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The objective of this study was to synthesize and characterize cystamine dihydrochloride (CYS) cross-
linked carboxymethyl cellulose/quaternized chitosan (CMC/HACC) composite hydrogel film. Firstly, the
glycidyl-based quaternary ammonium chitosan derivative (HACC) was synthesized using nucleophilic
substitution reaction. Then HACC was analyzed by FTIR, 1HNMR spectra and the composite films at dif-
ferent blending ratio of CMC and HACC were studied by rheology measurement, mechanical and swelling
tests. When the composite films were prepared under optimized conditions (CMC: HACC = 7:1), they
showed excellent mechanical properties (with improved 93.3% tensile strength and 2.3% elongation at
break) and swellability (equilibrium swelling ratio increased 270%) compared to pure CMC film.
5-Fluorouracil (5-FU) was used as drug model which has broad-spectrum anticancer properties. The
5-FU/CMC/HACC composite films showed redox and pH responsive of drug release properties along with
well biocompatibility. The in vitro cytotoxicity and cell apoptosis studies showed the drug loaded com-
posite films with obvious toxicity against HepG2 cells especially in the presence of GSH. In addition,
CMC/HACC composite films showed good antibacterial against S. aureus and E. coli, while pure CMC film
had no antimicrobial activities. It can be concluded that CMC/HACC composite films can be potentially
used as targeted drug delivery system.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, cancer has been a great threat to the health of
human all over the world, so it is important to find effective treat-
ments for it. The usual cancer treatment methods are surgical,
radiotherapy and chemotherapy [1]. Chemotherapy is an essential
step before and after surgery to treat the tumor and prevent reoc-
currence and metastasis. However, the toxicity side effects gener-
ated by chemotherapeutic agents is a major concern of
chemotherapy [2]. Moreover, postoperative infection is one of
the most serious and devastating complications faced by millions
of patients annually [3]. To generate a more efficient therapeutic
effect, various efforts have been made to develop targeted drug
delivery systems [4].

The local drug carriers give the chance to enhance the efficient
and safety of cancer therapy due to their ability to enable the drugs
at the target site to the largest extent [5]. Polymer-based hydrogels
have emerged as the smart vectors and a promising alternative [6].
Three-dimensional polymeric hydrogel networks are capable of
holding water and undergoing swelling and shrinking suitably to
facilitate drug sustained release [7–10]. Among hydrogels, respon-
sive hydrogels gain much attention owing to their advantages
[11,12]. These smart systems loading anticancer drugs can be
placed beside tumour excision site, releasing the drug due to their
stimuli (pH, redox, temperature, light and salts) -responsive behav-
ior [13–17].

Due to the great properties of biocompatibility, biodegradabil-
ity, antimicrobial properties and so on, a wide range of synthetic
as well as natural polysaccharides have been used for food packag-
ing, drug delivery and water treatment [18]. Among them, cellu-
lose has been considered as a possible candidate for fabricating
hydrogels. However, there is a large interest in its derivatives
because of cellulose insolubility in water for fabrication hydrogel.
Carboxymethyl cellulose (CMC), with carboxymethyl groups
attached to the polysaccharide backbone, is a water soluble anionic
derivative from cellulose [19–21]. One of the drawback of CMC
hydrogel is its weak mechanical strength, which can be improved
by blending other polymers to improve their drug release behavior
and biological interactions. Chitosan (CS), a linear biopolymer of
glucosamine and N-acetyl-glucosamine obtained by deacetylation
of chitin, has been receiving great interest by virtue of its
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advantageous features [22]. Chitosan is an cationic polysaccharide
which can establish a strong linkage with oppositely charged
materials, forming a polyelectrolyte complex. Sun [23] developed
a green and ecofriendly smart vehicle for colon-specific drug deliv-
ery by carboxymethyl cellulose, chitosan and ZnO. The obtained
beads could encapsulate 5-FU and showed self-sustained release
behavior. Owing to the charges imparted on amino groups via pro-
tonation and deprotonation, chitosan confers pH responsivity
when inserted into hydrogel networks [24–26]. Liu [27] prepared
a self-healing polysaccharide hydrogel using cellulose acetoacetate
(CAA) and chitosan aqueous solutions. The hydrogel showed pH
responsive properties and good stability under physiological
conditions.

