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ABSTRACT

The purpose of this research was to develop a chitosan sulfobetaine (CS-SNCC) film via the solution-
casting method as a biodegradable antibacterial material for biomedical applications. Chitosan and
monochloro-triazine sulfobetaine were used as the raw materials for CS-SNCC preparation, and
Fourier-transform infrared (FTIR), ultraviolet-visible (UV-Vis), energy-dispersive X-ray (EDX), and X-
ray photoelectron spectroscopy (XPS) spectra were used to characterize and analyze the structure of
the synthesized CS-SNCC. Furthermore, the swelling property, thermal stability, biodegradability, cyto-
compatibility, and antibacterial properties of the CS-SNCC film were comprehensively investigated and
compared with those of the chitosan film. The results for the film’s enzymatic biodegradation behavior
show that the CS-SNCC film undergoes a weight loss of 45.54% after 21 days of incubation. In addition,
the CS-SNCC film effectively resists bacterial adhesion, prevents the formation of bacteria biofilms, and
exhibits high antibacterial activity, with inactivation rates of 93.43% for Escherichia coli and 91.00% for
Staphylococcus aureus. Moreover, the CS-SNCC film shows good cellular activity and cytocompatibility
according to the cytotoxicity results. Therefore, the prepared biodegradable, cytocompatible, antibacte-
rial, and biofilm-controlling CS-SNCC film has potential for biomedical applications.
© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

the wound [6,9]. Furthermore, biomaterial films based on natural
biopolymers have gained importance because of their biocompati-

Every year, patients suffer from a wide range of skin wounds
due to mechanical trauma, surgical procedures, burns, or ulcers,
or simply from daily activities. Such wounds are prone to causing
bacterial infection, which results in exudate formation and inflam-
mation, hindering wound repair [1,2]. Hence, researchers have
developed numerous biomedical materials to protect wounds,
inhibit bacterial invasion, and promote healing, such as nanofibers,
sponges, hydrogels, films, and coatings [3-8]. Polymer film materi-
als have been attracting a great deal of attention due to their sim-
ple manufacturing process, uniform and transparent structure that
permits the observation of wound changes, and close adherence to
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ble and biodegradable properties and the hydrophilic nature of
these molecules. Because such biomaterial films are easily
removed from the wound, their use can avoid secondary damage;
they also moisten the wound environment and facilitate wound
recovery [9-11].

Chitosan, a biodegradable polycationic polysaccharide, is
composed of glucosamine and randomly distributed
N-acetylglucosamine monomers, connected by B-1,4-glycosidic
bonds [3]. In the past few years, chitosan has come into focus as
a potential biomaterial, as it possesses inherent antibacterial
properties, good film-forming abilities, biocompatibility, non-
antigenicity, multiple biological activities, and analgesic and
hemostatic activities [12,13]. In particular, chitosan-based
antibacterial bioactive film materials have been widely studied.
However, chitosan’s moderate antibacterial activity may limit its
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applications. Therefore, many researchers have aimed to improve
the antibacterial properties of chitosan through modification,
grafting, and compositing [14], resulting in derivatives such as chi-
tosan quaternary ammonium salt [15], alkyl and aromatic chitosan
[16], amino acid and antimicrobial peptide-grafted chitosan [17],
and chitosan/inorganic nanomaterials [18,19].

Zwitterionic compounds, a family of biomaterials that contain
both cations and anions on the same macromolecular segment,
have been reported to be efficient wound-dressing materials
[20,21]. Moreover, these materials possess good biodegradability,
biocompatibility, hydrophilicity, and antibacterial activity; effec-
tively prevent non-specific protein adsorption pollution; and have
great potential for improving the adhesion resistance of biomateri-
als [22-24]. More specifically, sulfobetaine, which contains both an
anionic sulfonate group and a cationic trimethyl ammonium group,
is one of the most attractive zwitterionic compounds for biomate-
rials, owing to its easy synthesis and purification and its biomi-
metic ability [23]. The addition of sulfobetaine could significantly
improve chitosan’s antibacterial properties [22]; however, research
on biomaterial films based on chitosan sulfobetaine derivatives has
rarely been reported.

