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ZnO–polymer core–shell nanoparticles were successfully prepared using a simple in situ open-to-air

PET-RAFT method. The utilization of vinyltriethoxysilane (VTES) modified ZnO NPs as catalysts for

polymerization, along with the grafting of polymers onto the ZnO NPs, offers significant antibacterial pro-

perties. The cationic monomer methacrylamide guanidine hydrochloride (MAGH) and the glycomonomer

2-methacrylamido glucopyranose (MAG) were grafted onto the ZnO NPs surface, further enhancing the

antibacterial properties by promoting contact with bacteria and specific recognition of E. coli FimH pro-

teins, leading to a significant improvement in the antibacterial ability compared with ZnO NPs. By com-

bining the photocatalytic and antibacterial properties of ZnO NPs, the preparation of a core–shell material

with good antibacterial properties was successfully achieved, providing a new strategy for the synthesis of

antimicrobial materials.

Introduction

Since the discovery of antibiotics, they have been known as the
terminator of bacteria due to their extremely high antibacterial
effect.1 Unfortunately, the widespread use of antibiotics has
led to the rapid spread of antimicrobial resistance genes
between different strains, causing serious harm to human
health.2,3 To address this challenge, in recent years, numerous
antibacterial polymers have been developed. These polymers
mimic the structure of antimicrobial peptides with broad-spec-
trum antibacterial properties, and do not easily cause drug re-
sistance.4 Concurrently, nanomaterials with broad-spectrum
antibacterial properties have drawn attention.

Metal and metal oxide nanoparticles also have broad-spec-
trum antibacterial properties that can be applied in various
applications due to their unique mechanical, magnetic, and
photoelectric properties.5 Among them, ZnO NPs not only
have high photochemical stability and photocatalytic activity,6

but also inhibit a variety of pathogens and fungi due to their

antibacterial properties.7 Their antibacterial mechanisms are
primarily categorized into three types: contact killing, ROS pro-
duction, and release of zinc ions.8 Furthermore, the antibacter-
ial activity of ZnO NPs can be modulated by modifying factors
such as their size, shape, and concentration.9 However, given
their small size, ZnO NPs tend to aggregate, which can be miti-
gated through surface modification10 or by compounding
them with other materials11 to improve their antibacterial
activity. A particularly effective method is surface modification
with polymers,12–14 as it not only prevents aggregation of NPs
but also introduces novel properties, making it an attractive
option for various applications.

The use of light to drive polymerization offers advantages
in providing spatial and temporal control over the reaction.
Photoinduced electron/energy transfer–reversible addition–
fragmentation chain transfer (PET-RAFT) polymerization has
emerged as an excellent technique for developing well-defined
polymers with advantages such as excellent spatial and tem-
poral control, good selectivity and mild reaction
conditions.15,16 In addition to antibacterial agents, ZnO NPs
are also a photocatalyst17,18 and are used in PET-RAFT
polymerization.19,20 Previously, we have successfully employed
the photocatalytic properties of ZnO NPs to perform high
throughput PET-RAFT polymerization in aqueous media.21

Among antibacterial polymers that are not prone to drug re-
sistance, guanidine polymers are a good choice with certain
advantages: the guanidine group can be ionized in a wider pH
range, and it can bind to the cell membrane in the form of
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dihydro bonds, making the bacterial cell membrane firmly
bound and the antibacterial ability stronger.22 Carbohydrates
play a significant role in biological processes such as reco-
gnition and signaling,23–27 and they have a high affinity for
proteins, making them suitable for applications that require
target-specific binding.28–31 Different carbohydrates have been
used to identify bacteria.32 For example, E. coli express FimH
protein on their pili, allowing them to bind to glycopolymers
on their surface.33 And synthesized glycopolymers immobi-
lized on the surface of Fe NPs can capture and kill E. coli in
water.34

Targeting antibacterial nanoparticles to specific bacteria or
infected tissues presents an effective approach for treating
infections, which can minimize side effects and improve anti-
bacterial activity.35 In this paper, a simple, green and efficient
method was designed to improve the antibacterial activity of
ZnO NPs and endow them with specific antibacterial capabili-
ties. The guanidine-cationic monomer MAGH36 and the carbo-
hydrate monomer MAG37 were chosen to strengthen electro-
static interactions and facilitate specific recognition with
E. coli, respectively. We defined the ZnO NPs grafted with the
guanidine polymer as ZnO-G, and those grafted with the copo-
lymer of guanidine and carbohydrate as ZnO-GC. Notably, the
ZnO NPs themselves served as catalysts, enabling oxygen-toler-
ant in situ PET-RAFT polymerization on their silanized surface,
to obtain a ZnO–polymer core–shell material with enhanced
and selective antibacterial properties.