Nevertheless, chitosan can not inhibit bacterial growth effec-
tively although it exhibits some antibacterial properties. Therefore,
numerous efforts have been devoted to preparing functional
derivatives to improve the antimicrobial properties of chitosan
[28–32]. It is known that tumor tissue as well as endosomes and
lysosomes present slightly acidic pH (5.0–6.5)[33] and high GSH
concentration [34,35]. Here, we aim to prepare multifunctional
hydrogels able to finely tune the release of loaded drug in response
to tumor environmental conditions and, at the same time, to act as
antimicrobial materials. The typical anticancer drug, 5-fluorouracil
(5-FU) was used as the model drug. 5-FU has the capability to dis-
rupt nucleoside metabolism and interfere with nuclear molecules,
so it shows effective inhibition against a series of carcinoma cells
[36]. Firstly, hydroxypropyltrimethyl ammonium chloride chitosan
(HACC) was synthesized by the chemical reaction of chitosan and
glycidyl trimethyl ammonium chloride [29,30,32]. Then HACC
was chosen as the polymer material to blend with redox hydrogel
to prepare 5-FU loaded CMC/HACC composite films. We assumed
that the proposed systems can improve the anticancer efficacy
through localized therapy and manage to reduce the toxic side
effects. These features greatly extend the applicability of the carrier
in either biomedical or wound dressing fields, where there is a
growing interest in the development of highly engineered materi-
als [37–41].
2. Experimental section

2.1. Materials

Carboxymethyl cellulose (CMC, DS = 0.7, MW = 25 W, viscosity =
1500–3100 mPa. s), Glycidyl trimethylammonium chloride
(GTMAC), cystamine dihydrochloride (CYS), 1-(3-Dimethylamino
propyl)-3-ethylcarbodiimide hydrochloride (EDC) were obtained
from Shanghai Macklin Biochemical Co., Ltd. 5-Fluorouracil (5-
FU), N-Hydroxysuccinimide (NHS), Methyl thiazolyl tetrazolium
(MTT) were obtained from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Chitosan (CS, the degree of deacetylation = 80–95%,
viscosity = 50–800 mPa�s) was obtained from Sinopharm Chemical
Reagent co., Ltd. 40,6-diamidino-2-phenylindole (DAPI) was
obtained from Beyotime Biotechnology Co., Ltd. All chemicals were
used as received and without further purification.
2.2. Preparation of hydroxypropyltrimethyl ammonium chloride
chitosan (HACC)

HACC was prepared by chitosan and glycidyl trimethyl ammo-
nium chloride. 30 g chitosan and 60 g glycidyl trimethyl ammo-
nium chloride were dispersed in 300 mL deionized water in a
three-neck flask. The mixture was stirred at 60 �C for 24 h. The pro-
duct of the reaction was precipitated in acetone and then subse-
quently filtered and dried at 60 �C.
2.3. Preparation of 5-FU/CMC/HACC composite hydrogel films

5-FU was dissolved in deionized water to obtain 1.0% (W/V) 5-
FU solution. CMC and CYS were dissolved in 5-FU solution to obtain
1.5% (W/V) CMC and CYS solution respectively. HACC was dis-
solved in deionized water to obtain 0.5% (W/V) solution. 52.8 mg
EDC and 31.6 mg NHS were added into 4 mL CMC solution to acti-
vate 20 min. The hydrogel was synthesized via Schiff base reaction
between carboxyl groups in CMC and amine group in CYS [42].
Typically, 2 mL CYS solution and different volumes of HACC was
added to the CMC solution at room temperature to prepare hydro-
gel under mild swirling. The mass ratio of CMC to HACC is 1:0,
10:1, 8:1, 7:1, 6:1, 5:1, 4:1 respectively. The mixture was poured
into the plastic petri dish and crosslinked one hour to form the
gelation. Then, the films were washed with distilled water in order
to remove the impurities, and 5-FU/CMC/HACC films were dried at
50 �C for 12 h. The three-dimensional hydrogel structure has
strong adsorption to 5-FU, and drug loading efficiency (LE) was
determined according to the following:

