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Abstract: Environmental-friendly nanocomposite hydrogels of carboxymethyl-hexanoyl chitosan
(CHC), graphene oxide (GO) and cellulose nanocrystals (CNCs) were combined to produce a
bio-hydrogel with great biocompatibility and antibacterial ability. The size of the GO nanosheets was
about 200-500 nm, and the CNCs had a length of 100-200 nm and a width of 10-20 nm, as shown by
transmission electron microscopy (TEM). X-ray photoelectron spectroscopy (XPS) was utilized for the
analysis of the oxygen functional groups of GO. The homogeneous dispersion of the CHC/GO/CNC
nanocomposite hydrogel showed significantly higher water absorption capacity and water retention
capability. In addition, inhibition of a variety of microorganisms (gram-negative and gram-positive
bacteria and fungi) by the introduction of the CHC/GO/CNC nanocomposite hydrogel demonstrated
that there is a great opportunity to use it in the bio-medical field, such as for plastic masks and
wound dressings.

Keywords: amphiphatic chitosan; cellulose nanocrystals; graphene oxide; nanocomposite hydrogel;
antibacterial ability

1. Introduction

In recent years, various moisture-trapping and thermosensitive polymers including chitosan
(CS), hyaluronic acid (HA), gelatin and poly (ethylene oxide) copolymers have been developed and
applied in a variety of fields. Among them, CS, fabricated by deacetylation of chitin, can provide a
cationic polysaccharide, and is biocompatible and bio-degradable. Thus, CS plays an important role in
many biological processes, such as tissue hydration, proteoglycan organization, and cell differentiation.
Recently, CS was considered as an outstanding material for environmental protection [1] and a candidate
for environmental and energy issues [2]. However, it is insoluble in aqueous solution, which restricts
its biomedical application. Under neutral conditions, amphiphatic chitosan (carboxymethyl-hexanoyl
chitosan, CHC) has great water-absorption and water-retention capabilities [3]. CHC, a water-soluble
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chitosan derivative, integrates the hexanoyl (hydrophobic) and carboxymethyl (hydrophilic) groups
together. In addition, CHC possesses good biocompatibility, transparency and biodegradable properties,
which offers huge potential for many applications. [4]

The highly crystalline, rod-like, cellulose nanocrystal (CNC) fibers are separated by acid hydrolysis
from natural cellulose fibers [5]. There are many inherent features of CNCs, such as high surface area,
nanoscale dimensions, high specific strength, low coefficient of thermal expansion, low density, and a
strong Young’s modulus [6]. Polysaccharide chains (CS) that include a hydroxyl can easily bond with
CNCs, due to the plentiful hydroxyl groups on the surface of CNCs [7,8].

Chemically modified carbon materials, such as graphene or carbon nanotubes, have been
investigated in many biomedical fields, due to their outstanding thermal, mechanical, and electrical
properties [9,10]. The common method of exfoliating graphite flakes involves oxidizing agents to
form hydrophilic nanosheets of graphene oxide (GO) [11,12], which can easily be dispersed in water.
A series of reactive oxygen functional groups on the surface of GO gives it potential to self-assemble
and inhibit bacterial growth. [13]

Thus, in this research, the nanocomposite hydrogel (CHC/GO/CNC) was prepared by an
uncomplicated solution casting method. The nanocomposite hydrogel was designed for use in
bio-medical applications, such as plastic masks, wound dressings and tissue engineering [14,15].
We expected CNC to homogeneously disperse the GO nanosheets in water, in order to ensure great
compatibility with the addition of the CHC polymer matrix. The features of the nanocomposite hydrogel
were evaluated by transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy.
Furthermore, biocompatibility and antibacterial capability was also investigated.

2. Materials and Methods

2.1. Materials

Chitosan (Mw 215,000 g-mol~!, deacetylation degree 85-90%) and graphite flakes (cat#332461,
~150 um flakes) were supplied from Aldrich-Sigma. Through milling with a 60-mesh screen, the cellulose
filter was obtained (Thomas-Wiley Laboratory Mill model 4, Thomas Scientific, Logan Township,
NJ, USA).

