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ABSTRACT

Chitosan quaternary ammonium salt antibacterial agents with a
single structure have the drawbacks of slow bactericidal speed and
poor bactericidal effect, which cannot meet the practical usage
requirements. To address the problem, in this study, we designed
and synthesized a novel chitosan derivative containing double
quaternary ammonium salt and chloride hydantoin structures (QCS-
CA-DEADH-CI) by using chitosan, 5,5-dimethyl hydantoin, methyl
iodide, and 2-Dimethylaminoethyl chloride hydrochloride as the
main raw materials, and then used as antibacterial agent. The
structure of QCS-CA-DEADH-C|I was characterized by Fourier
transform infrared spectra, X-ray photoelectron spectroscopy,
Thermogravimetric, and Scanning electron microscopy. The
antibacterial activity of QCS-CA-DEADH-CI, and the renewability
and stability of N-Cl structure in QCS-CA-DEADH-CI| were explored.
The results indicated that the N-Cl structure of QCS-CA-DEADH-CI
has strong renewability and storage stability. Moreover, the synergistic
effect of quaternary ammonium salt structure and N-CI structure
endowed QCS-CA-DEADH-CI with excellent antibacterial activity.
This work does not only provide a new perspective for the preparation
of novel chitosan antibacterial agents but also contributes to
expanding the comprehensive utilization of biomass resources.
Keywords: chitosan derivatives, antibacterial activity, synthesis,
quaternary ammonium salt, hydantoin structure
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INTRODUCTION N-halamine antibacterial agents have the
Chitosan, (1-4)-2-amino-2-deoxy-B-D- characteristics of efficient and rapid sterilization,

glucan, is the only alkaline polysaccharide in
nature, which is the second abundant natural
resource next to cellulose."? Chitosan has
drawn a lot of attention in many fields due to
its superior biocompatibility, biodegradation,
and non-toxic, such as food packaging, drug
delivery, and sewage treatment.>* Although
chitosan exhibits certain antibacterial effects,
its effect is weaker.” In addition, the poor
solubility of chitosan under neutral and
its further
application.® To improve the antibacterial

alkaline conditions also limits
activity and solubility of chitosan, it is usually
necessary to graft the functional groups using
the amine groups (-NH;) and the hydroxyl
groups (-OH) of the chitosan skeleton.”®

Quaternary ammonium salt antibacterial
agents have the advantage of low toxicity and
long-lasting antibacterial activity.” Due to the
presence of active -NH:; groups in the
structure of chitosan, most of its antibacterial
modifications are quaternization modifications
at present.'” Although the bactericidal effect
has been significantly improved by converting
the amino groups on chitosan into quaternary
ammonium salt structures, there are still many
problems such as slow bactericidal speed and
not outstanding bactericidal effects.”” Moreover,
due to the excessive use of quaternary
ammonium salt antibacterial agents in recent
years, some bacteria have developed resistance
to them, and chitosan antibacterial agents
with single quaternary ammonium cannot
meet the practical usage requirements.”
Therefore, it is necessary to develop novel
antibacterial agents with superior and long-
lasting activity as well as efficient and fast

sterilization rates.

but due to the hydrophobicity of N-halamine
antibacterial agents, they do not easily come

13-14 |n

into contact with bacteria quickly.
addition, the N-halamine antibacterial groups
no longer have antibacterial activities after the
contact with bacteria, leading to N-halamine
antibacterial agents showing poor
antibacterial persistence. Based on these
knowledge, by utilizing the persistence of
quaternary ammonium salt antibacterial
groups, and the rapid sterilization advantages
of N-halamine antibacterial groups as well as
the synergistic antibacterial effect between
these two antibacterial groups, it is possible
to prepare chitosan antibacterial agents
containing both quaternary ammonium
groups and N-halamine antibacterial groups
antibacterial

with  superior activity and

efficient sterilization rates.

In this work, a novel chitosan derivative
containing double quaternary ammonium salt
and chloride hydantoin structures (QCS-CA-
DEADH-CI) was designed and synthesized by
using chitosan (CS), 5,5-dimethyl hydantoin
(DMH), iodide, and 2-
Dimethylaminoethyl chloride hydrochloride as

methyl

the main raw materials, and then used as
antibacterial agent. The structure of QCS-CA-
DEADH-CI was characterized by using Fourier

transform infrared spectra (FTIR), X-ray
photoelectron spectroscopy (XPS),
Thermogravimetric  (TG), and  Scanning

electron microscopy (SEM). The antibacterial
activity of QCS-CA-DEADH-CI, and the
renewability and stability of N-Cl structure in
QCS-CA-DEADH-CI

investigated.

