Chinese Chemical Letters 35 (2024) 109406

Contents lists available at ScienceDirect CCL

nuran

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Antibacterial performance of cationic quaternary ®)
phosphonium-modified chitosan polymer in water i

Jinjie Lu, Qikai Liu, Yuting Zhang, Yi Zhou, Yanbo Zhou*

State Environmental Protection Key Laboratory of Environmental Risk Assessment and Control on Chemical Process, East China University of Science and

Technology, Shanghai 200237, China

ARTICLE INFO

ABSTRACT

Article history:

Received 14 September 2023
Revised 5 December 2023
Accepted 18 December 2023
Available online 19 December 2023

Keywords:

Chitosan

Quaternary phosphonium salt
Antibacterial performance
Antibacterial mechanism

Microbial contamination in water has emerged as a critical concern and thus developing biocide materi-
als for controlling microbial contamination is crucial. Removing all pathogenic bacteria in water is diffi-
cult when using traditional water treatment technologies. Moreover, these bacteria can easily reproduce
during pipeline distribution. In this work, a facile and effective chitosan derivative biocide denoted as
PCC was developed by grafting with quaternary phosphonium salt (QPS). PCC became positively charged
with a wide range of pH and demonstrated antibacterial activity up to 95% and 100% against Escherichia
coli and Staphylococcus aureus as model pathogens, respectively. The grafting of QPS may disrupt the cell
membrane and lead to bacterial inactivation, as demonstrated by the scanning electron microscopy im-
age and the concentration of intracellular substance leakage. MTT assay results indicate that PCC achieved
good biocompatibility with negligible in vitro cytotoxicity. These findings introduce a promising approach

Morphology change

for bacterial decontamination due to its low cytotoxicity and high biocidal activity.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Microbial contamination in water distribution systems is an
emerging issue that poses a threat to human health [1]. While
traditional water treatment processes, including coagulation sed-
imentation and the use of biofilters, effectively reduce microbial
abundance, treated drinking water is not completely sterile and
may still host diverse microbial communities [2,3]. The complete
sterilization of drinking water is infeasible. Disinfectants are fre-
quently added at the terminal to control microbial growth [4,5].
However, the formation of harmful disinfection by-products has
become an increasingly serious problem with current disinfection
technologies such as free chlorine, chloramines, and ozone disin-
fection [6-9]. Moreover, recent research on the microbial ecology
of distribution systems has shown that some pathogenic microor-
ganisms have developed resistance to chlorination [10,11]. In par-
ticular, sediment accumulation in water storage tanks may offer a
protective environment for diverse bacterial growth and microbial
activity. And bacteria have demonstrated resistance to free chlorine
and potential regrowth after exposure to a high level of chlorine.
Therefore, the development of safer biocidal materials that can ef-
fectively control microbial contamination without disinfection by-
products is crucial.
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Quaternary phosphonium salt (QPS) is a promising cationic bio-
cide that exhibits high efficiency, low toxicity, and broad-spectrum
antimicrobial activity [12,13]. QPS is superior to traditional qua-
ternary ammonium salt (QAS) due to the larger atomic radius of
phosphorus than nitrogen which results in lower electronegativ-
ity [14]. Compared to more common quaternary ammonium salts,
quaternary phosphonium salts have similar sterilization mech-
anism and better antibacterial performance. Consequently, QPS
molecules are weakly associated cations that can be easily ad-
sorbed onto negatively charged bacterial membranes. The steriliza-
tion mechanisms of QPS frequently involve destructive interactions
with the cell wall or membrane of microorganisms. QAS with long
lipophilic substituent facilitates punching into the phospholipid bi-
layer, disordering the cell membrane and resulting in cell death
[15,16].

Chitosan (CS) is an environment friendly substrate material
with abundant sources and reserves. And it also has antibacterial
properties [17,18]. CS has been found to exhibit significant antimi-
crobial effects on bacteria, fungi, and viruses [19,20]. However, the
antibacterial activity of CS is strongly influenced by pH, mainly due
to the amino group of chitosan can be protonated at pH < 6.3 [21].
Positively charged CS easily interacts with negatively the charged
cell membrane of microorganisms [22,23]. The antibacterial ac-
tivity of CS rapidly decreases with increasing pH. When pH is
over 7.0, raw CS loses its antibacterial activity, the phenomenon is
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primarily attributed to amino groups being no longer significantly
charged [24,25].

Therefore, the cationic modification of CS with QPS is necessary
to achieve a permanent positive charge over a wide range of pH,
making CS suitable for applications in water. In the past, CS mod-
ifications primarily relied on metal-based approaches, such as the
use of Ag, Cu, and ZnO, utilizing the loading capacity of CS. By con-
trast, our study synergistically combines CS and QPS, introducing
bactericidal sites and enhancing the antibacterial efficacy through
cationic modification.

