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This study aims to develop new quaternary ammonium salt-based antimicrobial materials with good biocom-
patibility, biosafety, and strong antimicrobial properties that promote wound healing in infected wounds. First,
four new quaternary ammonium salt antibacterial fibers (QASAF) are constructed: QASAF-C12, QASAF-C14,
QASAF-C16, and QASAF-C18, with varying carbon chain lengths of C12, C14, C16, and C18, respectively. Then,
their structure is characterized by proton nuclear magnetic resonance (NMR) analysis and their hemolytic and
cytotoxic properties are also investigated. QASAFs are then evaluated for in vivo and in vitro antimicrobial
performance against Staphylococcus aureus (S. aureus) and methicillin-resistant Staphylococcus aureus (MRSA).
Finally, the effect of QASAF on promoting wound healing in infected wounds is evaluated using mouse wound
models infected with S. aureus and MRSA. The obtained results suggest that QASAF is non-toxic to cells in the
25-125 pg/mL concentration range, is slightly hemolytic, has good biocompatibility, and has a biosafety profile.
QASAF-C18 shows the best antibacterial performance against S. aureus with significant pro-healing effects on
infected wounds. QASAF-C12 exhibits the best antibacterial performance against MRSA with significant pro-
healing effects. The novel quaternary ammonium-based antimicrobial material provides a reference for devel-
oping antimicrobial and biocompatible wound dressings.

1. Introduction

Millions worldwide die yearly from malignant bacterial infections
(Brumfitt and Hamilton-Miller, 1989, Becker et al., 2017, Minozzi et al.,
2021). Currently, bacterial illnesses are commonly treated with antibi-
otics. Since antibiotic use has increased, bacterial resistance has risen
considerably. Up to 700,000 drug-resistant bacterial illnesses occur
yearly (C., 2017). In recent years, the research on antibacterial materials
has been mainly divided into metal-organic frameworks (MOFs) (Shen
et al., 2020), transition metals(Qi et al., 2020), organic materials(Saidin
et al., 2021), carbon-based(Mann et al., 2021), and precious metal ma-
terials (Zhou et al., 2021). MOF antibacterial materials possess excellent
antibacterial properties; however, biocompatibility problems still exist.
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Although transition metal compounds exhibit high physiological sta-
bility, their manufacturing is difficult, and biosafety needs improvement
(Qiao et al., 2019, Yuan et al., 2019). On the other hand, organic ma-
terials can be flexibly processed and are biocompatible; however, their
synthesis process is complicated (Diven et al., 1996, Linsley et al., 2015).
Although carbon-based materials have the advantages of adjustable
parameters, good thermal stability, and low cost, they have high toxicity
and poor antibacterial properties (Qian et al., 2018, Lee et al., 2020).
Therefore, improving blood compatibility and biocompatibility is an
urgent challenge for developing new antimicrobial materials.
Quaternary ammonium salts (QAS) are the cationic antibacterial
agent penetrating bacterial cells, destroying electrolytes, and damaging
cell membranes, thereby playing a bactericidal role (Rajkowska et al.,
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2016). The cationic quaternary ammonium ions in the QAS structure can
be anchored on the polymer chain(Wiarachai et al., 2012, Zhao et al.,
2020, Choi et al., 2021). The antibacterial effect of QAS is enhanced with
increasing alkyl chain length on the nitrogen atom in the quaternary
ammonium salt (Gottenbos et al., 2002). Normally, the best antibacte-
rial effect is observed for the chain length of 12-18 carbon atoms
(Vereshchagin et al., 2021). QAS exhibits high antibacterial efficiency;
however, proteins and red blood cells in damaged tissues easily bind to
QAS (Pérez et al., 2009, Jiao et al., 2017). Therefore, the blood
compatibility and biocompatibility of QAS-based materials are still
insufficient. Therefore, improving blood compatibility and biocompat-
ibility is the main challenge in developing QAS antibacterial materials.

Dextran is produced from sugars or chemical synthesis under bac-
terial action(Wangpaiboon et al., 2020). Dextran is rich in hydroxyl
groups and readily mixes with drugs and proteins via non-covalent or
covalent interactions(Del Bino et al., 2022). Due to its good physical and
chemical properties and non-toxicity, dextran has become a potential
drug macromolecular carrier. In addition, it improves blood compati-
bility and affects coagulation homeostasis, such as inhibition of platelet
activation and red blood cell formation (Zeerleder et al., 2002, Neu
et al., 2008, Ferrer et al., 2013). Yang et al. reported enhanced ther-
moplastic polyurethane materials’ blood compatibility by surface
immobilizing chitosan and dextran sulfate (Usman et al., 2016). Poly-
vinyl alcohol/dextran hydrogel reported by Alexandre et al. significantly
lowered the hemolysis index since Dextran protects red blood cells,
thereby improving blood compatibility and biocompatibility (Alexandre
et al., 2014, Gharibi et al., 2019). Therefore, combining the advantages
of QAS and Dextran, a hypothesis is proposed: Synthesizing antimicro-
bial materials containing dextran backbone by covalently linking QAS
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can improve the blood compatibility, biocompatibility, and antimicro-
bial properties of QAS-based antimicrobial materials.