were  systematically
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EXPERIMENT Technology Co., Ltd., China. Escherichia coli
Materials (E. col)) (ATCC 25922) and Staphylococcus

Chitosan (COS, 21 cps, 90% degree of
deacetylation) was supplied from Shandong
Laizhou Highly Bio-products Co., Ltd., China.
5,5- Dimethylhydantoin (DMH, 98%), and
sodium iodide (99.5%) were provided by
Aladdin Technology Co., Ltd., Shanghai,
China. 2-Dimethylaminoethyl chloride
hydrochloride (98%) was purchased from
InnoChem Science and Technology Co., Ltd.,
Beijing, China. Methyl iodide (99%) was
supplied from J&K Scientific Co., Ltd., Beijing,
China. Chloroacetyl chloride (98%) was
provided by Tokyo Chemical Industry, Japan.
Sodium  hypochlorite  and  N-methyl-2-
pyrrolidone were purchased from Tianjin
Damao Chemical Reagent Factory, Tianjin,
China. Sodium thiosulfate (0.1mol/L in water)
was supplied from Shenzhen Bolinda

H H H
0 N © N \NCHQCHZCI oo © N
Y EtOH / \/
—eee - -
HN NaOH N EtOH NaOH N
Na*
0 O

aureus (S. aureus) (ATCC 6538) were provided
by Shanghai Luwei Technology Co., Ltd,
Shanghai, China. Nutrient agar and PBS buffer
were purchased from Guangdong Huankai
Microbial Technology Co., Ltd, China.

Synthesis of chitosan derivative containing
double quaternary ammonium salt and
hydantoin structures QCS-CA-DEADH-CI

The synthesis route of QCS-CA-DEADH-
Cl is mainly divided into the following three
steps.

Step () The synthesis of 3-
dimethylaminoethyl-5,5-dimethylhydantoin
DEADH (Fig.1)

DMH DMH Na* DEADH

Fig. 1. The synthesis route of DEADH.

Firstly, 6.40 g of 5,5-dimethylhydantoin
(DMH) and 2.00 g of sodium hydroxide were
added into 50 mL of absolute alcohol. After
reacting for 30 min, the dry sodium hydantoin
salt (DMH Na*) was obtained by removing the
solvent with a rotary evaporator. Subsequently,
7.20 g of 2-dimethylaminoethyl chloride
hydrochloride and 2.00 g of sodium hydroxide

were added into 50 mL of absolute alcohol.
The mixture was reacted for 30 min under ice
bath, and then remove NaCl by reducing
pressure filtration and collecting the filtrate.
Afterward, 7.50 g of sodium hydantoin salt
(DMH Na*) was added to the collected filtrate
and then stirred at 60 °C for 24 h. After the
reaction was completed, the filtrate was
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collected through filtration. Then, the crude
product of 3-dimethylaminoethyl-5,5-
dimethylhydantoin (DEADH) was obtained by
removing the solvent with a rotary
evaporator.”™ Finally, the obtained crude
product of DEADH was further purified. The
crude product of DEADH was dissolved into

dichloromethane, and then collected the

OH [HO  NHCOCH;
o)
~o 0 mo CH5l NaOH
HO NH, |n| OH g MP

n
Ccs

filtrate by filtration. The purified DEADH was
acquired by removing the solvent with a rotary

evaporator and drying in a vacuum oven at 60 °C.

Step (i) The synthesis of chitosan
derivative containing double quaternary
ammonium salt and hydantoin structures
QCS-CA-DEADH (Fig.2)

OH HO  NHCOCH
o)
0 o 50
HO /Il\l (. OH 1-n
Qcs

s

RRR

[ ORy HO  NHCOCH,
CICOCH,CI \O,%o
—_—
DMF 0 ©
|HO  p+ - In OR;y 1-n
OR; HO  NHCOCH, R=— CHj orH
DEADH 0 o o Ry=— COCH,CI orH
—_— = (0] _ +
DMF HO N OR, .y Re=—COCH,N'(CH),CH,CH,CI or — COCH,CI or H
R R

QCS-CA-DEADH

Fig. 2. The synthesis route of QCS-CA-DEADH.

2.00 g of chitosan (CS) and 100 mL of N-
methyl-2-pyrrolidone were added into a 250
mL brown three-necked flask and then stirred
at 50 °C for 12 h. Afterward, 10.22 g of methyl
iodide, 1.80 g of sodium iodide, 1.44 g of
sodium hydroxide, and 4.32 g of deionized
water were added into the above CS
suspension and then stirred at 60 °C for 60 h.
After the reaction was completed, the
reaction solution was added dropwise into
acetone to acquire the solid product. Then,
the solid product was washed with acetone
several times and dried in a vacuum oven to
obtain chitosan quaternary ammonium salt
(QCS).