In this work, a novel triazine zwitterionic sulfobetaine (SNCC;
Fig. 1(a)) was synthesized and used to modify chitosan; the pre-
pared chitosan sulfobetaine (CS-SNCC) film was then tested to
evaluate its use for biomaterial applications (Fig. 1(b)). The synthe-
sized CS-SNCC derivative was systematically studied and analyzed
through Fourier-transform infrared (FTIR) spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy, ultraviolet-visible (UV-
Vis) spectroscopy, energy-dispersive X-ray (EDX) spectroscopy,
and X-ray photoelectron spectroscopy (XPS). The crystalline struc-
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ture of the CS-SNCC was studied and a thermal analysis was per-
formed. The swelling, biodegradability, cytocompatibility,
antibacterial, and biofilm-controlling properties of the CS-SNCC
film were also investigated, and the film’s applicability for the field
of wound dressing was assessed.

2. Materials and methods
2.1. Materials

Chitosan (viscosity average molecular weight M, =50 kDa, 90%
deacetylation) was provided by Zhejiang Aoxing Biochemical Co.,
Ltd. (China). N,N-Dimethylethanolamine, 1,3-propanesultone, and
2,4,6-trichloro-1,3,5-triazine were provided by J&K Scientific Ltd.
(China). Sodium carbonate, glacial acetic acid, and acetone were
provided by Shanghai Sinopharm Chemical Reagent Co., Ltd.
(China). Chemical reagents were used according to the quality pur-
chased without additional purification. Lysozyme (from chicken
egg white) was obtained from Aladdin Reagent (Shanghai) Co.,
Ltd. (China). The Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli) 0157:H7 used were American Type Culture Collection
(ATCC) 6538 and ATCC 43895, respectively (American Type Culture
Collection, USA). Green fluorescent protein (GFP)-expressed NIH-
3T3 fibroblast cells were provided by the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China.)

2.2. Synthesis of SNCC

The SNCC was synthesized via two processes: (D a substitution
reaction of s-triazine with N,N-dimethylethanolamine; and @ an
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Fig. 1. (a) Schematic description of the syntheses of SNCC and CS-SNCC; (b) preparation of the CS-SNCC film and illustration of its antibacterial activity.
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epoxy ring-opening between 1,3-propanesultone and monochloro
triazine di-tertiary amine. Fig. 1(a) provides a schematic of the
SNCC synthesis. In a typical procedure, 3.6 g of N,N-dimethyl-
ethanolamine was dissolved in 50 mL of acetone, and then
dropped into 100 mL of acetone solution containing 3.64 g of
2,4,6-trichloro-1,3,5-trizine. The solution was reacted for 2 h in
an ice bath, and the pH was adjusted to 7-8 by adding 20 wt%
Na,COs3. Next, the solution was heated to 40 °C and the reaction
was allowed to continue for 4 h. Then, 1,3-propanesultone (4.48
g) was dropped into the reaction system, which was heated to
60 °C for 5 h. A large amount of white precipitate was obtained,
which was then filtered, washed, and purified thoroughly with
diethyl ether. The product (SNCC) was dried at 50 °C for 24 h in
a vacuum drying oven. Finally, the resulting SNCC was obtained
with a yield of 92.16%.

2.3. Synthesis of CS-SNCC

CS-SNCC was synthesized by grafting SNCC onto chitosan amino
groups (Fig. 1(a)). Chitosan (1.61 g, 0.01 mol) was completely dis-
solved in a 2 vol% aqueous solution of glacial acetic acid. Next,
4.12 g of SNCC was slowly added under mechanical stirring at
90 °C for 24 h. After the reaction, most of the solvent was removed
using a rotary evaporator, and the solution was precipitated in a
large volume of acetone. The sediment was collected through fil-
tration and rinsed thoroughly with ethanol and acetone. The pro-
duct (CS-SNCC) was then dried at 45 °C for 24 h.