Different types of quaternary ammonium salt antimicrobial fibers
(QASAF) are constructed. The synthesis of QASAF and the in vitro and in
vivo antibacterial mechanisms are described in Fig. 1. First, Epoxypropyl
Alkyl Dimethyl Ammonium Bromide (EPADMAB) with different carbon
chain lengths is synthesized. Then, EPADMARB is grafted on dextran to
obtain QASAF. The chemical structure of QASAF is characterized to
evaluate its cytotoxicity, hemolysis, and biosafety and to investigate the
in vivo and in vitro antibacterial properties against S. aureus and MRSA.
Finally, the pro-healing effect of as-synthesized fibers on infected
wounds in mice is evaluated. Obtained results serve as a guide for
making antibacterial and wound-healing dressings.

2. Materials and methods
2.1. Ethical approval

All experiments were performed under the guidelines of the Animal
Experimentation Ethics Committee of Guilin Medical University
(approval No. GLM(C202103275).

2.2. Preparation

2.2.1. Synthesis of quaternary ammonium salt intermediates with different
carbon chains

The quaternary ammonium salt intermediate (QASI) with a carbon
chain length of C12 was synthesized according to previous literature
(Deng et al., 2021) using N, N-dimethyl dodecyl amine (Xinguang

Fig. 1. Synthesis of antimicrobial fibers and in vitro and in vivo mechanisms.
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Chemical Engineering Co., Ltd., Shanghai, China) and epoxy bromo-
propane (Aladdin Co., Ltd., Shanghai, China). The N, N-dimethyl
dodecyl amine (9.8085 g), and methanol (5 mL) were added to a 100 mL
two-necked round-bottom flask. Then, a mixture of 5 mL methanol
(Aladdin Co. Ltd., Shanghai, China) and 7.2012 g epoxybromopropane
(Aladdin Co. Ltd., Shanghai, China) was added dropwise to the above
flask, and the reaction was carried out for 2 h at 45 °C under nitrogen
atmosphere. Methanol was evaporated using a rotary evaporator (N-
1300, Shanghai Eyela Co., Ltd., Shanghai, China) under a vacuum. After
recrystallizing five times with ethyl acetate (Sinopharm Reagent Co.,
Ltd., Shanghai, China), the finished product was vacuum dried at 40 °C
for 24 h. The product was marketed as QASI-C12 (Fig. 2A).

The quaternary ammonium salt intermediates with carbon chain
lengths of C14, C16, and C18 were synthesized using relevant pre-
cursors; N, N-dimethyltetradecylamine, N, N-dimethylhexadecylamine,
N, N-dimethyl octadecylamine, respectively. The synthesized quater-
nary ammonium salt intermediates were named QASI-C14, QASI-C16,
and QASI-C18, respectively, and then characterized by 1H NMR.

2.2.2. Synthesis of antibacterial fibers of quaternary ammonium salts

The quaternary ammonium salt antibacterial fiber (QASAF) with
different carbon chains was synthesized using a previously reported
method(Yu et al., 2022). The synthetic route for QASAFs is shown in
Fig. 2B. Briefly, 4.0 g dextran (Aladdin) was dissolved in 400 mL
distilled water, 7.0 g QASI-C12 and 4.0 g NaOH was added, and the
reaction was carried out at 50 °C for 3 h. Subsequently, the obtained
mixture was cooled to room temperature, and neutralized with glacial
acetic acid (Sinopharm Reagent Co., Ltd.). Finally, it was transferred to a
3.5 kD dialysis bag where it remained for 3 days in deionized water.
Then, C12 quaternary ammonium salt antibacterial fiber was obtained
by freeze-drying. Similarly, the QASAFs with different carbon chain
lengths of C14, C16, and C18 were synthesized and named QASAF-C14,
QASAF-C16, and QASAF-C18, respectively.

2.2.3. Nuclear magnetic resonance (NMR) analysis of QASI and QASAF

1H NMR of each sample was carried out at room temperature using a
400 MHz NMR spectrometer (Bruker AVANCE III HD MRI, Bruker,
Germany).

2.2.4. Zeta potential of QASI and QASAF

Zeta potentials of dextran, QASI, and QASAF were measured by a
Malvern Nano ZS Zetasizer(Jiang et al., 2017, Xu et al., 2019)(Malvern
Instruments, United Kingdom).
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2.2.5. Hemolysis experiment of QASAF

1.0 mL of fresh blood was collected and placed in an EP tube con-
taining an anticoagulant (Beijing Solarbio Science & Technology Co.,
Ltd, Beijing, China). Then, the fresh blood was centrifuged and washed
thrice with Phosphate Buffered Saline (PBS) containing normal saline.
500 pL of red blood cell suspension was mixed with an equal volume of
QASAF suspension at 25, 50, 75, 100, 125, and 150 pg/mL. Pure water
was selected as the positive control (PC) group, whereas the negative
control group (NC) was a PBS solution containing normal saline. The
mixture was centrifuged after a 60-minute incubation at 37 °C. The
supernatant was transferred to a 96-well plate to determine the relative
hemolysis rate. The absorbance of samples was then tested at 590 nm,
and the homolysis rate was calculated (Sun et al., 2021).