2.2. Synthesis of CHC

The skeletal structure of CHC was used to form a hyaluronic acid-like structure, which was
synthesized by selecting N, O-carboxymethyl chitosan (NOCC) as a starting precursor [3]. NOCC with
high carboxymethyl substitutions (2 g) was dissolved in distilled (DI) water (50 mL) and stirred for 24 h.
Subsequently, the resulting solution was added to the methanol (50 mL), followed by addition of 0.5 M
hexanoyl anhydride for a reaction time of 12 h to form CHC with a high hexanoyl substitution. Finally,
the resulting solution was purified by dialysis with ethanol solution (25%, v/v) for 24 h. The soluble
chitosan derivatives were obtained in ethanol/water (volume ratio = 3:2) as CHC.

2.3. Synthesis of GO

Graphene oxide (GO) was fabricated from high-purity natural graphite flakes by the modified
Hummers method [16], which is a relatively safe and rapid method. First, 69 mL of concentrated
H,S0O4 was slowly added to a mixture of NaNOj (1.5 g) and graphite flakes (3.0 g) and cooled to 0 °C.
We ensured the above solution remained below 20 °C while 9.0 g of KMnO, was added slowly in
portions. Following that, the reaction solution was stirred at 35 °C for 30 min. An additional 3 mL of
H,0; (30%) and 420 mL of water were added, producing an exothermic reaction. Under air cooling,
the resulting mixture was purified (including multiple washings, filtration, centrifugation and cooling
vacuum drying) to produce the solid GO powders.
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2.4. Synthesis of CNC

The synthesis of CNC fibers was separated by acid hydrolysis from natural cellulose fibers.
Hydrolysis was carried out using 64% (w/w) HySOy at 45 °C for 120 min and diluted 10-fold with cold
(4 °C) water to terminate the reaction. The suspension was washed and dialyzed until a neutral pH to
obtain the resultant CNC fibers.

2.5. Preparation of Nanocomposite Hydrogels (CHC/GO/CNC)

The CHC was dissolved in an aqueous solution by using a magnetic stirrer at 200 r/min for 2 h to
obtain the concentration of 2.5 wt% of CHC solution. The CNC/GO suspension with the concentration
ratio of 12:0.5 wt% was first diluted and ultrasonicated for 5 min. Following that, the above suspension
was added to a solution of CHC (0.05-2 wt%), and then stirred for 30 min. The resulting mixture was
degassed in a vacuum oven for 3 h. Subsequently, the CHC/GO/CNC solutions were heated to 50 °C in
the hydrophobic glass plates to remove the solvents. In this way, the CHC/GO/CNC nanocomposite
hydrogel was produced. The mean thickness of the nanocomposite hydrogel was about 0.1 mm.

2.6. Characterization

FTIR spectra (Bruker Corporation, VX70) were measured from 400 to 3800 cm™~! by the KBr
pressing plate method. The morphological characterization was examined by a scanning electron
microscope (SEM, JSM-6700F, JEOL, Tokyo, Japan) and transmission electron microscope (TEM) (JOEL
JEM-2100) with an accelerating voltage of 120 kV. The crystalline phases present in the samples were
measured by X-ray diffraction (XRD) by using PANalytical-X"Pert PRO MPD with a Cu Ko X-ray
source (A = 1.5405 A). The XPS spectra (wide scans and C 1s, O 1s) were performed by using VG
Scientific ESCALAB Spectrometer with Mg K« radiation (A = 1253.6 eV). The sedimentation rate of
CHC/GO/CNC suspensions were evaluated by the LUMiSizer®, which is an analytical centrifuge
that instantaneously measures the extinction of the transmitted light across the entire length of
your sample using STEP-Technology (space- and time-resolved extinction profiles, ISO 13318-2).
The water-absorption capability (W) was calculated by the percentage of weight change of the dry
sample (pressing disk, 1 cm of diameter X 1 cm of height) [17]:

We (%) = (W — Wq)/Wq X 100% )

where Wy and W, are the weights of the sample before and after the water-absorption test (pH = 7).
The moisture absorption sample (W,,) was exposed to the same environment (T = 24 °C, RH = 50%)
and immersed in DI-water for 1 h. In the calculation method of Wy, the excess water was removed by
using a filter.