1.00 g of QCS was dissolved in 50 mL of
N, N-dimethylformamide (DMF), and then 2.5
mL of chloroacetyl chloride (CICOCH,CI) was
added into the solution. The mixture was
reacted for 2 h under ice bath, and then
reacted for another 12 h at 30 °C. After the
reaction was completed, the solid product
was washed with acetone several times and
dried in a vacuum oven to acquire chitosan
quaternary ammonium salt chloroethyl ester
(QCS-CA).

1.00 g of QCS-CA and 10 mL of DMF
were added into a 100 mL three-necked flask
and then stirred to obtain QCS-CA
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suspension. 4.00 g of DEADH was dissolved
into 30 mL DMF and then added to the above
QCS-CA suspension. The mixture was reacted
for 36 h at 60 °C. After the reaction was
completed, the precipitate was filtered and
washed with acetone. Then, the purified
product was dried in a vacuum oven to obtain

chitosan  derivative  containing  double

YN
o \N*_// NogX

NHCOCH;

QCS-CA-DEADH

Ry= — COCH,CI or — CH; orH

quaternary ammonium salt and hydantoin
structures (QCS-CA-DEADH).

Step (i) The synthesis of chitosan
derivative containing double quaternary
ammonium salt and chloride hydantoin
structures QCS-CA-DEADH-CI (Fig.3)

o,

YN
o \N,f N

NCOCH3

QCS-CA-DEADH-CI

Fig. 3. The synthesis route of QCS-CA-DEADH-CI.

1.00 g of QCS-CA-DEADH was added
into 50 mL of sodium hypochlorite solution
with a mass fraction of 5% and pH value of 7.
The mixture was stirred for 30 min at room
temperature.  After the reaction was
completed, the precipitate was filtered and
washed with deionized water. Then, the
purified product was dried in a vacuum oven
to obtain chitosan derivative containing
double quaternary ammonium salt and
chloride hydantoin structures (QCS-CA-
DEADH-CI).

Characterization and measurements

The Fourier transform infrared spectra
(FTIR) of CS, QCS, QCS-CA, QCS-CA-
DEADH, and QCS-CA-DEADH-C| were
obtained from a Vector 33 FTIR spectrometer
(Bruker, Germany) in the range of 600-4000
cm™. The resolution was 4 cm”, and each

spectrum was scanned 32 times.

The X-ray photoelectron spectroscopy
(XPS) analysis of CS and QCS-CA-DEADH-CI
was carried out on an ESCALAB XI* X-ray
photoelectron spectrometer (Thermo
Scientific, Germany) with the Al Ka source
(1486.6 eV). The operating voltage was 15 kV,
and the operating current was 10 mA.

The morphology of CS, QCS-CA-
DEADH, and QCS-CA-DEADH-CI were
performed with a Merlin scanning electron
microscopy (SEM) (Zeiss, Germany). The
acceleration voltage of the electron beam was
5kV.

The thermal stabilities of CS, QCS, QCS-
CA, QCS-CA-DEADH, and QCS-CA-DEADH-
Cl were tested on a thermogravimetric
instrument (TG 209 F1, Netzsch, Germany)
under nitrogen atmosphere. The heating rate

was 10 °C/min, and the temperature range
was from 35 °C to 700 °C.
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The elemental content of CS, QCS, QCS-
CA, and QCS-CA-DEADH was tested by using
an elemental analyzer (Vario EL cube,
Elementar, Germany). The degree of
substitution (DS) of the samples was obtained
based on the following equation (1)."

DS=(b-a)/(X-bY) (1)

where a is the ratio of the number of Cand N
atoms of chitosan reactants in the same
reaction, b is the ratio of the number of C and
N atoms of chitosan products in the same
reaction, X, Y is the number of C and N atoms
of grafted small molecular compounds,

respectively.

The content of active chlorine (CI*%) of
QCS-CA-DEADH-CL was tested by using
iodometric titration. 0.10 g of QCS-CA-
DEADH-CI powder was added into 20 mL of
saturated potassium iodide solution. Then,
0.1 mol/L of sodium thiosulfate standard
solution was dropped into the above solution
until colorless. The content of active chlorine
(CI"%) of QCS-CA-DEADH-CL was calculated
by using the following equation (2)."

Cl*%=(NxVx34.45)x100%/(2xW) (2)

where N and V stand for the molar
concentration (mol/L) and consumed solution
volume (L) of sodium thiosulfate standard
solution used for titration, respectively, W
stands for the mass of the sample.