In this study, we reported a high sterilization activity, denoted
as PCC, with QPS grafting. This research provides new insight into
achieving long-term and sterilization activity of CS-based compos-
ites with lesser by products. Drawing inspiration from the fea-
tures mentioned above, high sterilization activity tributyl (dode-
cyl)phosphonium bromide was employed to prepare the biocide.
By grafting hydroxyl and amino groups with QPS onto CS, func-
tional groups with strong positive electric and antibacterial activi-
ties are introduced.

The antibacterial PCC was successfully synthesized via self-
assembly with QPS, where Epichlorohydrin (EPI) served as a flex-
ible cross-linker and QPS acted as the quaternization reagent. The
morphology of PCC was characterized through scanning electron
microscopy (SEM). As shown in Fig. 1, the cross-linked CS-EPI
presented a rougher and more clustered appearance compared
with CS. After self-assembly with QPS, PCC presented a spike-like
structure and its surface appeared smoother than that of CS-EPI
(Fig. 1c). This rough surface facilitated easier puncturing of the
bacterial cell membrane by PCC, making PCC an effective antibac-
terial agent.

The adsorption peak observed at 3400 cm~! in the CS spectrum
was attributed to O-H and N-H stretching vibrations (Fig. 1d). In
the case of CS-EPI, the overlapping peaks in the spectrum indicated
the presence of EPI groups. The spectrum of CS-EPI at 3400 cm™!
became wider due to the increase in O-H groups [26]. In addition,
the stronger adsorption peaks at 1154 cm~! and 1075 cm~! indi-
cated that a cross-linked reaction occurred between C-3 and C-6
with the EPI cross-linker reagent [27,28]. Following self-assembly
with QPS, a new adsorption peak was observed near 605cm~!
which could be attributed to P-C. In addition, the stronger adsorp-
tion peak at 1481 cm~! indicated that more -P+R3 groups were in-
volved in CS-EPI [29].

The changes in surface chemistry after QPS modification were
confirmed through zeta potential and water contact angle mea-
surements. The zeta potential of PCC remained positively charged
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Fig. 1. SEM image of (a) CS
PCC.

, (b) CS-EPI, (c) PCC, (d) FT-IR spectra of CS, CS-EPI, and
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over a wide pH ranging from 3 to 10, signifying that the grafting
of QPS introduced more cationic groups (Fig. S2 in Supporting in-
formation). As shown in Fig. S3 (Supporting information), an in-
crease in water contact angle due to the introduction of hydropho-
bic long-chain alkane confirmed the success of the modification. In
conclusion, PCC was successfully synthesized through facile self-
assembly with QPS.

After confirming that CS-EPI was modified with QPS, we uti-
lized its potential as an antibacterial agent. Two model bacterial
strains, gram-negative E. coli and gram-positive S. aureus, were
used to evaluate antibacterial performance through colony count-
ing assay. The number of colony-forming units with plate count
method was the fastest and direct way for bacterial decontamina-
tion. The synthesized PCC described above demonstrated excellent
sterilization activity, with the highest activity observed at a dosage
of 0.1g/L, indicating that QPS is an effective bactericide (Fig. S4 in
Supporting information).

To analyze the bactericidal rate, reaction time and antibacte-
rial performance were studied. As illustrated in Figs. 2a and b, the
amounts of both bacteria rapidly decreased with an increase in re-
action time. Nearly 95% of E. coli and S. aureus were killed in con-
tact with PCC within 5 min. The kinetic fitting results are presented
in the Figs. 2c and d, where three fitting models were calculated.
The detailed fitting results are provided in Tables S1 and S2 (Sup-
porting information). According to the correlation coefficient (R2)
value, the biphasic model was the most suitable for describing the
bactericidal rate of E. coli compared with the other two models.
This finding suggests that the bactericidal process is characterized
by a first-order linear deactivating rate coupled with a trailing phe-
nomenon. Meanwhile, for S. aureus, Selleck may be the most suit-
able model for indicating the coupling between hysteresis and the
trailing phenomenon.

The antibacterial activity of PCC was further demonstrated via
live/dead staining assay. In Fig. 3, most of the bacteria treated with
CS as the control group were stained green with SYTO-9 acting
as a cell-membrane permeant dye. This result indicated that CS
exhibited negligible antibacterial activity. By contrast, after treat-
ment with PCC, more than 95% of the E. coli were stained red with
propidium iodide, indicating that PCC seriously damaged the cell
membrane.