2.4. The degree of substitution of chitosan by SNCC

The contents of carbon (C), oxygen (O), nitrogen (N), and sulfur
(S) in the chitosan and CS-SNCC were determined using EDX spec-
troscopy (EDAX Octane EDS-30, AMETEK Inc., USA). The mass per-
centages of C, O, N, and S in the chitosan and CS-SNCC samples
were determined by means of elemental analysis. According to
the mass ratio of N, S, and C, the degrees of deacetylation of chi-
tosan (Wyyc) and the substitution of sulfobetaine (Ws,c) on CS-
SNCC were calculated with the following equations (Eqs. (1) and
(2), respectively) [15]:

w Wi fnes X Nes + 1N chitin X Mehitin (1)
N/C =17
Wec  nces X Nes + Nechitin X Mehitin
W, Ns cs- X Ncs-
W = Ws 5,C5-SNCC X T1cs-sNee @)
We ™ nces X Nes 4 Nechitin X Mehitin 4 Me,cs-snee X Mes-snee

where ncs and nepiin Tespectively represent the proportion of consti-
tutional units of chitosan and chitin in the chitosan and CS-SNCC;
Nes-snee represents the proportion of constitutional units of chitosan
sulfobetaine in the CS-SNCC; TN, ¢S TN chitin» T1S,cS-SNCC» Tlc,cSs T1C chitiny and
Nc.cs.snee are the number of moles of nitrogen, sulfur, and carbon per
mole of corresponding constitutional unit; Wy, Ws, and W¢ are the
relative molar mass of N, S, and C, respectively; and Wy,c and Wsc
are the elemental mass ratios of N, S, and C of the measured
products.

2.5. Preparation of the CS-SNCC film

The synthesized CS-SNCC was completely dissolved in 1 vol%
aqueous solution of glacial acetic acid at ambient temperature
for 4 h. Then, 100 mL of the solution was coated onto a Teflon
mold, and the sample was allowed to naturally dry overnight to
form a film. The prepared film was soaked in 20 g-L~' NaOH solu-
tion at ambient temperature for 1 h, and then immersed in deion-
ized water. The obtained film was further dried and kept at a
constant temperature and humidity for further study.
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2.6. Instruments and characterizations

FTIR spectroscopy of the SNCC, chitosan, and CS-SNCC was car-
ried out from 4000 to 500 cm~' by means of a Nicolet Nexus 470
spectrophotometer (Thermo Fisher Scientific, USA). The UV-Vis
spectra of the SNCC, chitosan, and CS-SNCC were obtained using
a UNICO UV-2802S (Shimadzu Corporation, Kyoto, Japan) at test
wavelengths from 200 to 800 nm. An Avance IIl 400 MHz digital
NMR spectrometer (Bruker AXS GmbH, Germany) was used to
detect the 'H NMR and 3C NMR spectra of the SNCC. The chitosan
and modified chitosan underwent XPS on an Escalab 250 Xi
(Thermo Fisher Scientific). X-ray diffraction (XRD) spectroscopy
was used to characterize the crystalline texture of the chitosan
and modified chitosan for the range of 5°-60° by means of a
D8 Advance X-ray diffractometer (Bruker AXS GmbH). Thermo-
gravimetric analysis (TGA)-derivative thermogravimetry (DTG)
was performed under a nitrogen atmosphere by heating about
5 mg of film from 50 to 600 °C at a speed of 10 °C-min! on a
Q500 TGA instrument (TA Instruments, USA).

2.7. Swelling and enzymatic degradation behavior

The swelling kinetics of the chitosan film (referred to herein as
the “CS film”) and the CS-SNCC film were observed by soaking
dehydrated films in phosphate-buffered saline (PBS) solution over
a period of 24 h at room temperature. After each predetermined
time period, the film was taken out from the solution, and the
water on the surface of the film was sucked out with filter paper
and then weighed. The degree of swelling (SD) of each film was cal-
culated using the following formula:

W, — Wy

Wa x 100%

SD (%) = 3)
where Wy is the weight of film before immersion and W is the
weight of the swollen film at the predetermined time period.