The renewability of active chlorine in
QCS-CA-DEADH-CI was tested based on
iodometric titration. The active chlorine
content after chlorination of QCS-CA-DEADH
into QCS-CA-DEADH-CI was obtained by
using iodometric titration. QCS-CA-DEADH-
Cl was added into the excess of 0.1mol/L
sodium thiosulfate standard solution and then

stirred at room temperature for 30 min to

completely quench the active chlorine.
Afterward, the mixture was filtered and the
unreacted sodium thiosulfate was removed
with deionized water. Then, QCS-CA-DEADH
was chlorinated again by using the sodium
hypochlorite solution. The same process of
quenching and chlorination was repeated 10
times. The active chlorine content in QCS-CA-
DEADH-CI after each chlorination was
detected by using the above iodine titration
method.

The storage stability of N-Cl structure in
QCS-CA-DEADH-CI was tested based on the
following steps. QCS-CA-DEADH-CI was
stored in a dryer for 28 days, and the content
of active chlorine of QCS-CA-DEADH-CI was
determined every 7 days.

The antibacterial efficiencies of CS, QCS,
QCS-CA, QCS-CA-DEADH, and QCS-CA-
DEADH-CI toward Escherichia coli (E. col)
(ATCC 25922) and Staphylococcus aureus (S.
aureus) (ATCC 6538) were tested according to
ISO 22196-2011. 0.1 g of sample, 5 mL sterile
PBS solution, and 5 mL bacterial suspension
with a concentration of approximately 1 x 107
CFU/mL were added in turn to a 15 mL
sterilized  centrifuge  tube. Then, the
centrifuge tube was placed in a constant
temperature incubator at 37 °C for cultivation.
After contacting between bacteria and
sample for 1 min, 5 min, 10 min, and 30 min,
respectively, absorbed 500 pL upper layer
bacterial solution with a pipette and then
added into a centrifuge tube containing 2 mL
of sodium thiosulfate standard solution with a
concentration of 0.10 mol/L. After mixing
evenly, dropped 100 pL the above solution
onto a 96-well cell culture plate and then used
sterile PBS solution to dilute it. Afterward,
selected the diluent with an appropriate
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dilution ratio and then dropped 20 pL the
diluent into the solid LB agar medium.
Subsequently, the bacterial solution was
applied evenly onto the culture medium by
using a sterilized coating rod. Finally, counted
the colonies on the culture medium after
incubated in a constant temperature
incubator at 37 °C for 24 h. The number of
bacteria reduced (Log value) was calculated

according to the following equation (3):

Log=Ig(B/A) (3)
Where A is the average number of
bacteria after vaccination, B is the average
number of bacteria before vaccination.

RESULTS

FTIR results

CS

\\
e 16627 1558

1620 ~

1472

QCS-CA-DEADH

Transmittance(%)

Qcs 2921 Y2876
QCS-CA

T S~ 1170
764~ | )
QCS-CA-DEADH-CI 1712—\ 1656

~ 791
1758 —=V 1662 ~

f

1762— ~_ 766
1716 -~ 1663

T T

4000 3500 3000 2500

T T T
2000 1500 1000

Wavenumber(cm™)

Fig. 4. FTIR spectra of CS, QCS, QCS-CA, QCS-CA-DEADH, and QCS-CA-DEADH-CI.

Fig. 4 displays the FTIR spectra of CS,
QCS, QCS-CA, QCS-CA-DEADH, and QCS-
CA-DEADH-CI. As shown in Fig. 4, COS
presents the characteristic absorption peaks
at 1662 and 1558 cm™. Compared to the
spectrum of the COS, there are new peaks at
1472 cm in the spectrum of the QCOS. In the
spectrum of QCS-CA, new peaks appear at
1785, 1170, and 791 cm™ compared to QCS.
In addition, in the spectrum of QCS-CA-
DEADH, new peaks appear at 1764 and 1712
cm™” and the absorption peak of C-Cl at 791

-1

cm’  disappears compared to QCS-CA.

Moreover, compared to the spectrum of QCS-
CA-DEADH, the new characteristic absorption
peaks appear at 767 cm™ in the spectrum of
QCS-CA-DEADH-CI.
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Elemental analysis results
Table 1 The results of the elemental analysis of CS, QCS, QCS-CA, and QCS-CA-DEADH.

Found
Samples DS
C% N% H%
CS 48.50 7.51 6.598 /
QcCs 22.43 3.12 6.224 0.853
QCS-CA 39.43 4.61 6.584 0.796
QCS-CA-DEADH 45.39 9.32 7.453 0.534

Table 1 lists the results of the elemental degree of substitution (DS) of QCS, QCS-CA,
analysis of CS, QCS, QCS-CA, and QCS-CA- and QCS-CA-DEADH is 0.853, 0.796, and
DEADH. It can be seen from Table 1 that the 0.534, respectively.