2.7. Biocompatibility and Antibacterial Activity

The cytotoxicity was evaluated with 3T3 fibroblasts. The culture medium was 1% penicillin
antibiotic (PNC) and DMEM including 10% fetal bovine serum (FBS). The CHC/GO/CNC nanocomposite
hydrogels (1 cm X 1 cm) were autoclaved before placing them in the wells of a 12-well plate. In each
well, 1 mL of the medium containing 10° cells was added. Then the plates were cultured in a humidified
37 °C, 5% CO, incubator. On the 1st, 3rd, and 5th days, the cell growth was determined by the
thiazolyl blue tetrazolium bromide (MTT) assay. Briefly, 20 uL of reagent were added into each well
and incubated for 4 h at 37 °C. Then, dimethyl sulfoxide (DMSO) was mixed with the medium to
dissolve the purple product. Finally, the absorbance at 570 nm was registered.

In brief, the frozen preserved stock of bacteria was thawed at room temperature. After that, 0.1 mL
of preserved stock was pipetted and streaked onto a quadrant on a nutrient agar plate. The nutrient
agar was composed of 10 g DifcoTM LB Broth mixed with 6 g agar bacteriological LP0011 powder
and diluted with DI water (400 mL), and the formation of colonies was cultured at 37 °C for 18-24 h.
Subsequently, a single colony was carefully scraped with a loop and swabbed onto a 15°-slant medium
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(nutrient agar) and then incubated at 37 °C for 18-24 h. Following that, 1 wt% of NaCl solution (2 mL)
was added to the slant medium and stirred with a vortex mixer for 30 s. Then, 1 mL of mixture solution
was added into 9 mL of nutrient broth (5 g DifcoTM LB Broth, Miller powder/200 mL DI-water) and
mixed with a vortex mixer, then 1 mL of the first nutrient broth solution was mixed into 9 mL of
new nutrient broth. This process was repeated four times in a row. An aliquot of 1 mL of nutrient
broth containing bacteria (1 X 10° CFU/mL) was added to a flask containing 1 mL of CHC/GO/CNC
nanocomposite hydrogel. This was followed by shaking by a rotary shaker at 250 rpm for 20 min.
After 18 h of incubation, the number of surviving bacteria was counted.

3. Results

3.1. Characteristic of GO and CNC

The individual nanosheets were 200-500 nm in diameter and most likely consisted of a few layers,
as shown in Figure 1a. The diffraction patterns indicated a roughly hexagonal crystallinity (Figure 1b).
Furthermore, the length and the width of the CNCs were about 100-200 nm and 10-20 nm, respectively.
The XRD spectra (Figure 2) showed that the 26 of the graphite flakes (26.4°) shifted to 9.6° of the
GO nanosheets [18-20]. This indicates that the d spacing of the GO nanosheets increased (1.73A of
the graphite flakes expanded to 4.62 A of the GO nanosheets) after the oxidation and intercalation
process of the graphene nanosheets. In addition, the XPS spectra support the conclusion that GO was
oxidized (Figure 3). The C1s of the XPS spectra (Figure 3a) were drawn by curvefitting each spectrum
to four peaks, corresponding to the functional groups: carboxylates (O-C=0, 289.0 eV), carbonyl
(C=0, 287.8 eV), epoxy/hydroxyls (C-O, 286.2 eV), and carbon sp2 (C=C, 284.8 V) [21-23]. The O1s of
the XPS spectra (Figure 3b) displayed a peak in the range of 530-537 eV, showing that the oxidized
functional group was formed at the GO nanosheets.

Figure 1. (a) TEM images and (b) selected area electron diffraction (SAED) patterns corresponded to
graphene oxide (GO) nanosheets; (c) TEM image of a cellulose nanocrystalline (CNC).
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Figure 2. XRD spectra of graphite flakes and GO nanosheets.
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Figure 3. (a) Cls and (b) O1s XPS spectra of GO nanosheets.