LE ð%Þ ¼ Wi

W
� 100% ð1Þ

whereWi is the mass of 5-FU in the films,W is the mass of the com-
posite films.

2.4. Characterization

The FT-IR spectra of all dried samples were analyzed by a total
reflection Fourier transform infrared instrument (FT-IR360, Nico-
let) with ATR module in the range of 400–4000 cm�1.

1HNMR spectra of chitosan and hydroxypropyltrimethyl ammo-
nium chloride chitosan in D2O/CF3COOD 95/5 (V/V) were obtained
on AVANCE IIIHD 600 MHz spectrometer.

2.5. Rheology tests

Rheology analyses were performed on MARSIII (Thermo Fisher
Scientific) with the flat plates of 25 mm diameter and measure-
ment gap of 1 mm. Before the strain-controlled analysis, the strain
for the linear viscoelatic regime within 10% was determined by
oscillatory shear sweep tests at a frequency of 1 Hz. The frequency
sweep experiment from 0.1 Hz to 10 Hz was performed under a
fixed strain of 1.0%.

2.6. Mechanical tests

According to ASTM D 882-88 test method, the tensile strength
and breaking elongation of the films (15 mm length� 5 mmwidth)
were measured using an UTM6502 Testing Machine at a testing
speed of 5 mm/min (Shenzhen Sansilan Technology Co., Ltd.).

2.7. Swelling study

The swelling analysis was tested by immersing dry hydrogel
films in PBS solution (pH 7.4) to reach equilibrium swelling at
37 �C. At predetermined time intervals, the samples were weighed
after removing excess water present on the film surface. The exper-
iment was carried out in triplicates, and the following equation
was used to define the swelling ratio:

Swelling Ratio ¼ Wt �W0

W0
� 100% ð2Þ

whereWt is the weight of swollen gel at time t, andW0 is the weight
of the dry gel.
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2.8. In vitro drug release

The in vitro drug release study as a function of time was per-
formed by immersing 200 mg 5-FU/CMC/HACC composite hydro-
gel films in 200 mL phosphate buffer solution (PBS, pH 6.5 or pH
7.4) with or without GSH (10 mM) and kept gentle shaking at
37 �C. At appropriate time intervals, 5 mL of each buffered solution
was withdrawn and characterized by UV–vis measurements at
265 nm, the vial was replenished with 5 mL fresh buffer solution.
The release behavior studies were performed thrice and the results
were mean values with the corresponding standard deviation (SD)
error bars.

2.9. In vitro cytotoxicity

The antitumor activity of drug loaded composite hydrogel films
and cytotoxicity assay of composite hydrogel films without drug
were evaluated by MTT method [43] in HepG2 cells fibroblast.
The relative cell viability was calculated by comparing the absor-
bance at 490 nm with control group using a Spectra Max 190
microplate reader. The cell inhibition (%) was determined as fol-
lowing relationship:

Cell inhibition ð%Þ ¼ 1� cell viability ð%Þ ð3Þ
2.10. Cell apoptosis assay

Cell apoptosis was evaluated by an annexin V-FITC/PI apoptosis
detection kit [44]. HepG2 cells were cultured with test solution
(2.5 mL) and control group (2.5 mL DMEM) for 24 h. The cells were
gentled washed with PBS twice, trypsinized, centrifuged and resus-
pended in 195 lL annexin V-FITC binding buffer. Then, the cells
were stained with 5 lL of annexin V-FITC reagent and 10 lL PI
solution for 20 min at 37 �C in the dark. Apoptosis was immedi-
ately analyzed by a flow cytometer (BD influx). Data were analyzed
by FlowJo analysis software.