2.2.6. Cell culture

Human hepatocellular carcinoma cells (Hep G2) were derived from
the School of Intelligent Medicine and Biotechnology of Guilin Medical
University. The cell culture medium was DMEM medium (Gibco, US)
containing streptomycin (100 pg/mL), penicillin (100 U/mL), and fetal
bovine serum (10 %). The specific operation was as follows: Hep G2 cells
were cultured in a constant temperature cell incubator at 37 °C (BPH-
9082, Shanghai Yiheng Technology Instrument Co., Ltd., Shanghai,
China) containing carbon dioxide (5 %). The medium was switched
every other day. Cell passage, seed plate, cryopreservation, and all the
following experiments were performed once the cell attachment density
reached 80 %.

2.2.7. Cytotoxicity assay

The cytotoxicity of different QASAFs was determined by MTT assay
(Zhang et al., 2016). Hep G2 cells in the logarithmic growth phase were
seeded in 96-well plates at a density of 5 x 104 cells per well and
cultured in an incubator for 24 h. DMEM’s medium containing 25, 50,
75, 100, and 125 pg/mL of QASAF replaced the solution in the original
hole and was cultured in the incubator for another 24 h. 10 pL. MTT (5
mg/mL) solution (Sigma Co., Ltd., Shanghai, China) was added to each
well. Cultured in the incubator for 4 h. After removing the solution from
each 96-well plate hole, 150 pL of DMSO was added to each hole. After
shaking for 10 min, the absorbance of the lysate was measured at 490
nm by a microplate reader (Multiskan FC, Jiangsu Science Equipment
Co., Ltd., Jiangsu, China) to calculate the relative cell viability.

The antibacterial growth curve was determined by a previously re-
ported method (Zhang et al., 2016). In 96-well plates, 80 pL of normal
saline was added to each well, and 10 pL. QASAF samples with different
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Fig. 2. (A)Synthesis route of each quaternary ammonium salt intermediate (B) and antimicrobial fibers with different carbon chain lengths.
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concentration gradients were added to each well. After mixing, 10 pL of
bacterial solution with OD600 = 0.5 was added to each well and incu-
bated in a shaker (37°C, 180 rpm) for 10 min (Zhang et al., 2016). After
adding 10 pL LB (10 x ) broth liquid medium, the OD600 was measured
at0, 2, 4, 6, 8,10, 12, 24, 36, and 48 h using a microplate reader.

2.2.8. Determination of minimal inhibitory concentration

Minimal inhibitory concentration (MIC) is determined according to a
previously reported reference (Zhang et al., 2016). The OD600 = 0.5
bacterial suspensions were diluted 10 times with normal saline. 80 pL of
normal saline was added to each well of 96 well plate before adding 10
pL of QASAF samples with various concentration gradients was filled
with and thoroughly mixed. After adding 10 pL of a diluted bacterial
solution, the mixture was incubated in a shaker (37 °C, 180 rpm) for 10
min. The bacteria were cultured in a 37 °C thermostatic shaker (180
rpm) for 18 h after adding 10 pL LB broth liquid medium (10 x ). Then,
10 pL CCK-8 solution (Shanghai Dongren Technology Co., Ltd,
Shanghai, China) was added to each well. The mixture was shaken for
10 min, and absorption was measured at 450 nm. Finally, the inhibitory
effects of various doses of QASAF on bacteria were assessed from the
absorption value.

2.2.9. Plate coating

400 pL normal saline and 50 pL QASAF samples were added to the EP
tube. After mixing, 50 pL of bacterial solution with OD600 = 0.5 was
added, and the mixture was placed in a thermostatic oscillator at 37 °C
(180 rpm) for 10 min. 50 pL of the sample was taken from each tube and
added dropwise to the LB agar plate petri dish, and the glass coating rod
was used for coating. The plate was inverted and placed in a 37 °C
constant temperature incubator for 18 h. Finally, photos were taken, and
the number of colonies was counted.

2.2.10. Mice epidermal infection

Female Kunming mice (weighing 25-30 g) were anesthetized by
intraperitoneal injection of 0.94 % sodium pentobarbital (Aladdin Co.
Ltd, Shanghai, China). Next, a subcutaneous injection of 100 pL. OD600
=1.0S. aureus and MRSA was done for 2 days to complete the epidermal
S. aureus infection and MRSA infection models. 24 model mice infected
with S. aureus were randomly divided into 2 groups of 12 each: the
control group and the QASAF-C12 group. Similarly, 24 MRSA-infected
model mice were randomly divided into 2 groups, the control, and
QASAF-C12 groups, each of 12 mice.

On the 3rd and 4th days, 100 pL PBS and QASAF-C12 were subcu-
taneously injected at the infected site in the control and experimental
groups, respectively. All mice were sacrificed on day 5, and each
mouse’s heart, liver, spleen, lung, kidney, and subcutaneous infected
tissues were collected. Obtained samples were immersed in 4 % para-
formaldehyde (Aladdin Co. Ltd, Shanghai, China) solution and sent to
the Department of Pathology, Affiliated Hospital of Guilin Medical
University for pathological analysis. Hematoxylin (H) and Zhuhai Besso
Biotechnology Co., Ltd., Guangdong, China (Eosin, E) were used to stain
the sections, and H&E stained pathological sections were photographed.
After weighing the collected subcutaneous infected tissues, normal sa-
line was added at 10 mg/mL (tissue weight/normal saline volume), and
5-6 pieces (1 m diameter) were added.