The enzymatic biodegradation of the CS film and CS-SNCC film
was assessed using the proportion of the residual weight at 37 °C
in lysozyme/PBS solution (1 mg-mL~}, 15 mL) over a period of 20
days. CS and CS-SNCC films in PBS solution (15 mL) were used as
the control group. The weights of the CS and CS-SNCC films were
measured before testing (Wy). After each impregnation period,
three pieces of CS and CS-SNCC films were extracted from the
impregnation solution and dried until the weight (W,) remained
constant. To evaluate the degree of degradation, the film’s relative
weight (FW) was calculated using the following formula:

() Wt o
FW(%) = Wo x 100%

(4)

2.8. Antibacterial effectiveness

S. aureus and E. coli were used to evaluate the biocidal effective-
ness of the CS and CS-SNCC films by means of a modified version of
American Association of Textile Chemists and Colorists (AATCC)
100-2004 test method [3]. In short, 25 pL of bacterial suspension
was placed in the middle of a film (2.54 cm x 2.54 cm); then, an
identical piece of film was placed on top of the inoculated film. A
sterile weight was added on top of the films to ensure that the bac-
teria were in full contact with the films. After each predetermined
period of time, the samples were transferred into a sterile cen-
trifuge tube with 5.0 mL of PBS solution and were vortexed for
about 2 min. After that, the bacterial suspension was serially
diluted ten-fold with PBS and inoculated on trypticase soy agar
(TSA) plates. The plates were then incubated at 37 °C for 24 h,
and the number of bacterial colonies was counted to calculate
the biocidal effectiveness.
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2.9. Anti-adhesion and biofilm-controlling behavior

The ability of the CS-SNCC film to resist bacteria and prevent
biofilm formation was evaluated via the colony-counting method
and through scanning electron microscope (SEM) assessment
[25]. The model bacteria E. coli and S. aureus were cultured,
harvested, and resuspended in PBS solution to obtain a bacterial
suspension of about 107 colony-forming units (CFU)-mL™!. The CS
and CS-SNCC films (~1 cmx 1 cm) were soaked in 10 mL of
bacterial suspension and incubated at 37 °C in a shaking chamber
at 60 r-min~' for 30 min. Next, the films were removed from the
bacterial suspensions and gently washed three times with 10 mL
of PBS solution in order to remove any loosely attached bacteria.
After that, the films were soaked in 10 mL of fresh nutrient broth
and cultivated at 37 °C for 24 h. The extracted films were gently
washed with non-flowing sterile PBS solution for the next steps.
For the colony-counting method, some of the films described above
were immersed in 10 mL of PBS solution and eddied for 2 min to
disperse the bacteria attached on the films into the PBS solution.
The bacterial suspension was then serially diluted ten-fold with
PBS and plated on TSA plates for the bacteria enumeration. For
the SEM assessment, some of the prepared films were immobilized
with 2.5 wt% glutaraldehyde/PBS solution at 4 °C for 24 h. After
fixation, the films were subjected to gradient dehydration by
means of a battery of alcohol/PBS solution (25%, 50%, 75%, 85%,
95%, and 100%) for 30 min. Then the fixed films were vacuum dried
for 24 h before SEM observation.

2.10. Cytocompatibility assay

An MTT assay was used to investigate the cytocompatibility and
cell proliferation of the films, and NIH-3T3 fibroblast cells were
directly exposed to the test films [26]. The films were cut into
8 mm disks and sterilized with ultraviolet (UV) radiation for
30 min. After that, the films were immersed in culture media for
24 h in a sterile environment. An NIH-3T3 fibroblast cell suspen-
sion was added into 48-well plates and incubated at 37 °C for
24 h with 5% CO,. Next, the film disks were placed into the wells
to provide contact with cells and were incubated for 24 and 48
h, respectively. The film disks were then removed, and MTT assays
were performed to determine cell viability. The results were deter-
mined by the percentage of the absorbance value of each compo-
nent relative to the control. NIH-3T3 fibroblast cells seeded on
wells without films were taken as a comparison group. The cell
morphology and proliferation were observed using an inverted
fluorescence microscope (Motic AE31, Motic Microscopes, China).
The cell viability (CV) of was calculated by

A

= x100%

V(%) =3
C

(5)
where As and A. are the absorbance of sample and control group,
respectively.