2.11. Hemolysis assay

Hemolysis assay was performed using fresh goat blood accord-
ing the method described in our previous work [42]. The percent of
hemolysis was calculated using the following relationship:

Hemolysis ð%Þ ¼ ðAsample � Anegtive controlÞ
ðApositive control � Anegtive controlÞ � 100% ð4Þ
Fig. 1. Structure of modified chitosan: (a) FTIR, (b) synt
2.12. Antibacterial test

Antibacterial activity of pure CMC hydrogel films and CMC/
HACC composite films against E. coli and Staphylococcus aureus
were investigated using a disc diffusion method. E. coli and Staphy-
lococcus aureus were cultivated at 37 �C on the surface of LB nutri-
ent agar plates. The samples were placed on the plates and allowed
to incubate at 37 �C for 24 h. The antibacterial activities of samples
were evaluated by appearance of inhibition zones around the discs.
3. Results and discussion

3.1. Structure of modified chitosan

Fig. 1 presents the synthesis route of quaternary chitosan salt
(HACC) which was obtained by introducing ammonium group to
chitosan chain. From FTIR spectra of CS and HACC, the peak at
approximately 3500 cm�1 is due to the hydroxyl groups (AOH)
stretching of the samples. The absorption band at 3350 cm�1 in
CS was referenced as ANH2 band. The characteristic peaks are
observed at 2915 cm�1 and 2883 cm�1 for CAH, 1656 cm�1,
1597 cm�1 and 1382 cm�1 for C@O, ANH and CAO respectively,
1150 cm�1 and 1088 cm�1 for CAOAC. Compared with CS, in the
infrared spectrum of HACC, the disappeared of ANH2 at
3350 cm�1, the absorption of amino peak at 1565 cm�1 became
weak, and the appearence stretching vibration of ACH at
1480 cm�1 indicated chitosan was successfully quaternary
modification.

In the 1HNMR spectra of CS, the chemical shift of 4.72 ppm is
the peak of D2O, the chemical shift of 3.92 ppm is the signal peak
of H on C1, the chemical shift of 2.78–2.98 ppm, 2.27 ppm,
1.18 ppm are the peak of H on C5-C2 and hydroxymethyl group.
In the 1HNMR spectra of HACC, the new chemical shift of 3.15–
3.62 ppm, 4.27 ppm and 4.46 ppm are the peaks of H on Ca, Cb,
Cc, Cd, indicating the successfully preparation of HACC.
3.2. Rheology of composite hydrogel

The viscoelastic behaviour of composites hydrogel was studied
using strain amplitude sweeps and the results are shown in Fig. 2
(a). In region of c less than 1%, the G’ value is about two times
greater than G’’ value, which shows that the elastic nature is dom-
inating over viscous nature of gel. Consequently, the c = 1.0% was
selected in the subsequent oscillation tests to ensure that the
hesis route and (c) 1HNMR spectra of CS and HACC.



Fig. 2. (a) Strain sweep curves and (b) frequency sweep curves of CMC hydrogel.

F. Wang et al. / International Journal of Biological Macromolecules 154 (2020) 1392–1399 1395
following dynamic oscillatory deformation of each sample was
within linear viscoelastic region. The relationship of storage modu-
lus and frequency can be expressed by the following equation [45].

logG0 ¼ Klogf þ B ð5Þ

where G’ is storage modulus, f is the oscillation frequency and B is a
constant. K is considered as an indication of the viscoelastic nature
of a gel. The lower values of K lead to the higher degree of gelation.
From Fig. 2(b), K values of CMC:HACC = 1:0/10:1/8:1/7:1/6:1/5:1/4:
1 are 0.071, 0.050, 0.066, 0.052, 0.037, 0.031, 0.068 respectively. The
composite hydrogels value of K became smaller after containing
HACC, indicating that HACC has a synergistic effect on the gel
strength of cellulose and can be used to produce more elastic gels.
A possible explanation is the CMC/HACC composite hydrogen bond-
Fig. 3. (a) Tensile strength and (b) Elongation

Table 1
Physicochemical properties of different composite hydrogel films.