XPS results
()
Ols
Cls
~ Jecs N1s
S P
s - J
> Ols
‘0 Cis
c
(O]
£
1 1 1 1 1
600 500 400 300 200
Binding Energy (eV)
b c
®) Nis| © Cl 2p
— -NH-
S —~
< > S~
; A A \(‘5;
G 2
9] c
£ 8
- <
\\
AN
T T T T T T T T T T T
406 404 402 400 398 396 394 204 202 200 198 196 194

Binding Energy (eV) Binding Energy (eV)
Fig. 5. (a) The whole XPS spectra of CS and QCS-CA-DEADH-CI, (b) The high-resolution XPS survey of N1s
for CS and QCS-CA-DEADH-CI, (c) The high-resolution XPS survey of Cl2p for CS and QCS-CA-DEADH-CI.
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Fig. 5 shows the XPS spectra of CS and
QCS-CA-DEADH-CI. As shown in Fig. 5 (a),
compared to the whole XPS spectra of CS, in
the spectra of QCS-CA-DEADH-CI| appears
the binding energy peaks of CI2p in the range
of 190 to 210 eV. In addition, it can be seen
from Fig. 5 (b) that the absorption peak of
N1s in CS can be divided into two peaks.
These two peaks are located at 398.82 eV and

TG results

400.7 eV, respectively. Meanwhile, the
absorption peak of N1s for QCS-CA-DEADH-
Cl is divided into three peaks, which are
located at 399.40 eV, 400.10 eV, and 402.01
eV, respectively. Moreover, as illustrated in
Fig. 5 (c), the absorption peak of Cl2p for
QCS-CA-DEADH-Cl is divided into two peaks.
These two peaks are located at 197.71 eV and
200.20 eV, respectively.

100 &y
80
60

40 4

Mass (%)

20 H

—a—CS

—e—QCS

—A— QCS-CA

—¥— QCS-CA-DEADH
QCS-CA-DEADH-CI

T T
0 100 200

T T T T
300 400 500 600 700

Temperature (°Q
Fig. 6. The TG curves of CS, QCS, QCS-CA, QCS-CA-DEADH, and QCS-CA-DEADH-CI in N2 atmosphere.

Table 2 TG characteristic parameters of CS, QCS, QCS-CA, QCS-CA-DEADH, and QCS-CA-

DEADH-Cl in N2 atmosphere.

Samples “Tonset (°C) *Tmax (°C)
CS 228.8 293.0
QCs 183.6 2414
QCS-CA 151.6 225.3
QCS-CA-DEADH 177.0 230.0
QCS-CA-DEADH-CI 171.5 227.8

? Tonset refers to the initial temperature of chitosan and chitosan derivatives decomposition.

°Tmax refers to the temperature when the DTG curve reaches the maximum value.
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Fig. 6 displays the TG curves of CS, QCS,
QCS-CA, QCS-CA-DEADH, and QCS-CA-
DEADH-CI, and the related TG characteristic
parameters obtained from TG curves are
listed in Table 2. It can be seen from Fig. 6
that CS and chitosan derivatives QCS, QCS-
CA, QCS-CA-DEADH, and QCS-CA-DEADH-CI
all exhibit a significant weight loss at 100.0 °C.
In addition, as shown in Table 2, the value of
Tonset and Trax of CS in N atmosphere is 228.8 °C

SEM results

and 293.0 °C, respectively. Meanwhile, the
value of Tonset and Tmax of chitosan derivatives
QCS, QCS-CA, QCS-CA-DEADH, and QCS-
CA-DEADH-CI are all lower than that of CS.
Compared to QCS, and QCS-CA, the value of
Tonset and Tmax of QCS-CA-DEADH all have a
significant increase. It is worth noting that the
values of Tonset and Trmax of QCS-CA-DEADH-CI
are all lower than that of QCS-CA-DEADH.

‘ QCS CA DEADH 100>< 7_ QCS CA-DEADH Cl 100><

CS 10k>< QCS-CA-DEADH 10kx  QCS-CA-DEADH-CI 10kx

Fig. 7. SEM images of CS, QCS-CA-DEADH, and QCS-CA-DEADH-CI.

Fig. 7 shows the SEM images of CS,
QCS-CA-DEADH, and QCS-CA-DEADH-CI.
As shown in Fig. 7, chitosan before
modification appears as layered fibrous
structure, and its surface contains a Iarge
number  of  protruding  microfibers.