3. Results and discussion
3.1. Structural determination via "TH NMR, '>C NMR, UV-Vis, and FTIR

CS-SNCC was prepared by grafting monochloro-triazine disul-
fonic acid betaine onto chitosan. '"H NMR and '*C NMR were used
to confirm the synthesis of SNCC. Figs. 2(a) and (b) show the 'H
NMR and '3C NMR spectra of the SNCC in D,0. The chemical shift
at 3.14 parts per million (ppm) (12H) is ascribed to the hydrogen
on the quaternary ammonium [3]. The peaks at 4.01 ppm (4H),
3.48-3.53 ppm (8H), 2.94 ppm (4H), and 2.21 ppm (2H) are attrib-

98

Engineering 35 (2024) 95-103

uted to the hydrogens of the zwitterionic species at the Hy, H, and
H,4, Hs, and Hg positions, respectively [22,27]. Moreover, the chem-
ical shifts of the carbon atoms in the monochloro-triazine disul-
fonic acid betaine were at 159.21 ppm (C;), 151.68 ppm (Cy),
63.60 ppm (C3), 63.42 ppm (Cy4), 51.40 ppm (Cs), 55.33 ppm (Cs),
17.95 and 47.15 ppm (Cg), respectively [27], as shown in Fig.
2(b). The analysis of the NMR ('H and '3C) results indicates that
the monochloro-triazine disulfonic acid betaine has been success-
fully synthesized.

The UV-Vis spectra of chitosan, SNCC, and CS-SNCC are shown
in Fig. 2(c). There is a distinct characteristic absorption peak at
228 nm in the spectra of SNCC and CS-SNCC, which is attributed
to the triazine ring structure [28]. However, the spectra of chitosan
were not found. The peak at 228 nm for CS-SNCC indicates that the
triazine compound has been grafted onto the chitosan. The FTIR
spectra of chitosan, SNCC, and CS-SNCC are shown in Fig. 2(d).
The peaks at 1172 and 1040 cm™! in the SNCC FTIR spectra are
respectively attributed to the asymmetric and symmetric stretch-
ing vibrations of the SO;~ group [29]. The peak of the symmetric
stretching vibration of the C-S bond is located at 600 cm™! [22].
Moreover, there is an obvious characteristic peak at 1470 cm™’,
which is attributed to the methyl groups of the trimethyl
quaternary ammonium [15]. The FTIR spectrum of CS-SNCC shows
several new peaks at 1470, 1172, and 600 cm™~!, which correspond
to the functional group peaks of the SO3;~ group and the quaternary
ammonium group, respectively. Furthermore, the triazine ring’s
peaks at 764 to 793 cm~! are shown in the FTIR spectra of
CS-SNCC [30]. These new absorption peaks in the FTIR spectrum
of CS-SNCC reveal that SNCC has been successfully grafted onto
the chitosan.

3.2. EDX and XPS spectra of CS and CS-SNCC

To study the elemental content on the surfaces of the CS and CS-
SNCC films and the degree of CS-SNCC substitution, the mass per-
centages of C, O, N, and S for the two samples were determined by
means of EDX, as shown in Figs. 3(a) and (b). According to Eq. (1),
the degree of deacetylation of chitosan was 92.2%, which is very
close to the value of the production specification of chitosan.
Furthermore, a new sulfur absorption peak in the EDX spectrum
of CS-SNCC corresponds to the element sulfur in the zwitterionic
sulfobetaine. The degree of substitution of SNCC in CS-SNCC is
15.55%, based on Eq. (2).