After reacting with PCC, the coverage of red fluorescence in-
creased in Figs. 3b and e compared with the treatment that in-
volved raw CS agents, indicating that bacterial cell membrane was
damaged, which can be attributed to the penetration of the bacte-
rial membrane by the hydrophobic alkyl chains of the quaternary
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Fig. 2. Survival kinetics and antibacterial ratio on (a) E. coli and (b) S. aureus. Fit
curve of survival kinetics on (c) E. coli and (d) S. aureus.
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Fig. 3. Fluorescent images of E. coli after treatment with (a) CS and (b) PCC. Fluorescent images of S. aureus after treated with (c) CS and (d) PCC. (e) The percentage diagram
of red fluorescence of E. coli. (f) The percentage diagram of red fluorescence intensity of S. aureus.

phosphonium groups [30,31]. The image data were processed using
Image] in Figs. 3c and f, around 70% of the bacteria were still alive
after reacting with CS, while the survival rate in the PCC group was
around 5%. These results also indicated that PCC exhibits high an-
tibacterial activity toward gram-negative bacteria, and this finding
is consistent with the antibacterial ratio obtained via colony count-
ing assay.

Different factors, such as pH, humic acid (HA), and temperature,
were also investigated to evaluate the sterilization performance of
PCC. When pH ranges from 6.5 to 8.5, PCC can completely ster-
ilize against S. aureus and achieve over 95% sterilization perfor-
mance against E. coli (Fig. S5a in Supporting information) [24]. Ad-
ditionally, Fig. S5b (Supporting information) illustrates the impact
of solution temperature. With an increase in temperature, steril-
ization performance against E. coli and S. aureus is improved. This
result can be attributed to higher temperature producing more
active bacterial viability, leading to greater bacterial contact with
PCC. The functional groups present in HA make adsorbing onto CS-
based antibacterial agents easy through hydrogen bonding, and hy-
drophobic and electrostatic interactions [32,33]. This phenomenon
can lead to competition for binding sites with bacteria on PCC. The
effect of HA concentration on the antibacterial activity of PCC was
investigated. As the concentration of HA increased from 0mg/L to
3 mg/L, which is comparable to the concentration in tap water, an-
tibacterial efficiency decreased slightly in Fig. S5c (Supporting in-
formation). HA exerted only minimal negative effect on antibacte-
rial performance. Even if the concentration of HA reaches 3.0 mg/L,
PCC can still inactivate over 90% E. coli and S. aureus.

The long-term durability of antibacterial agents is an important
index for assessing their potential application to actual treatment.
Long-term stability was evaluated by soaking the developed agent
in water (Fig. S6a in Supporting information). After 30 days of
soaking, the antibacterial ratio only decreased to 92.6% and 97.2%

for E. coli and S. aureus, respectively. An inference can be made that
the antibacterial mechanism of PCC relies on the contact antibacte-
rial mechanism, which differs from the silver releasing mechanism
in traditional silver antibacterial agents [34]. The results in Fig. S6b
(Supporting information) show that PCC maintained its bactericidal
ability over five cycles, indicating good stability and reusability for
the sterilization of E. coli and S. aureus.

We also used PCC in river water and tap water antibacterial ex-
periments. Several colonies were found in the raw water coated
on a plate as the control group (Figs. S7a and b in Supporting in-
formation). After PCC treatment, however, no colony growth was
found in both solutions (Figs. S7c and d in Supporting information),
demonstrating the strong sterilization activity of PCC in real water.
The microbial concentration in the actual water body is lower, that
is why the antibacterial result is often better. But it still needs to
strengthen continuous flow experiments to better simulate actual
environmental remediation than batch experiments.

In addition to antibacterial ratio and stability, an equally signif-
icant aspect of PCC properties employed in drinking water treat-
ment is cytotoxicity. Achieving a balance between strong antibac-
terial activity and low toxicity to normal cells is crucial. Several an-
tibacterial agents, such as benzalkonium chloride, exhibit antibac-
terial reactivity but also pose acute cytotoxicity to humans. The in
vitro cytotoxicity of PCC to L929 cells was evaluated via MTT anal-
ysis, as shown in Fig. 4a. In contrast with the control group, CS,
CS-EPI, and PCC presented no significant cytotoxicity to L929 cells
after 24h of coculture. After 48h of coculture, the cell viability
of PCC was 84%, suggesting that PCC is nontoxic to human cells
at a normal dosage. The slight decrease in cell viability may be
attributed to cationic polymers interacting easily with negatively
charged proteins and plasma membrane, leading to damage to the
cell membrane [35]. Overall, PCC demonstrates good biocompati-
bility in water treatment systems.
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Fig. 4. (a) In vitro cytotoxicity on L929 cells for 24h and 48 h. (b) Adsorption capacity of BSA. Atomic force microscopy diagrams of (c) CS and (d) PCC.