Composite hydrogel film sample (Mixed ratio) Drug loading (%)

CMC:HACC = 1:0 25.60 ± 3.5
CMC:HACC = 10:0 30.64 ± 3.2
CMC:HACC = 8:1 31.89 ± 3.6
CMC:HACC = 7:1 32.79 ± 3.3
CMC:HACC = 6:1 33.98 ± 3.9
CMC:HACC = 5:1 35.65 ± 4.3
CMC:HACC = 4:1 38.15 ± 5.0
ing resulted in the increase of gel strength in intermolecular and
intramolecular interactions of polymeric network hydrogels.

3.3. Evaluation of mechanical strength

Fig. 3 and Table 1 show the tensile strength and elongation at
break of the composite films. The tensile strength and elongation
at break of pure CMC film was 13.5 MPa and 42.5% respectively.
Compared with pure CMC film and HACC film, the tensile strength
of all composite films increased after adding HACC except the con-
tent of 4:1. The reason maybe the same as the increased storage
modulus (G’), the partially physically cross-linked network after
addtion of HACC increases the force between hydrogel polymer
segments. Too much HACC may disturbe the chemical bond
cross-linking between CMC and CYS, so the tensile strength
at break of CMC/HACC composite films.

Tensile strength (MPa) Elongation (%) ESR (%)

13.54 ± 3.87 42.56 ± 2.23 662 ± 49
17.09 ± 3.02 36.24 ± 3.21 724 ± 46
29.31 ± 3.63 40.12 ± 3.29 848 ± 42
26.32 ± 3.12 43.52 ± 2.98 930 ± 43
24.87 ± 2.98 45.81 ± 3.76 940 ± 49
14.61 ± 3.14 39.92 ± 3.27 874 ± 43
12.92 ± 2.87 37.78 ± 2.74 780 ± 50



Fig. 5. In vitro release of 5-FU/CMC/HACC composite hydrogel film in 6.5 and 7.4
PBS (with or without 10 mM GSH).
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decreased while HACC content is 4:1. The elongation at break of
some composite films decreased by adding HACC, however, it
could be increased with the content of 7:1 and 6:1. It indicates
the flexibility of the composites molecular chain was greatly
increased, and the deformation and rearrangement ability of the
polymer chain also increased. Consequently, 7:1 ratio of CMC to
HACC hydrogel showed the best stable network with improved
93.3% tensile strength and 2.3% elongation at break.

3.4. Swelling ratio of CMC/HACC composite films

As shown in Fig. 4, all cross-linked CMC composite films exhib-
ited good swelling property, and the swellability was found to
increase in the case of HACC. CMC hydrogel film showed a mini-
mum equilibrium swelling ratio (ESR) of 660%, while with the
HACC amount up to 7:1 and 6:1, equilibrium swelling ratio were
high to 930% and 940% respectively. When hydrogel comes in con-
tace with water its three dimensional hydrophilic network expan-
sion is controlled by its crosslinking content. In case of CMC
hydrogel film, low swelling ratio was observed due to its high
chemical crosslinking density which reduced the network space
and retarded the aqueous medium into the hydrogel. However,
the CMC chemical cross-linking structure could be broken with
the addition of HACC, so the composite three-dimensional network
structure had more freely movable polymer chains. On the other
side, the hydrophilic groups of HACC can simultaneously form H-
bonding with water molecules or acid groups in CMC. So the com-
posite hydrogel films could keep more water molecules, leading to
an increase of swelling capacity.