2.2.11. Wound healing in mice

Female Kunming mice (weighing 25-30 g) were anesthetized by
intraperitoneal injection of 0.94 % pentobarbital sodium. A sharp
stainless steel punch (8 mm in diameter) and stainless steel scissors were
used to remove the skin and hair to obtain a wound of about 8 mm in
diameter.

The S. aureus or MRSA suspension 100 pL (concentration of 1 x 108
CFU/mL) was slowly dropped to infect the wound and complete the
model. The control groups and experimental mice were split randomly.
PBS and QASAF were added to the wound on days 0, 1, and 2 of
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infection, respectively. Photos were taken on days 0, 3, 6, 9, and 14, and
Image J software was used to accurately measure the initial total wound
area (Ag) and the total wound area (Aq). The wound healing rate (P, %)
was calculated as follows (Guan et al., 2022):

P = (Ay —A4)/Ao x 100% @)

The wounded tissues were collected and immersed in a 4 % para-
formaldehyde solution on days 0, 3, 6, 9, and 14. H & E staining and
Masson staining pathological sections were performed, and sections
were photographed.

2.2.12. Statistical analyses

All data were expressed as the means + SD. One-way ANOVA per-
formed multiple comparisons with Duncan’s multiple range test post hoc
analysis using SPSS version 13.0 software (IBM, Armonk, New York,
USA). P values < 0.05 were considered statistically significant.

3. Results
3.1. Material properties of QASAF

The 'H NMR spectra of the four QAS intermediates and the four
antibacterial fibers were determined(Deng et al., 2021, Yu et al., 2022).
After comparing the 'H NMR spectra of QASI-C12 (Figure S1), QASI-C14
(Figure S2), QASI-C16 (Figure S3), QASI-C18 (Figure S4), and the raw
materials, it was clearly revealed that the above four intermediate
compounds were successfully synthesized. Similarly, the 'H NMR
spectra of the four antibacterial fibers (QASAF-C12, Figure S5; QASAF-
C14, Figure S6; QASAF-C16, Figure S7; QASAF-C18, Figure S8) were
compared with those of the QAS intermediates, which demonstrated
that the four antibacterial fibers were also successfully synthesized.

The Zeta potential of dextran, QASI-C12, and QASAF-C12 is deter-
mined. The dextran polymer solution has a weak negative charge with a
zeta potential of —1.5 + 0.04 mv, while The Zeta potentials of QASI-
C12, QASAF-C14, QASAF-C16 and QASAF-C18 are 21.30 + 0.57,
21.90 + 0.80, 38.40 + 0.73, and 39.10 + 1.03 mV, respectively
(Table 1). Chemical structure analyses of dextran and QASAF reveal that
the dextran polymer is formed by glycosidic bonding between basic
glucose units, and the molecules are uncharged or have a trace negative
charge. In contrast, each quaternary ammonium salt intermediate and
each QASAF molecule contain highly positively charged ammonium
ions. Our results show that the positively charged QASI is successfully
attached to the dextran backbone, generating positively charged qua-
ternary ammonium antimicrobial fibers.

When the QASAF concentration is high, the hemolysis rate is < 5 %.
The hemolysis rate of QASAF is lower in the effective inhibitory con-
centration range (Fig. 3A), indicating that QASAF is slightly hemolytic at
higher concentrations, demonstrating good biosafety.

The inhibitory activity of QASAFs’ different concentrations on Hep
G2 cells is determined by MTT assay. The survival rate of Hep G2 cells is
> 85 % (>70 %, no cytotoxicity(Xi et al., 2019)) at the 25—125 pg/mL
concentration range (Fig. 3B), suggesting that QASAF has good
biocompatibility. Electron micrographs are taken for Hep G2 cells
treated with QASAF at 125 ug/mL concentration. Compared with the
control group, there is no significant difference in the growth status and

Table 1
Zeta potential of Dextran, QASAF-C12, QASAF-C14, QASAF-
C16 and QASAF-C18.

Sample Zeta potential ( mv )
Dextran —1.5+ 0.04
QASAF-C12 21.3 £ 0.57
QASAF-C14 21.9 + 0.80
QASAF-C16 38.4 £0.73
QASAF-C18 39.1 £1.03
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Fig. 3. (A) Hemolytic ratio of QASAF-C12, QASAF-C14, QASAF-C16, and QASAF-C18; (B) Relative cell viability of Hep G2 incubated in medium containing different
concentrations of QASAF nanofibers, and (C) cell morphology and survival status of QASAF and Hep G2 at 125 pg/mL.

morphology of Hep G2 cells in each group (Fig. 3C), while there is a
significant change in the control group, further verifying the low toxicity
of QASAF to cells and good biocompatibility.