The colloidal suspensions of the CNC exhibited a nematic liquid crystalline alignment after
the acid hydrolysis conditions were optimized [24]. The XRD spectra (Figure 4) showed that the
crystallization of the pristine cellulose at 20 = 15.9°, 22.4° and 34.6°. However, the half-height width at
20 = 22.4° in the pristine cellulose decreased from 1.97° to 1.37° after the cellulose was hydrolyzed by
sulfuric acid (CNC). This indicated that the pristine cellulose fibers were decomposed to nanoscale
fibers, but still retained the crystallization. The CNC displayed six crystalline peaks at 20 = 14.9°,16.3°,
22.4°,30.8°, 38.4°, and 44.6°, showing that it had a higher crystallization than in pristine cellulose.
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Figure 4. XRD patterns of pristine cellulose, CHC, GO and CHC/GO/CNC.

Furthermore, from FTIR spectra (Figure 5), the splitting peak at 1110 cm™! was found in the
CNC/GO nanocomposites, showing the interaction between CNC (-OH) and GO (-COOH). Further,
the characteristic functional groups of O-H and C-O-C still existed after the cellulose was hydrolyzed
by sulfuric acid (CNC).
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Figure 5. FTIR spectra of CNC, CNC/GO and pristine cellulose.

3.2. Characteristic of CHC/GO/CNC Nanocomposite Hydrogels

3.2.1. Sedimentation Rate and Water Retention Analysis of CHC/GO/CNC Nanocomposite Hydrogels

From the results of the Lumisizer® test (Figure 6) of the CHC/GO/CNC nanocomposite suspensions,
we found that GO/DI-water (Figure 6a) was not well dispersed in water, and the sedimentation rate
was 10.31 mm/h, which was the fastest settlement among the five samples. After addition of
CNC, the sedimentation rate of GO/CNC decreased to 0.9 mm/h (Figure 6b), showing significant
improvement (the sedimentation rate decreased 11.5 times). Furthermore, the sedimentation rate of
CHC/GO/CNC solutions at 0.05 wt%, 0.1 wt%, and 0.2 wt% of CHC addition decreased to 0.66, 0.2,
and 0.49 mm/h, respectively (Figure 6c). With the addition of CHC, the hydrogel viscosity rose and
thus the sedimentation rate became slower. The optimal addition concentration of CHC was 0.1 wt%
(Figure 6d), which gave the slowest sedimentation rate (0.2 mm/h). However, the amount of CHC used
was up to 0.2 wt% because as the viscosity became too high, the suspension property decreased (the
sedimentation rate was 0.49 mm/h, Figure 6e).

From the results of the water retention analysis (Figure 7), the water absorption (%) of the
CHC/GO/CNC composite hydrogel (~94%) was higher than chitosan and hyaluronic acid (HA)
after 48 h incubation with 90% relative humidity (Figure 7a). Further, the water absorption of the
CHC/GO/CNC composite hydrogel was about 65% at 23% relative humidity (Figure 7b), and the water
retention capacity was significantly higher than that of CS and HA at both humidity. This proves that
the CHC/GO/CNC nano-network structure formed by the composite hydrogel exhibits a good water
retention effect. Hence, the nano-fillers (GO/CNC) might play an important role in crosslinking the
network structure of the nanocomposite hydrogel. In addition, the statistical analysis (Student’s ¢-test)
showed a significant difference (p < 0.05) between the two observed groups (chitosan with HA and
CHC/GO/CNC) at the relative humidity of 90% (Figure 7a) and 23% (Figure 7b).
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Figure 6. The sedimentation test at the initial state and after 10 h incubation in the water solution;
and the Lumisizer® test (the sedimentation rate) of (a) GO; (b) GO/CNC, and the CHC/GO/CNC
nanocomposite suspension with the different CHC concentrations of (c) 0.05 wt%; (d) 0.1 wt%; and

(e) 0.2 wt%.
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Figure 7. Water absorption ability of pristine chitosan (CS), hyaluronic acid (HA), and the nanocomposite
hydrogel (CHC/GO/CNC) at the relative humidity of (a) 90% and (b) 23%. * The statistical analysis
(Student’s t-test) showed a significant difference (p < 0.05) between the two observed groups (chitosan
with HA and CHC/GO/CNC, respectively) at the relative humidity of (a) 90% and (b) 23%.