The binding energies of the surface chemical bonds of chitosan
and CS-SNCC were analyzed via XPS to confirm the introduction of
SNCC into the chitosan. The results, which are presented in
Figs. 3(c)-(f), contain core-level patterns of the N 1s and S 2p.
Two peaks can be seen on the N 1s spectrum of chitosan
(Fig. 3(d)) at the binding energies of 398.98 and 399.98 eV, which
are ascribed to the primary amine -NH, (deacetylated units) and
acetamido group -NHCO- (acetylated units), respectively [31,32].
Theoretically, no S 2p peak exists in the XPS spectrum of chitosan
(Fig. 3(c)). However, the XPS spectra showed significant differences
after SNCC was introduced into the chitosan chains. Most impor-
tantly, two obvious peaks can be seen on the N 1s core-level pat-
tern of CS-SNCC at the binding energies of 400.82 and 402.12 eV,
which are attributed to the C-N=C bond on the homotriazine ring
and the quaternary ammonium groups (-N*(CHs3)-) of SNCC,
respectively [21,32]. Furthermore, characteristic signals located
at 167.11 and 168.32 eV can be seen on the S 2p spectra, which
are assigned to the S 2ps and S 2py;, of the sulfonate group
(SO37). Based on the above characterizations, a new monochloro-
triazine disulfonic acid betaine has been successfully synthesized
and introduced into chitosan.
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XRD studies were used to characterize the crystal structure
changes of CS-SNCC and chitosan, and the results are presented
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and 10.67°, which are attributed to the characteristic peaks of
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the chitosan macromolecular backbone aligned by intermolecular
interactions [33]. The intensity of the peak at 20 of 19.80° for
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CS-SNCC decreased after the introduction of SNCC, indicating that
the chitosan’s crystal structure was destroyed; this may be
ascribed to the breakage of intermolecular and intramolecular
hydrogen bonds after the introduction of SNCC, and to the fact that
CS-SNCC has a looser structure than chitosan [22].

The dehydration and decomposition of the prepared films were
analyzed by means of TGA. The TGA-DTG curves of chitosan and
CS-SNCC show two steps of thermogravimetric loss (Fig. 4(b)).
The first step is attributed to the evaporation of absorbed water
and intermolecularly bound water, while the thermal degradation
of chitosan corresponds to the second step of heat loss [33,34]. The
first step of thermogravimetric loss is approximately 5% at
50-120 °C, while the second step is approximately 44% at 235-
380 °C. The first step of the thermogravimetric loss of CS-SNCC is
very similar to that of chitosan, albeit with a slightly lower starting
temperature and a broader range of thermal decomposition. This
phenomenon mainly arises from the fact that the introduction of
SNCC destroys the interaction force between the chitosan macro-
molecules and the crystallization structure is damaged, forming
more amorphous regions, which is consistent with the results from
XRD [22,33].

3.4. Swelling and enzymatic biodegradation behavior

Water absorption and swelling properties are essential features
for biomedical materials. The PBS absorption efficiencies of the CS
and CS-SNCC films are shown in Fig. 4(c). All the films exhibited a
rapid water-absorption capability and reached swelling equilib-
rium within 2 h. Moreover, the films showed a high swelling abil-
ity (over 100% swelling capability), since chitosan has many
hydrophilic groups, including hydroxyl and amino groups, which
promote water absorption. The CS-SNCC film exhibited a quicker
water absorption rate and a higher equilibrium swelling degree

Engineering 35 (2024) 95-103

than the CS film, which is mainly attributed to the presence of
the hydrophilic sulfonate group (SOs~) improving the hydrophilic-
ity and wettability of the film, as well as accelerating the water
penetration and swelling of the film [24].