3.5. In vitro drug release of CMC/HACC composite films

According the above results, the composite film of CMC:
HACC = 7:1 was chosen as 5-FU carrier in the following study,
and drug loading efficiency (Table 1) is about 32.79%. We also stud-
ied the FT-IR spectroscopy of 5-FU/CMC/HACC before and after
loading 5-FU (Fig. S1). In the 5-FU FT-IR spectrum (Fig. S1c), the
broad absorption band around 1668–1728 cm�1 is due to the over-
lap of peaks (C@C, C@O). The strong absorption bands at 1420 and
1246 cm�1 can be assigned to the vibration of multisubstituted
pyrimidine compound and CAO, respectively [46,47]. For the spec-
trum of 5-FU/CMC/HACC composite (Fig. S1b), it displays a broad
band (3400–3600 cm�1) due to the stretching vibrations of the
OH groups in 5-FU, CMC, and HACC. Meanwhile, the composites
spectrum shows the main peaks of CMC, HACC and 5-FU, which
comfirm the success of drug loading process. In order to evaluate
the sensitivity of the hydrogels to the pH and redox conditions,
Fig. 4. Swelling behavior of different composite films in pH 7.4 PBS: (a) swelling r
the drug release behavior of the composite hydrogels was studied
in pH 6.5 and 7.4 PBS with or without GSH.

The results are shown in Fig. 5. All samples had a burst release
phenomenon during the first 30 min, it demonstrated that some
free drug diffused toward the surface of the membrane as the
water evaporated during the drying of drug-loaded film, so the
drug released at a faster rate when the film in contact with the dis-
solution medium. At pH 7.4, about 58% of loaded 5-FU could be
released from the composite film after 12 h. After adding 10 mM
GSH, the disulfide bonds were broken and the structure of the
hydrogel began to break, then about 92% of loaded 5-FU was
released at 12 h. At pH 6.5 for 12 h, the amount of released drug
was about 70%, much higher than pH 7.4. The possible reason for
this phenomenon might be amino groups on the HACC protonated
under acidic conditions, and weakened H-bonding interaction of
hydrogel beads leading to accelerate 5-FU release. Besides, the
release rate was greatly accelerated by introducing 10 mM GSH
and about 98% of 5-FU was released. These results showed that
5-FU had a sustained release under physiological conditon and
an accelerated release under weak acidic and/or reducing media.

3.6. Cytotoxicity assay

The cytotoxicity of the blank CMC/HACC film, 5-FU/CMC/HACC
film and free 5-FU against HepG2 cells was calculated by using
atio, (b) equilibrium swelling ratio, inset is swelling ratio of the first 30 min.
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the MTT assay. HepG2 cells were employed and incubated with the
above three samples for 24 h with different concentration or con-
taining 0.2 mg/mL 5-FU for different time. As seen in Fig. 6, 5-FU/
CMC/HACC film and free 5-FU showed obvious toxicity to HepG2,
and the cell inhibition increased with the increasing of drug con-
centration or longer time. Besides that, blank CMC/HACC film
showed very low cytotoxicity. The toxicity of therapeutical film
was lower compared to free 5-FU, attributing to the drug release
from hydrogel network sustained and time-dependent not like
small free drug molecules. What’s more, the HepG2 inhibition
increased in the presence of GSH and higher concentration of
GSH led to higher cell inhibition. The results indicate that 5-FU/
CMC/HACC has the potential for selectively killing cancer cells
in vitro.
Fig. 6. (a) Cell inhibition to HepG2 with different concentration of CMC/HACC film, 5-FU/
in DMEM with different concentrations of GSH (10 mM, 20 mM).