3.2.2. Biocompatibility and Antibacterial Properties of the CHC/GO/CNC Nanocomposite Hydrogel

From the results of the 3T3 fibroblast survival assay (Figure 8), it was found that 5% DMSO
addition (positive control) showed high cytotoxicity against 3T3 fibroblasts. However, it showed great
biocompatibility in the sample of GO/CNC (without CHC). When the CHC addition was 0.05-0.1 wt%,
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the cell viability (%) was higher than the negative control (100%), which can increase the growth of
3T3 fibroblasts up to 10-20%. When the concentration was higher than 0.5-2 wt%, the cell viability
dropped slightly to 98-100%, but it still showed no cytotoxicity to 3T3 fibroblasts.

In addition, according to the JIS Z2801: 2010 antibacterial quantitative analysis method,
the bacteriostatic effects of CHC/GO/CNC nanocomposite hydrogels to various microorganisms
(Escherichia coli, Staphylococcus aureus, Candida albicans) are shown in Table 1. The CHC/GO/CNC
nanocomposite (2 wt% of CHC) inhibits a variety of microorganisms, of which gram-negative bacteria
(Escherichia coli) are more easily inhibited than other microorganisms, presumably because the surface
of the CHC has a positive charge from its zeta potential and is in contact with the negatively charged
cell wall of microorganisms. However, the negative charge of GO/CNC addition is beneficial to the
inhibition of gram-positive bacteria (Staphylococcus aureus). The bacteriostatic ratio (%) of CHC/GO/CNC
nanocomposite hydrogels is about 97.5%, which is slightly lower than that for gram-negative bacteria
(Escherichia coli > 99.9%). Furthermore, because the 2D-materials of GO nanosheets are like a knife, it is
easy to slice the cell wall of the fungus (Candida albicans). The bacteriostatic ratio (%) of CHC/GO/CNC
hydrogels for fungus is about 94.1%, which can inhibit fungal growth. This interaction causes leakage
of protein and other cellular components, which in turn causes the cell membrane to rupture and the
microbes die.

140
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) 1 Control T
< 100 = S
S 80
0 .
> 60
[) |
© 40
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20 Control
0. |—I—‘

0.05% 0.1% 05% 2%
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Figure 8. Cell proliferation of L929 cell with negative control and the CHC/GO/CNC nanocomposite
hydrogel with the various CHC concentrations of 0.05, 0.1, 0.5, and 2 wt% (negative control: DMEM +
10% FCS; positive control: DMEM + 10% FCS + 5% DMSO).

Table 1. Antibacterial activity of CHC/GO/CNC nanocomposite hydrogels.

Microorganism Type Bacteriostatic Ratio (%) (Ratio of MBC to MIC)
Escherichia coli gram-negative >99.99
Staphylococcus aureus gram-positive 97.5
Candida albicans fungus 94.1

4. Conclusions

In this study, the CHC/GO/CNC nanocomposite hydrogel displays great antibacterial activity,
achieved by incorporating 2 wt% of the amphiphilic modified chitosan (CHC) to biodegradable
CNC and 2D materials (GO). Due to the homogeneous dispersion of CHC/GO/CNC, it is not easy
to sediment. The well suspension can persist for over 6 months. Furthermore, we proved that the
obtained CHC/GO/CNC nanocomposites display great biocompatibility by the MTT tests, especially at
the 0.1 wt% CHC addition. To sum up, these advantages of CHC/GO/CNC nanocomposite hydrogels
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gives them a wide potential for use in commercial plastics/wound dressings; and promotes their use as
a biomedical and environmental-friendly material.
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