The biodegradability of the CS-SNCC film is very important if it
is to be used as a biomaterial. To evaluate the biodegradability, the
weight loss of CS-SNCC was tested in lysozyme/PBS solution at
37 °C over 20 days. Lysozyme is a glycoside hydrolase that natu-
rally exists in typical wound exudation fluid with inflammation;
it can hydrolyze the B-1,4-glycosidic bonds in polysaccharides
[35,36]. As shown in Fig. 4(d), lysozyme accelerated the biodegra-
dation of both the CS and CS-SNCC films. The CS-SNCC film
degraded faster than the CS film in both the lysozyme/PBS solution
and the PBS solution alone. After incubating for 21 days, the CS and
CS-SNCC films respectively exhibited a 19.88% and 23.13% weight
loss in PBS solution and a weight loss of 41.59% and 45.54% in
1 mg-mL~! lysozyme solution. According to research on the
biodegradation of chitosan derivatives, lysozyme can scissor the
chitosan polymer backbone by cleaving the B-1,4-glucosidic bonds
[37]. The observed accelerated degradation of the CS-SNCC film is
due to the introduction of zwitterionic sulfobetaine groups into
the chitosan molecular chain, which destroys the crystal structure
of CS-SNCC, giving the lysozyme additional opportunities to
rapidly access the B-1,4-glucosidic bonds for specific cleaving
degradation. The better swelling and biodegradability of the
CS-SNCC film provide further evidence that the chitosan derivative
CS-SNCC has potential for biomedical applications.

3.5. Anti-adhesion and biofilm-controlling function

Zwitterionic surfaces have been reported to possess effective
anti-adhesion properties against bacteria and to prevent biofilm
formation due to their anionic and cationic groups with equal
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Fig. 4. (a) XRD spectra and (b) TGA-DTG curves of chitosan (CS) and CS-SNCC; (c) swelling behaviors and (d) enzymatic degradation of the CS and CS-SNCC films at different

time intervals.
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amounts but opposite electric charges [29,38]. To evaluate this
effect in the CS-SNCC film, SEM images were obtained, as shown
in Fig. 5(a). The images show the distribution of two types of bac-
teria on the surface of the CS and CS-SNCC films after 24 h of
incubation. As shown in Fig. 5(a), numerous bacteria cells adhere
to the surface of the CS film, forming microcolonies and biofilms;
in contrast, only a few scattered bacteria are found and no bio-
films have formed on the CS-SNCC film for both S. aureus and
E. coli. These SEM images intuitively indicate that the chitosan
zwitterionic sulfobetaine film has anti-adhesion properties
against bacteria and a biofilm-controlling function. To further
quantitatively analyze the film’s anti-adhesion effect against bac-
teria, the bacteria on the CS and CS-SNCC films were evaluated
using the colony-counting method. Fig. 5(b) shows the quantita-
tive data of the recoverable bacteria on the surface of the CS
and CS-SNCC films. The CS-SNCC surface had a low bacterial pop-
ulation (S. aureus: 2.95x10° CFU-cm™2; E. coli: 1.15x10°
CFU-cm™2) compared with the surface of the CS film (S. aureus:
2.25 x 107 CFU-cm~2; E. coli: 1.98 x 10”7 CFU-cm~2); thus, bacterial
adhesion on the CS-SNCC film was reduced by approximately
86.89% for S. aureus and 94.19% for E. coli adhesion. All these
results strongly suggest that the chitosan zwitterionic sulfobe-
taine film is effectively resistant to bacterial adhesion and
prevents the formation of bacterial biofilms.

3.6. Antibacterial efficacies

The antibacterial efficacies of the CS and CS-SNCC films against
S. aureus and E. coli (approximately 10° CFU per swatch) were stud-

CS film

CS-SNCC film

(a)

I CS film
B CS-SNCC ELT

20

15

10

Colonies number (x10° CFU-cm)

S. aureus

E. coli

(b)