Meanwhile, the modified chitosan derivatives

QCS-CA-DEADH, and QCS-CA-DEADH-CI
are all loose block-shaped particles. The
surface of QCS-CA-DEADH, and QCS-CA-
DEADH-CI is rough and porous. In addition,
compared to QCS-CA-DEADH, the surface of
QCS-CA-DEADH-CI becomes rougher.
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Antibacterial activities

Table 3 Antibacterial activities of CS, QCS, QCS-CA-DEADH, and QCS-CA-DEADH-CI against

E. coliand S. aureus.

Contact time

Log reduction

Samples .
(min) E. coli® S. aureus®
1 0.018 0.064
5 0.155 0.101
CS
10 0.222 0.120
30 0.317 0.184
1 1.453 1.763
5 2.507 1.985
QCS
10 2.632 2.161
30 2.808 2.462
1 0.361 0.120
5 0.486 0.184
QCS-CA-DEADH

10 0.507 0.207
30 0.528 0.286
1 9.206 8.860

9.206 8.860

QCS-CA-DEADH-CI

10 9.206 8.860
30 9.206 8.860

The inoculum population was 1.607 x 107 (9.206 log) CFU/sample.

® The inoculum population was 7.244 x 108 (8.860 log) CFU/sample.

Table 3 shows the results of the
antibacterial activities of CS, QCS, QCS-CA-
DEADH, and QCS-CA-DEADH-CI against E.
coliand S. aureus. It can be seen from Table
3 that the Log values of E. coli and S. aureus
only reached 0.317 and 0.184 after 30 min of
contact time with CS, respectively. In addition,
the Log value of E. coli and S. aureus after 1
min of contact time with QCS is 1.453 and
1.763, respectively, which is significantly
higher than the Log value of E. coli and S.
aureus after 30 min of contact time with CS.

The Log values of E. coli and S. aureus after

contact with QCS-CA-DEADH for 1 min, 5
min, 10 min, and 30 min are all lower than the
Log values of E. coli and S. aureus after
contact with QCS. It is worth noting that the
Log values of E. coli and S. aureus after
contact with QCS-CA-DEADH-CI for 1 min, 5
min, 10 min, and 30 min are all significantly
higher than the Log values of E. coli and S.
aureus after contact with QCS, QCS-CA, and
QCS-CA-DEADH. After contact with QCS-CA-
DEADH-CI, E. coli, and S.

inactivated within 1 min.

aureus are
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Renewability and stability of N-Cl structure in QCS-CA-DEADH-CI
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Fig. 8. The renewability of N-Cl structure in QCS-CA-DEADH-CI.

The N-Cl structure is renewable and can
be transformed into an N-H structure after
being consumed. The transformed N-H
into N-Cl
structure after being in contact with sodium
hypochlorite the
renewability of the N-Cl structure in QCS-CA-
DEADH-CI, sodium thiosulfate is used to
quench the active chlorine (N-Cl) on the QCS-
CA-DEADH-ClI structure and convert it into N-
H, then sodium hypochlorite is used to

structure can be reconverted

again.”®  To explore

chlorinate N-H into active chlorine (N-C).

Afterward, the renewability of N-Cl structure
in QCS-CA-DEADH-CI s
measuring the changes in their active chlorine

evaluated by

content using the iodine titration method.
Fig. 8 shows the changes in the active
chlorine content of QCS-CA-DEADH-CI after
multiple quenching-chlorination treatments. It
can be seen from Fig. 8 that the active
of QCS-CA-DEADH-CI
after 10

chlorine  content

remains  basically unchanged

quenching-chlorination treatments.
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Fig. 9. The storage stability of N-Cl structure in QCS-CA-DEADH-CI.

The storage stability of N-Cl structure in
QCS-CA-DEADH-CI is
recording the changes in active chlorine of
QCS-CA-DEADH-CI after being stored at
room temperature for 28 days. Fig. 9 shows

investigated by

the results of the storage stability test of N-Cl
structure in QCS-CA-DEADH-CI. As displayed
in Fig. 9, the active chlorine content in QCS-
CA-DEADH-CI remains above 70% after 28
days of storage.