3.2. Invitro and in vivo antimicrobial performance of QASAF against
S. aureus infection

The antibacterial growth of QASAF against S. aureus is determined by
an antibacterial growth curve and plate coating. All four QASAFs show
strong bactericidal ability against S. aureus, positively correlated with
dose (Fig. 4A). Among them, QASAF-C18 shows better antibacterial

performance. The antibacterial properties of QASAF are as follows:
QASAF-C18 > QASAF-C16 > QASAF-C14 > QASAF-C12, suggesting that
the longer the carbon chain of linear alkanes, the better the antibacterial
properties against S. aureus(Zhang et al., 2016, Zhou et al., 2023).

When the concentrations are 25, 50, 75, and 150 pg/mL, QASAF-
C18, QASAF-C16, QASAF-C14, and QASAF-C12 achieve 100 % sterili-
zation (Fig. 4A). Moreover, QASAF-C18 exhibits the best antibacterial
performance against S. aureus.

The minimum inhibitory concentration (MIC) of QASAF at different
concentrations against S. aureus is determined by the CCK-8 kit(Yang
et al., 2016), as shown in Table 2. The MIC values of QASAF-C12,
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Table 2
MIC values of four QASAFs against S. aureus (ug/mL).

Species Gram type Medicine MIC [pg mL-1]
S. aureus G+ QASAF-C12 150
QASAF-C14 75
QASAF-C16 50
QASAF-C18 25

QASAF-C14, QASAF-C16, and QASAF-C18 are 150, 75, 50, and 25 pg/
mL, respectively, consistent with the results obtained by the above
antibacterial growth curve method, further verifying the antibacterial
performance of QASAF-C18 against S. aureus.

The effects of QASAF-C18 concentration on S. aureus are further

evaluated. The relationship between optical density OD600 at 600 nm
and time is also explored. The growth curve of QASAF-C18 against
S. aureus is obtained (Fig. 4A). When the concentration is lower than 25
pg/mL, the OD600 value of the QASAF-C18 group increases with time.
After 24 h, the OD600 value decreased due to nutrition exhaustion and
some bacterial colonies’ death. The QASAF-C18 at 25 pg/mL concen-
tration completely suppresses the S. aureus growth within 48 h since
0OD600 of the bacterial solution at 600 nm is 0.

Fig. 4B shows the quantitative statistical analysis of antibacterial
properties and the number of colonies at different concentrations of
QASAF-C18 against S. aureus by a plate coating method. Compared with
the control group, the QASAF-C18 concentration increased from 10 pg/
mL to 50 pg/mL, and the bacterial colonies in LB agar plate culture
dishes decreased significantly. However, sterile colonies are formed in
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the culture dish when the concentration of QASAF-C18 is 25 pg/mL and
50 pg/mL.

The antibacterial properties of QASAF-C18 in vivo are evaluated
using a mice model of S. aureus subcutaneous infection. The subcu-
taneous injection of S.aureus and QASAF-C18 sites in mice is depicted in
Fig. 4C. In the control group, the subcutaneous infection site is signifi-
cantly more evident with pale white purulent tissue than in the QASAF-
C18 group. The infection site of the subcutaneous injection of QASAF-

A

Day 0

Control

QASAF-C18

I Control
[ QASAF-C18

Wound area ratio (%)

N

Distance (cm)
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C18 is significantly improved at the infection site.

Fig. 4D indicates the number of bacterial colonies in the subcuta-
neously infected tissues of mice on day 5. The number of bacterial col-
onies at different concentration gradients of the QASAF-C18 group is
lower than in the control group, revealing the excellent antibacterial
effect of QASAF-C18 in vivo.

The pathological section results of the mouse heart, liver, spleen,
lung, and kidney are shown in Fig. 4E. There are no obvious

W Cay0 Day3 | DayB W Days W Day14
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T T T T T T
p p E - -
ik
c
"
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- - D - -
— 0 .
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QDNF-C18

Fig. 5. (A) Wound healing, (B) wound healing ratio, and (C) wound healing area of QASAF-C18 treated mice. (D) Tissue section H&E and Masson staining of mouse
epidermis in wound healing model. All data are presented as the means + SD (n = 3). (**p < 0.01). Bar = 500 pm.
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abnormalities in the pathological sections of the heart, liver, spleen,
lung, and kidney in the QASAF-C18 group, indicating that QASAF-C18 is
injected subcutaneously without damaging the mice. These results
suggest that QASAF-C18 has good biosafety.

3.3. Wound healing promoting effect of QASAF-C18

Mouse-infected wound model is used to evaluate the healing effect of
QASAF-C18 on infected wounds. Compared with the control group,
QASAF-C18 significantly promotes wound healing (Fig. 5A). The
wounds in the QASAF-C18 group are scabbed on the 3rd day, and the
wound area in mice is remarkably smaller than the other groups. The
ratio of the healing area to the initial wound area at different time points

A
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is shown in Fig. 5B. On day 14, there was still a large scab tissue in the
control group; the wound area was 11.83 % of the initial wound area. In
contrast, the wound area of the QASAF-C18 group is only 1.41 % of the
initial wound area.

