition on the equilibrium swelling ratio of the composite
hydrogels in distilled water at 37 ℃. The composite hydrogels exhibited higher equilibrium swelling ratio
than the cellulose hydrogel, indicating the hydrophilic carboxyl group of CMCS could absorb a lot of
water to enhance the water absorbing capacity of the hydrogels. With an increasing ratio of CMCS to
cellulose in the hydrogels from 1:9 to 5:5, the equilibrium swelling ratio of the composite hydrogels
increased rapidly from 33.8 to 154.2 g/g. The composite hydrogels of higher CMCS content possessed
the higher ESR, resulting in the enhancement of the space in the hydrogels. It further con�rmed that
CMCS acted as expander of the pore sizes, which was consistent with the results of SEM. 

The reswelling behaviors of the freeze-dried hydrogels in distilled water at 37 ℃ are illustrated in Fig. 8.
The swelling rates of all hydrogels were quickly during the �rst hour, then became very slow; all hydrogels
�nally reached the swelling equilibrium in about 4 h. It was a typical biphasic swelling pattern (Chang et
al. 2009). The dried cellulose hydrogel showed only 18% water uptake. With an increasing ratio of CMCS
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to cellulose in hydrogels from 1:9 to 5:5, the water uptake of dried composite hydrogels increased from
24–58%. These results indicated that the reswelling capabilities of the composite hydrogels increased
with the increasing CMCS content, because the bigger pores could be hold during the freeze-drying
process. 

The antibacterial activity of the composite hydrogels was evaluated by observing the growth of Gram
positive and negative bacteria, S. aureus and E. coli, in the composite hydrogels. SEM images of the
cross-sections of the composite hydrogels with different CMCS content after culturing S. aureus for 24h
are shown in Fig. 9a-d, and Fig. 9a’-c’ are larger magni�cation SEM images. S. aureus bacteria colonies
appeared on both the cellulose hydrogel (Fig. 9a, a’) and the composite hydrogels (Fig. 9b, b’, c, c’).
Compared with the control sample, the number of bacteria colonies on the hydrogels decreased with the
increase of CMCS content. There was nearly no bacteria colony appeared on GEL5 (Fig. 9d). Thus, the
antibacterial activity of the composite hydrogels against S. aureus apparently increased with the increase
of CMCS content. The same results against E. coli could be obtained. Therefore, besides acting as
expander of the pore sizes, CMCS with the -NH2 groups can also play an antibacterial role in the
composite hydrogels, which helps wounds avoid infection and accelerates wound healing. 

MTT assay has been widely used to investigate the cytotoxicity and biocompatibility of materials, which
are important properties for wound dressing materials. Figure 10 shows the results of the cytotoxicity of
the composite hydrogels towards L929 cells. The cell viabilities of the hydrogels with different cellulose
content have no signi�cant difference (Fig. 10a), which demonstrated the excellent cytocompatibility of
the composite hydrogels. Moreover, normal cell morphology and uniform cell distribution were observed
by �uorescent inverted microscope (see Fig. 10c-h), which further con�rmed good biocompatibility of the
composite hydrogels. Therefore, the cellulose/CMCS composite hydrogels presented physicochemical
properties, antibacterial activity and biocompatibility are suitable for prospective applications in wound
healing. 

4. Conclusions
Cellulose/CMCS composite hydrogels were successfully fabricated from LiOH/urea aqueous solution via
cross-linking with epichlorohydrin. The composite hydrogels possessed macroporous structures and high
equilibrium swelling ratio in water. The pore size, the equilibrium swelling ratio and antibacterial activity
increased obviously with the CMCS content. The mechanical properties of the composite hydrogels were
improved by cellulose. Moreover, the composite hydrogels had no cytotoxicity to the L929 cells. The
combination of cellulose containing semi-stiff chain and CMCS containing -COOH and -NH2 groups
constructed the cellulose/CMCS composite materials with high equilibrium swelling ratio, excellent
mechanical strength, good antibacterial activity and biocompatibility, which show potential applications
in wound dressing.
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Figure 1

Photographs of the hydrogels at different states: (a) original hydrogels, (b) swollen hydrogels, (c) dried
hydrogels and (d) hydrogels after swelling in physical saline water for a week
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Figure 2

FTIR spectra of (a) chitosan and CMCS, (b) the hydrogels
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Figure 3

X-ray diffraction patterns of cellulose, CMCS and Gel3
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Figure 4

TG and DTG curves of cellulose, CMCS, cellulose/CMCS mixture and Gel3
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Figure 5

SEM images of the cross-sections of the hydrogels: (a) Gel0, (b) Gel2 and (c) Gel4
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Figure 6

Compressive modulus (σ)-strain (ε) curves of the hydrogels at room temperature

Figure 7

Equilibrium swelling ratios of the hydrogels after immersing in distilled water for a week at 37 ℃
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Figure 8

Reswelling kinetic of the hydrogels in distilled water at 37 ℃
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Figure 9

SEM images of the cross-sections of the hydrogels after culturing S. aureus for 24 h: (a) Gel0, (b) Gel2, (c)
Gel3, and (d) Gel5 (the scale bar is 200µm); control, (a’) Gel0, (b’) Gel2 and (c’) Gel3 (the scale bar is
30µm)
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Figure 10

The results of the cytotoxicity tests of hydrogels towards L929 cells after 48 h: (a) cell viability, and
images of cells inside hydrogels observed by �uorescent inverted microscope: (b) control, (c) Gel0, (d)
Gel1, (e) Gel2, (f) Gel3, (g) Gel4 and (h) Gel5. The scale bar is 200 μm

Figure 11

Proposed mechanism for cross-linking reaction of cellulose and CMCS with ECH in LiOH/urea aqueous
solution