DISCUSSION

In the FTIR spectra (Fig. 4) of QCS, the
new peaks at 1472 cm™ are assigned to the
stretch vibration of C-H groups of -N*(CHs);
structure, indicating that the amino groups of
CS have
quaternization reaction. " In the FTIR spectra
of QCS-CA, new peaks appear at 1785, 1170,
and 791 cm’ compared to QCS, which
correspond to the stretch vibration of C=0

successfully undergone the

and C-O groups in alkyl esters and the stretch
of C-Cl groups, respectively,
indicating that CICOCH,CI has successfully

vibration

reacted with the -OH groups at the Cé
position in QCS. In addition, in the FTIR
spectra of QCS-CA-DEADH,
appear at 1764 and 1712 cm™ compared to
QCS-CA, which originates from the stretching
vibration of the imine carbonyl and urea

new peaks

carbonyl groups in the hydantoin structure,
respectively. Meanwhile, the absorption peak
of C-Cl at 791 cm™ disappears, implying that
DEADH has been successfully introduced into
QCS-CA by reacting with chloroalkanes of
QCS-CA. Moreover, compared to the spectrum
of QCS-CA-DEADH, the characteristic absorption
peaks of N-Cl groups in QCS-CA-DEADH-CI
occur at 767 cm’, suggesting that QCS-CA-
DEADH-CI has been successfully prepared.

The results of the elemental analysis
(Table 1) indicate that the degree of
substitution (DS) of QCS-CA-DEADH is 0.534,
which is much higher than the degree of
substitution reported in the literature for
directly grafting cyclic halogenated amine

structures onto chitosan.?'?
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In the XPS spectra (Fig. 5) of CS, the
absorption peaks of N1s at 398.82 eV and
400.7 eV belong to the -NH- structure of the
amino and amide groups, respectively.” In
the high-resolution XPS survey of N1s for
QCS-CA-DEADH-CI, the amide nitrogen (-
N<) appears at 399.40 eV, the amide nitrogen
appears at 400.10 eV, and the quaternary
ammonium salt nitrogen (N*) appears at
402.01 eV, indicating that QCS-CA-DEADH-
Cl not only contains quaternary ammonium
structure  but also contains hydantoin
structure.”® Moreover, in the high-resolution
XPS survey of Cl2p for QCS-CA-DEADH-CI,
the CI2p absorption peak of the Chloride ion
appears at 197.71 eV, and the Cl2p
absorption peak of N-Cl appears at 200.20
eV, implying  QCS-CA-DEADH-CI s
successfully prepared.

In the TG curves (Fig. 6) of chitosan
derivatives QCS, QCS-CA, QCS-CA-DEADH,
and QCS-CA-DEADH-C| all present a
significant weight loss at 100.0 °C, which is
mainly related to the water absorption of
quaternary ammonium salt groups in their
structure. In addition, due to the crystalline
structure of chitosan being destroyed during
the grafting process, resulting in the values of
Tonset and Tmax Of chitosan derivatives QCS,
QCS-CA, QCS-CA-DEADH, and QCS-CA-
DEADH-CI are lower than that of CS. The
values of Tonset and Tmax of QCS-CA-DEADH
are all higher than that of QCS, and QCS-CA.
This is mainly due to the presence of C=0 and
N-H structures in the grafted DEADH, which
can generate hydrogen bonds between
molecules. Moreover, the values of Tonset and
Tmax of QCS-CA-DEADH-CI are all lower than
that of QCS-CA-DEADH. This is mainly
attributed to two reasons. On the one hand,

the etching effect of sodium hypochlorite
solution on QCS-CA-DEADH during the
chlorination process further destroys the
crystalline structure. On the other hand, the
N-Cl structure of QCS-CA-DEADH-Cl is prone

to decomposition.?

In the SEM images (Fig. 7) of QCS-CA-
DEADH and QCS-CA-DEADH-CI, their
surface is rough and porous. This is due to the
introduction of functional groups on the
chitosan chain, which weakens the hydrogen
bonds within and between chitosan
molecules, destroying the original ordered
crystalline structure of chitosan and thus
altering its morphology.” In addition, the
surface of QCS-CA-DEADH-C|I becomes
rougher compared to QCS-CA-DEADH,
which may be caused by the etching effect of
active chlorine.

The above analysis results of FTIR, XPS,
TG, and SEM suggest that QCS-CA-DEADH-
Clis successfully prepared.

The results of the antibacterial activities
(Table 3) indicate that unmodified chitosan
exhibits poor antibacterial activity. This is due
to the unmodified chitosan has poor
solubility, and its surface structure is smooth
and dense, resulting in the weaker ability to
penetrate bacterial cell membranes and cell
walls. Unmodified chitosan can only rely on
the chelation of its amino groups to bind with
metal ions on the surface of bacteria, thereby
affecting bacterial physiological activities, or
by forming polymer films on the surface of
bacteria to prevent bacterial material
transport.”’  However, chelation and the
formation of polymer films usually take a long
time, so chitosan cannot achieve significant

antibacterial effects in a short time.
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The antibacterial activity of QCS s
superior to that of CS. This is related to the
amino quaternization of chitosan destroys the
hydrogen bonds between chitosan molecules
and the formation of N* cations endowing
QCS with better water solubility.? Thus, QCS
molecular chains can sufficiently contact with
bacteria in aqueous solutions. The N* cations
on QCS molecular chains can interact with the
negative charges on the bacterial surface to
generate electrostatic interactions, damaging
the bacterial cell membrane and killing bacteria.