The visual statistics of wound healing trajectory and wound area size
during the healing in mice at different time points are shown in Fig. 5C,
which shows that the wound area in the QASAF-C18 group is smaller
than the control group. Therefore, it is suggested that QASAF-C18 can
kill the bacteria at the wound site, preventing the wound from inflam-
matory reactions triggered by the infection. Therefore, QASAF-C18 can
promote the healing of infected wounds.

Finally, the pro-healing effect of QASAF-C18 is evaluated on infected
wounds by pathological sections of traumatic tissue. H&E-stained and
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Fig. 6. (A) Bacterial survival after 10 h co-culture of QASAF-C12 with MRSA and kinetic growth curves, (B) tissue bacterial dilution smear observation and
quantitative analysis, (C) mice subcutaneously injected with MRSA bacteria and QASAF-C12 locus, (D) tissue bacterial dilution smear observation and quantitative
analysis, and (E) tissue sections of heart, liver, spleen, lung, and kidney of mice.
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Masson-stained sections of the wound site are prepared on day 14. The
QASAF-C18 group produced more inflammatory cells during wound
healing. In addition, collagen shows blue color in Masson staining. The
higher concentration of collagen deposited on the wound surface pro-
motes healing. The QASAF-C18 group produces more collagen Masson
protein than the control group, suggesting the pro-healing effect on
infected wounds.

3.4. Invitro and in vivo antimicrobial performance of QASAF against
MRSA

Fig. 6A indicates the antibacterial growth curve of QASAF against
MRSA in vitro. Obtained results reveal that only QASAF-C12 exhibits the
highest antibacterial performance against MRSA. The antibacterial ac-
tivity against MRSA is as follows; QASAF-C12 > QASAF-C14 > QASAF-
C16 > QASAF-C18. In addition, QASAF-C12 at a 100 pg/mL concen-
tration achieves 100 % sterilization, while QASAF-C14, QASAF-C16,
and QASAF-C18 cannot inhibit MRSA at the same concentration.
Therefore, QASAF-C12 is selected as the best antibacterial fiber against
MRSA.

The MIC of QASAFs’ different concentrations against MRSA is
determined using the CCK-8 kit (Table 3). The MIC value of QASAF-C12
is 100 pg/mL, indicating its inhibitory effect on MRSA at this concen-
tration. The MIC values of QASAF-C14, QASAF-C16, and QASAF-C18 are
all higher than 500 pg/mL with an inhibitory effect on MRSA. These
results further indicate that QASAF-C12 exhibits the best antibacterial
performance against MRSA.

The antibacterial performance of QASAF-C12 against MRSA is also
evaluated by coating plate assay. The bacterial survival rate decreased
significantly with the increase in concentration from 25 pg/mL to 125
pg/mL (Fig. 6B). The plate shows almost no MRSA when the concen-
tration reaches 100 pg/mL. Quantitative analysis reveals that the anti-
bacterial performance of the QASAF-C12 group is significantly higher
than that of the control group. The bacterial survival rate in the QASAF-
C12 group co-cultured with MRSA reaches almost 0 % at 100 pg/mL and
125 pg/mL concentrations. These results reveal that QASAF-C12 ex-
hibits good antibacterial properties at this concentration.

A mouse model of MRSA subcutaneous infection is constructed, and
the antibacterial properties of QASAF-C12 are evaluated in vivo. The
infection site for the control group shows pale white purulent tissue, and
the subcutaneous infection site for the QASAF-C12 group is significantly
improved (Fig. 6C).

The subcutaneous infection sites of the two groups were collected for
homogenate treatment and plate culture on the 5th day, and the number
of bacterial colonies was calculated to evaluate the therapeutic effect.
The number of bacterial colonies at different concentration gradients of
the QASAF-C12 group was significantly lower than that in the control
group, indicating an obvious antibacterial effect of QASAF-C12 in vivo
(Fig. 6D).

After 5 days, both mice groups were dissected, and the heart, liver,
spleen, lung, kidney, and other major organs were collected for patho-
logical observation, and organ damage after subcutaneous injection of
QASAF-C12 was obtained. No obvious abnormalities are detected in the
pathological sections of the main organs in the QASAF-C12 treated
group (Fig. 6E), suggesting that QASAF-C12 is injected subcutaneously
into the body without causing damage to mice and QASAF-C12 exhibits
good biocompatibility.

Table 3
MIC values of four QASAFs against MRSA (pg/mL).
Species Gram type Medicine MIC [pg mL ']
MRSA G+ QASAF-C12 100
QASAF-C14 >500
QASAF-C16 >500
QASAF C18 >500
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3.5. Effect of QASAF-C12 in promoting wound healing in MRSA infected
wound

Fig. 7 shows the healing-promoting effect of QASAF-C12 on MRSA-
infected wounds. The ratio of the infected wound healing area to the
initial infected wound area at different time points is determined.
Compared with the control group, QASAF-C12 exhibits a significant
wound healing-promoting effect, as shown in Fig. 7A. The wounds
treated with QASAF-C12 crusted over on day 3 after treatment, signifi-
cantly smaller than that of the control group. On day 14, the wound was
healed, and the trauma area was only 1.93 % of the initial wound area.
For the control group, the wound still had large scabs of tissue, and the
wound area was 6.00 % of the initial trauma area (Fig. 7B). These results
show that QASAF-C12 has a significant pro-healing effect on MRSA-
infected wounds.