Fig. 5. (a) SEM images of the biofilm formed on the surfaces of the CS and CS-SNCC
films; (b) bacterial cell number per square centimeter of the films’ surface.
**P<0.001.
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ied, and the results are shown in Fig. 6. The CS film showed a cer-
tain degree of antibacterial activity, as 51.83% of the E. coli and
87.77% of the S. aureus were killed after 60 min of exposure, due
to the inherent antibacterial properties of chitosan. Chitosan amino
groups easily protonate to gain a positive charge, which can com-
bine with the negatively charged molecule on the bacterial cell
wall to destroy the physical-chemical properties of the cell wall,
thus leading to bacterial inactivation [39,40]. The CS-SNCC film
inactivated 93.43% of the E. coli and 91.00% of the S. aureus after
60 min of contact, exhibiting a more effective killing ability for
both E. coli and S. aureus in comparison with the CS film. This find-
ing is similar to those of previous studies on the antibacterial prop-
erties of chitosan betaine sulfonate derivatives [22,25]. Therefore,
the CS-SNCC film possesses antibacterial, anti-adhesion, and
biofilm-controlling properties, as shown in Fig. 1(b).

3.7. Cytocompatibility

Cytocompatibility is a major concern for the application of
antibacterial films as biomedical materials. The cytotoxicity of
the CS and CS-SNCC films was evaluated by incubating NIH-3T3
fibroblast cells with the films via classic MTT assays; the results
are shown in Fig. 7. After cultivation for 24 and 48 h, the metabolic
activities of the cells incubated with the CS films were not obvi-
ously affected, and the cell viabilities were about 98.21% and
96.83%, respectively. After the SNCC was grafted onto the chitosan,
the cell survival rates on the CS-SNCC film were over 90% after cul-
tivation for 24 and 48 h. The lack of cytotoxicity of CS-SNCC indi-
cates that it has potential for application as a biomedical
material. These results are consistent with previous studies report-
ing that sulfobetaine shows no toxicity and no skin irritation
[22,27].

Fluorescent images of NIH-3T3 fibroblast cells incubated with
the films were used to analyze the cell morphology, proliferation,
and metabolic activity [23]. As shown in Fig. 7, after cultivation
for 24 and 48 h, most of the NIH-3T3 fibroblasts were green and
showed spindle shapes; thus, they were not significantly different
from the control group. The films cultured for 48 h presented sig-
nificantly higher cell numbers than those cultured for 24 h, indi-
cating the films’ good cellular cytocompatibility.
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Fig. 6. Antibacterial efficacies of the CS and CS-SNCC films. The inoculum of E. coli
and S. aureus were 2.33 x 10° and 1.47 x 10° CFU per swatch, respectively.
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Fig. 7. (a) Cytotoxicity of CS and CS-SNCC films to NIH-3T3 fibroblast cells after 24 and 48 h incubation. (b-g) Fluorescent images of NIH-3T3 fibroblast cells for (b, e) control,
(c, f) CS film, and (d, g) CS-SNCC film, with (b-d) and (e-g) showing cells cultured for 24 and 48 h, respectively.

4. Conclusions

In this study, a novel biodegradable, cytocompatible, antibacte-
rial, and biofilm-controlling chitosan derivative film was produced
for application as a biomedical material. A new chitosan derivative
denoted as CS-SNCC was synthesized by grafting SNCC onto chi-
tosan, and the chemical structure of CS-SNCC was verified by
means of FTIR, UV-Vis, EDX, and XPS spectra. The crystalline struc-
tures and thermostability results indicated that the introduction of
SNCC in chitosan reduced the crystallinity and thermal stability of
chitosan to a certain extent. The swelling and biodegradation
behavior showed that the CS-SNCC film possesses excellent water
absorption and degradability, with the degradation of the CS-SNCC
film being accelerated by lysozyme. Furthermore, the cytocompat-
ibility study revealed that the CS-SNCC film has no cytotoxicity. In
addition, testing the film’s resistance to bacteria adhesion indi-
cated that the CS-SNCC film can reduce around 86.89% of S. aureus
and 94.19% of E. coli adhesion on its surface. The CS-SNCC film also
exhibits a good bactericidal performance and can kill 91.00% and
93.43% of S. aureus and E. coli, respectively, within 60 min of con-
tact. As a result, the synthesized CS-SNCC film, with its good cyto-
compatibility, enzymatic biodegradability, antibacterial, and
biofilm-controlling properties, has excellent potential for applica-
tion as a biomedical material.
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