Fig. 7. Apoptosis analysis of HepG2 cells induced by CMC/HACC film, free 5-FU, 5-FU/CMC
20 mM).
3.7. Cell apoptosis assay

We performed apoptotic characterization by annexin V-FIIC/PI
double staining and flow cytometry analysis to reconfirm the cell
inhibition of samples. As shown in Fig. 7, the control cells had nor-
mal viability without significant apoptosis, and the percentage of
apoptotic cells was 3.13%. The cell apoptosis percentage treated
by blank CMC/HACC film and free 5-FU were 4.7% and 88.93%,
respectively. The cell apoptosis percentage treated by 5-FU loaded
CMC/HACC film was 9.12%, while the percentage were 19.61% and
29.52% after adding 10 mM GSH and 20 mM GSH. As expected, the
loading of 5-FU into the redox-responsive CMC/HACC hydrogel
increases the toxcity to HepG2 and shows the efficacy of drug-
delivery films targeted towards the cancer cell’s cytoplasm.
CMC/HACC film and free 5-FU; (b) In vitro cytotoxicity of 5-FU/CMC/HACC to HepG2

/HACC film and 5-FU/CMC/HACC film with different concentrations of GSH (10 mM,



Fig. 8. Hemolysis of positive control, negative control, 5-FU, CMC/HACC composite
film and 5-FU/CMC/HACC composite film.

Fig. 9. Inhibitory effects of CMC/HACC composite film with different concentration
of HACC on (a) S. aureus and (b) E. coli.
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3.8. Hemolysis assay

The biocompatibility of the hydrogel films was analyzed by
hemolysis and results were shown in Fig. 8. The test is based on
the determination of the lysis of RBC in presence of the samples.
Insert represents the photographs of blood treated with all samples
and control samples. There leased hemoglobin dissolved in exter-
nal fluid forms yellowish color which can be measured by spec-
trophotometry. The cell damage would be greater with higher
the optical density of the supernatant [48]. The results showed
all samples were nonhaemolytic, the percentage hemolysis being
lower than the permissible limit 5% [49]. The low value of percent-
age hemolysis for composite films can be attributed to higher
hydrophilicity of the polymer matrix which decreases polymer-
RBC interactions and lowers disruption of RBCs. According to ISO/
TR 7406, CMC/HACC composite film is hemocompatibility and suit-
able as a drug-delivery vehicle.
3.9. Antibacterial behavior

It is known that chitosan has intrinsic antimicrobial properties,
and chitosan derivaties containing quaternary ammonium salts
have stronger antibacterial activity [50]. It has been proposed that
the antimicrobial model is to attach on the surface of bacteria. The
antimicrobial effect relies on the interaction between polycationic
chitosan and anionic groups on the microbial cell membranes,
causing the leakage of intracellular constitutes [31,51]. In our
study, the bacteriostatic activity of HACC to CMC hydrogel film
against S. aureus (Gram positive) and E. coli (Gram negative) were
determined, and the results are shown in Fig. 9. CMC/HACC com-
posite hydrogel showed bacteriostatic activity against both bacte-
ria, and the inhibition area was significantly enhanced according to
the increase of HACC content in the composite films. In contrast to
CMC/HACC composite hydrogel, no inhibition zone was observed
for pure CMC film. This clearly demonstrates that the antimicrobial
activity is because of the presence of HACC.
4. Conclusion

In this paper, chitosan was quaternary ammonium modified
and characterised using FT-IR and 1HNMR, then CMC/HACC com-
posite hydrogel crosslinked by disulfide bond was investigated.
The mechanical abilities and swellability of composite films were
improved, and the optimal ratio of HACC to CMC is 1:7. The
mechanical abilities and swellability of composite films were
improved by adding HACC. Moreover, the composite films dis-
played redox and pH responsiveness, leading to the controllable
release of 5-FU. Cytotoxicity results exhibited that the prepared
5-FU/CMC/HACC composite films showed excellent cancer cells’
inhibition ability with well biocompatibility. Compared with
CMC hydrogel film, the composite films exhibited effective
antibacterial activity towards both S. aureus and E. coli. The results
above indicated that our 5-FU/CMC/HACC composite film has good
potential for tumor postoperative treatment.
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