Fig. 7C and 7D show the visual statistics of wound healing trajectory
and area size during infected wound healing. The wound area in the
QASAF-C12 group is significantly smaller than the control group at
different time points (Fig. 7C). QASAF-C12 promptly killed bacteria at
infected wound sites to promote healing. Therefore, it can be concluded
that QASAF-C12 can promote the healing in infected wounds.

On day 14, wound site tissues were made into H&E-stained and
Masson-stained sections to assess the pro-healing effect of QASAF-C12
(Fig. 7D). The results suggest that control and QASAF-C12 groups pro-
duce more inflammatory cells during wound healing. The number of
inflammatory cells in the QASAF-C12 group is lower than in the control
group, indicating that QASAF-C12 could kill the bacteria on the wound
surface, thereby avoiding the inflammatory reaction. Masson staining
results suggest that the QASAF-C12 group produces more collagen in the
wound than the control group, further verifying the pro-healing effect of
QASAF-C12.

4. Discussion

One of the primary challenges in the development of innovative QAS
antimicrobial materials lies in improving blood compatibility and
biosafety(Jiao et al., 2017) (Wang et al., 2023). In this investigation, by
harnessing the advantageous properties of Dextran to enhance both
hemocompatibility and biocompatibility, QAS compounds were syn-
thesized with Dextran to produce four distinct QASAF variants: QASAF-
C12, QASAF-C14, QASAF-C16, and QASAF-C18. The results revealed
that QASAF concentrations ranging from 25-125 ug/mL exhibited
cellular non-toxicity and demonstrated admirable hemocompatibility
and biosafety. Particularly, QASAF-C18 exhibited exceptional antibac-
terial effectiveness against S. aureus and demonstrated a notable wound
healing promotion effect in murine models. In parallel, QASAF-C12
displayed remarkable antibacterial efficacy against MRSA and also
exhibited a significant wound healing promotion effect in mice. The
successful creation of QASAF serves as a valuable guide for the devel-
opment of antibacterial wound dressings.

Both human and mammalian cells possess negatively charged sur-
faces, and the presence of positively charged cationic quaternary
ammonium compounds can lead to varying degrees of damage to these
structures in anionic organisms. The assessment of hemolysis rate serves
as a crucial parameter in evaluating the biocompatibility of biological
materials. As per the guidelines set by the American Society for Testing
and Materials (ASTM F756-00, 2000) (Hajji et al., 2019), a hemolysis
rate exceeding 5 % signifies hemolysis, while rates between 2-5 % are
categorized as mild hemolysis, and rates below 2 % are deemed non-
hemolytic. Notably, the experimental data from this study depicted
that the hemolysis rate of QASAF remained below 5 % across all effec-
tive inhibitory concentration ranges, with minimal hemolytic activity
observed at higher concentrations, indicating excellent
hemocompatibility.

Zhou et al. introduced a novel antibacterial material (DMAEMA-
PMDPM), with cytotoxicity assay results revealing a cell survival rate
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Fig. 7. (A)Wound healing, (B) wound healing ratio, and (C) wound healing area of mice in the wound healing model. (D) Tissue section H&E and Masson staining of
mouse epidermis in wound healing model. All data are presented as the means + SD (n = 3). (**p < 0.01). Bar = 500 pm.

exceeding 85 %. In a separate study by Ye et al. in 2016, antimicrobial
materials GO-1227 and GO-CPB were developed by assembly of dode-
cyldimethylbenzylammonium chloride (1227) and cetyl pyridine bro-
mide (CPB) on graphene oxide (GO) surfaces. Notably, the cytotoxicity
levels of GO-1227 and GO-CPB were significantly lower compared to
their intermediate counterparts, yielding cell survival rates of 78.7 %
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and 77.9 %, respectively. Moreover, in 2017, Zhang et al. engineered a
cross-linked waterborne polyurethane (CPTMGPU) exhibiting long-term
stability by leveraging gemini quaternary ammonium salt (GQAS) as a
key component. The cell viability assays revealed a substantial increase
in cell survival rate compared to the latex rubber extract employed as a
positive control, with a rate of 89 %. These outcomes underscored the
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favorable morphology and growth status of Hep G2 cells within the
QASAF group, showcasing a cell survival rate exceeding 85 %. This
underscores the minimal cytotoxicity and robust biosafety profile
exhibited by QASAF.

In 2022, Roy et al prepared quaternary ammonium-substituted
branched-chain  starch  (CP) derivatives ~ with  glycidyl-
trimethylammonium chloride (GTMAC)/branched-chain starch mass
ratios ranging from 10 to 20, named CP-1, CP-2, CP-3, and CP-4 (Roy
etal., 2022). Among the derivatives, the antibacterial activity was found
to follow the order CP-4 > CP-3 > CP-2 > CP-1. In particular, CP-4
completely killed S. aureus at doses of > 4 ug mL™. Song et al. synthe-
sized long-chain polymeric organic bisquaternary ammonium salts
(BQAS) with broad-spectrum bactericidal activity (Zhiyong et al., 2018).
The obtained BQAS growth curves suggested that the longer the length
of the straight alkane carbon chain, the better the antibacterial perfor-
mance in BQAS with different carbon chain lengths. The in vitro and in
vivo results of this study were consistent with those reported by the
above studies, in that the longer the length of the straight alkane carbon
chain, the better the antibacterial performance of QASAF with different
carbon chain lengths against S. aureus. Among them, QASAF-C18
exhibited the best antibacterial performance against S. aureus.