In addition, the Log values of E. coli and
S. aureus after contact with QCS-CA-DEADH
are all lower than the Log values of E. coli and
S. aureus after contact with QCS, indicating
that the introduction of hydantoin structure
into QCS decreases the antibacterial activity
of QCS. Although new quaternary ammonium
salt structures are generated in QCS grafted
with hydantoin structure, the molecular
weight of the corresponding chitosan
derivatives QCS-CA-DEADH also increases.
Under the same quality of antibacterial agent
conditions, compared to QCS, the number of
moles of QCS-CA-DEADH is smaller. In
addition, the antibacterial activity of
quaternary ammonium salt antibacterial
agents is not only related to charge density
but also affected by the steric hindrance of
hydrophobic  chains connected to the
quaternary ammonium salt structure.?’* Due
to the steric hindrance of the hydantoin
structure, the quaternary ammonium salt
groups connected to the hydantoin structure
are less likely to contact negative charges on
the bacterial surface. Meanwhile, the
hydantoin  structure also weakens the
hydrophilicity of QCS-CA-DEADH, making it
insoluble in water and unable to stretch the

molecular chains, further causing the N*
cations of QCS-CA-DEADH are less likely to
contact with bacteria. Thus, QCS-CA-DEADH
shows poor antibacterial activity.

In addition, the Log values of E. coli and
S. aureus after contact with QCS-CA-DEADH-
Cl are all higher than the Log values of E. coli
and S. aureus after contact with QCS, QCS-
CA, and QCS-CA-DEADH, implying that the
antibacterial activity of QCS-CA-DEADH-Cl is
significantly superior to QCS, QCS-CA, and
QCS-CA-DEADH. This is mainly related to
QCS-CA-DEADH-CI  containing quaternary
ammonium salt structure and chloride
halogenated amine structure. The N* cations
in the quaternary ammonium salt structure can
attract negative charges on the bacterial
surface, which promotes the contact between
QCS-CA-DEADH-CI and bacteria and forms
electrostatic  interaction with the cell
membrane to destroy the bacterial structure.
In addition, the N-Cl structure in QCS-CA-
DEADH-CI can directly oxidize the bacterial
cell membrane and cell wall after QCS-CA-
DEADH-CI contacts with bacteria, destroy
bacterial integrity, and transform itself into N-
H structure.® Meanwhile, the N-Cl structure of
QCS-CA-DEADH-CI  can release highly
oxidizing halogen cations into the interior of
bacteria after QCS-CA-DEADH-C| contact
with the aqueous solution, to damage the
internal substances of bacteria. Thus, the
synergistic effect of quaternary ammonium
salt structure and N-Cl structure endows QCS-
CA-DEADH-CI with excellent antibacterial

activity and sterilization rate.333

Renewable test results (Fig. 8) of active
chlorine in QCS-CA-DEADH-CI indicate that
the N-Cl groups of QCS-CA-DEADH-CI have
strong renewability. After simple chlorination
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treatment, the N-H structure can be transformed

back into the N-Cl structure again.

The storage stability test results (Fig. 9)
of the N-H structure in QCS-CA-DEADH-CI
suggest QCS-CA-DEADH-CI has better
storage stability. This is mainly due to the N-
Cl bond being located on the amide structure
of the hydantoin ring, which has higher stability
than the N-Cl bond on the non-cyclic structure.

CONCLUSIONS

In this work, a novel chitosan derivative
containing double quaternary ammonium salt
and chloride hydantoin structures QCS-CA-
DEADH-CI was successfully prepared and
then wused as antibacterial agent. The
synthesized QCS-CA-DEADH-CI was
characterized by using FTIR, XPS, TG, and
SEM. In addition, the antibacterial activity of
QCS-CA-DEADH-CI, and the renewability and
stability of N-Cl structure in QCS-CA-DEADH-
Cl were explored in detail. The results of the
antibacterial activity test indicated that QCS-

CA-DEADH-C| had excellent antibacterial
activity and rapid bactericidal rate, which
could completely inactivate E. coil and S.
aureus within 1 min. Moreover, the results of
renewability and stability tests of the N-ClI
structure in QCS-CA-DEADH-CI suggested
that the N-Cl structure in QCS-CA-DEADH-CI
possessed superior renewability and storage
stability.
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