This study further investigated the anti-adhesion properties of
PCC, and the results are presented in Figs. 4b and c¢. Smooth an-
tibacterial agents are resistant to scaling compared with a rough
surface. After grafting with QPS, the Rq of PCC decreased from
37.4nm to 21.7 nm, indicating that PCC has a smoother surface (Fig.
S5d in Supporting information). It means PCC compared with raw
CS and CS-EPI has excellent surface properties for resisting bacte-
rial adhesion on its surface. To simulate actual bacterial adhesion,
this study further compared the anti-adhesion properties of PCC
by adsorbing bovine serum albumin (BSA) onto the surface of the
antibacterial agent [36]. Fig. 4d shows that after cross-linking with
EPI, BSA adsorption capacity reached 59.1 mg/g, while the adsorp-
tion capacity of PCC was reduced by 22.7 mg/g, proving that sur-
faced grafting with QPS is an effective method for constructing an
anti-adhesion surface. This result further confirmed the excellent
anti-adhesion properties of PCC.

The preceding results suggest that PCC can disrupt the structure
of bacterial cell membranes and alter their permeability. This find-
ing is evidenced by the consistent trend of K* and protein leach-
ing concentration with antibacterial kinetics, as shown in Figs. S9a
and b (Supporting information). The trends of leaching concentra-
tion and time were consistent with that of antibacterial kinetics.
Notably, the concentrations of K* and protein were higher in S. au-
reus than in E. coli, probably due to the lack of an outer membrane
structure in S. aureus, making it more susceptible to the entry of
antibacterial groups than E. coli [37,38]. The preceding results il-
lustrated that PCC can destroy the structure and change the per-
meability of bacterial cell membrane. When taken together, these
findings shed light onto the antibacterial mechanism of PCC and
highlight its potential as an effective disinfectant agent.

In addition to intracellular substance leakage concentration, the
morphology changes of E. coli and S. aureus after PCC treatments
were observed via SEM to characterize the bactericidal mechanism.
As shown in Fig. 5, untreated E. coli and S. aureus exhibited regular
elliptical and spherical shapes with smooth and intact cell walls,
representing two types of typical rod-shaped and round-shaped
bacteria.

After exposure to PCC, many cells became wrinkled and
shrunken, and some even appeared to be ruptured and broken.
The images clearly show that PCC caused severe damage to bac-
terial cell walls and membranes and the bacteria were distorted or
even ruptured [39,40]. In particular, the morphology of most E. coli
cells was completely broken and turned into debris because the
cell wall was disrupted by PCC. For S. aureus, the degree of dam-
age was slightly less than that for E. coli, and this result can be
attributed to the presence of abundant peptidoglycan and teichoic

(@ (b) (c)

Fig. 5. (a) SEM images of E. coli. (b, c) SEM images of E. coli after PCC treatment.
(d) SEM images of S. aureus. (e, f) SEM images of S. aureus after PCC treatment.

acids in the cell wall of S. aureus compared with that in E. coli [41].
As the representative Gram-negative bacteria, E. coli has a thinner
cell wall than the representative Gram-positive bacteria, i.e., S. au-
reus, which has a thicker cell wall. Its thicker cell wall provides
S. aureus with greater resistance to PCC. Speculating that Gram-
positive bacteria may be more resistant to sterilization than Gram-
negative bacteria is reasonable. The preceding results provided evi-
dence for the damage of the cell membranes of Gram-positive and
Gram-negative bacteria, leading to their inactivation. And the pro-
posed antibacterial mechanism is mainly from electrostatic inter-
action. The positively charged PCC could readily bind to the neg-
atively charged cell walls, and then penetrate cell membrane, and
possibly compromising membrane integrity via lipid molecule ex-
traction effectively.

In this study, PCC, a CS-based antibacterial agent, was prepared
via self-assembly with QPS. By grafting with QPS, PCC became pos-
itively charged over a wide range of pH, overcoming the limitation
of antibacterial ability under acidic conditions. PCC achieved an an-
tibacterial ratio of 95% against E. coli and 100% against S. aureus at
a low dosage of 0.1g/L. In a simulated drinking water distribution
system, PCC was able to maintain high sterilization activity in dif-
ferent HA concentrations, pH values, and temperatures. After five
cycles, PCC presented only a slight decrease in antibacterial perfor-
mance, suggesting its potential application in real water environ-
ments. PCC, which exhibits better anti-adhesion performance than
CS and CS-EPI, can reduce the broken bacterial debris that occu-
pies active sites. In vitro cytotoxicity on L929 cells demonstrated
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that PCC is nontoxic to human cells at a normal dosage, indicating
its safe use in water treatment systems. The antibacterial mecha-
nism of PCC is primarily attributed to QPS embedded into the cell
membrane, disrupting balance and leading to intracellular leaching
and bacterial breakdown. Overall, PCC is a versatile antibacterial
agent with considerable potential for use in water treatment sys-
tem disinfection and environmental remediation.
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