In the year 2016, Zhang and colleagues meticulously engineered a
series of quaternized luminescent silicon nanoparticles (SiNPs) (Zhang
et al., 2016). Through meticulous agar plate counting experiments, it
was deduced that a concentration of 10 pg/ml of SiNPs-C18 could
effectively eliminate S. aureus. In a separate investigation, Liu et al.
synthesized graphene oxide-quaternary ammonium salt composites
(GO-QAS) with exceptional in vitro antimicrobial efficacy, as demon-
strated by nearly complete eradication of S. aureus at a concentration of
200 pg/mL (Liu et al., 2018). Lei et al. innovatively developed a range of
glycidyl trimethyl ammonium chloride-grafted chitosan (QCS)/alde-
hyde-dextran (ODex) Schiff base hydrogels, elegantly named QCS-ODex
(Nie et al., 2023). Their research unveiled that QCS-ODex exhibited a
notable antibacterial activity of 60 % against S. aureus. Our findings
closely mirror the outcomes observed in the aforementioned studies.
Our agar plate counting results further showcased the potent antimi-
crobial properties of 25 pg/mL of QASAF-C18 against S. aureus and 100
pg/mL of QASAF-C12 against MRSA, with no colonies detected in the
dishes. Furthermore, the results indicated that QASAF-C18 displayed
robust antimicrobial efficacy against S. aureus, while QASAF-C12
exhibited formidable antimicrobial activity against MRSA.

Song et al. adeptly synthesized a high molecular weight polymeric
organic BQAS with broad-spectrum bactericidal capabilities, demon-
strating a minimal inhibitory concentration (MIC) ranging from 8-32 pg/
ml against S. aureus (Song et al., 2018). Zhao and colleagues meticu-
lously prepared the antimicrobial compound QCS-EDA-CDs, showcasing
superior antimicrobial performance against S. aureus with an MIC
exceeding 500 pg/ml (Zhao et al., 2022). In our current study, MIC
values of 25 pg/mL for QASAF-C18 against S. aureus and 100 pg/mL for
QASAF-C12 against MRSA were determined, both exhibiting admirably
low values. Overall, the MIC results unequivocally emphasize the un-
matched inhibitory power of QASAF-C18 against S. aureus, while high-
lighting the superior inhibitory performance of QASAF-C12 against
MRSA.

In the year 2022, Yu et al. innovated a hydrogel possessing anti-
bacterial, hemostatic, self-healing, and injectable properties known as
oxidized quaternized guar gum (@carboxymethyl chitosan
(OQGG@CMCS), which demonstrated the ability to enhance the re-
covery of wounds infected with S. aureus (Yu et al., 2022). Notably, the
group treated with OQGG@CMCS hydrogel exhibited accelerated
wound healing during the course of the study. By day 9, the wound
exhibited reduced size, a thicker epidermal layer, well-developed ap-
pendages, and diminished inflammatory cells compared to the control
group. By day 14, remarkable progress towards complete healing was
observed. Furthermore, Roy et al. explored the pro-wound healing po-
tential of CP40 following the successful validation of the excellent
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antimicrobial properties of CP-1, CP-2, CP-3, and CP-4 (Roy et al.,
2022). Within a mere 7 days post-surgery, the CP-4 group displayed a
remarkable increase in healing rate from 20 % to 60 %, achieving
complete healing within 12 days. These findings underscore the signif-
icant impact of CP-4 in promoting wound healing in S. aureus-infected
wounds. In a similar vein, the research by Liu et al. shed light on the
profound ability of GO-QAS in advancing wound healing in S. aureus-
infected wounds (Liu et al., 2018). At day 3 post-surgery, conspicuous
absence of purulent discharge was noted in the GO-QAS group as
opposed to the control group. By day 7 post-surgery, the percentage of
closed wounds in the various groups including blank, control, GO, and
GO-QAS stood at 78.7 %, 58.9 %, 66.4 %, and 77.2 %, respectively. Our
in vivo investigations align closely with the aforementioned studies,
revealing that QASAF-C18 exhibited notable wound healing efficacy in
wounds of S. aureus-infected mice, while QASAF-C12 showcased
remarkable healing effects in wounds of MRSA-infected mice.

In essence, our inquiry validates the hypothesis that the fusion of
antimicrobial agents within a dextran matrix, achieved through covalent
bonding with QAS, augments the hemocompatibility, biocompatibility,
and antimicrobial potency of QAS-derived antimicrobial materials.
Consequently, the development of QASAF-C18 and QASAF-C12 in this
research serves as a valuable reference for the advancement of anti-
bacterial wound dressings.
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