Experimental
Materials

Zinc oxide (ZnO, 50 ± 10 nm) and zinc standard solution
(1000 μg mL−1 Zn in 1% HNO3) were purchased from
Shanghai Macklin Biochemical. Ethanol (≥AR), sodium
hydroxide (NaOH, ≥AR, 97%) and sodium chloride (NaCl,
≥AR, 99.5%) were purchased from Shanghai Aladdin
Biochemical Technology. Vinyltriethoxysilane (VTES) was pur-
chased from Energy Chemical. 4-Cyano-4-(phenylcarbo-
nothioylthio)-pentanoic acid (CPADB) was purchased from
Sigma-Aldrich. Yeast extract and tryptone were purchased from
Oxoid. Nutrient broth and agar powder were purchased from
Solarbio. 2-Deoxy-2-(methacrylamido)-glucopyranose21 (MAG)
and methacrylamide guanidine hydrochloride4 (MAGH) were
prepared as reported previously. The bacterial strains used
were E. coli MG1655 (ATCC-700926) and S. aureus (ATCC-6538)
from Biofeng. They were stored in a −80 °C ultralow-tempera-
ture refrigerator. A xenon lamp was purchased from Beijing
Zhongjiao Jinyuan Company (model: CEL-HXF300, wavelength
range: 320–2500 nm, light intensity = 4.7 mW cm−2@420 nm).

Preparation of ZnO-VTES

Zinc oxide nanoparticles (1 g) were first sonicated with 20 mL
ethanol for 5 min and then transferred to a beaker for surface
modification. The amount of ultrapure water (1.76 g) required
for the hydrolysis of the silane coupling agent was calculated

and added to the beaker, and then 121 μL of vinyltriethoxysi-
lane was added dropwise to react for 1 h. To catalyze the con-
densation reaction, sodium hydroxide was added to raise the
pH value to 10 followed by reaction for another 2 h. Then, the
nanoparticles were centrifuged, washed, and dried.

ZnO-mediated in situ PET-RAFT polymerization

Typically, to synthesize ZnO-G, ZnO-VTES (50 mg), MAGH
(115 mg, 0.7 mM), and CPADB (1 mg, 3.5 μM) were slowly
added in 2 mL of ultrapure water into the sample vials. The
molar ratio of the monomers was set as
[MAGH]0 : [MAG]0 : [CPADB]0 = 200 : 0 : 1.

Similarly, to synthesize ZnO-GC, ZnO-VTES (50 mg), MAGH
(58 mg, 0.35 mM), MAG (87 mg, 0.35 mmol), and CPADB
(1 mg, 3.5 μM) were slowly added in 2 mL of ultrapure water
into the sample vials. The molar ratio of the monomers was
set as [MAGH]0 : [MAG]0 : [CPADB]0 = 100 : 100 : 1.

The sample vials were exposed to air with the reaction solu-
tion under simulated sunlight (light intensity = 47 mW cm−2)
at 25 °C in a dry bath thermostat for 6 h. Then, we turned off
the light to stop the polymerization and the nanoparticles
were centrifuged, washed, and dried.

In addition, towards researching the effect of different
polymerization chain lengths, we conducted the photo-
polymerization of ZnO-G with different illumination times, 20,
40, 60, 180, and 360 min, and obtained ZnO-G at different
photo-polymerization times.

Characterization

A Varian Mercury-400 spectrometer (Agilent Technologies) was
used to acquire 1H NMR spectra of the monomers and poly-
mers. Gel permeation chromatography (E2695 Waters) was
used to measure molecular weights and molecular weight dis-
tributions. A TGA550 thermogravimetric analyzer (Waters) was
used to determine the quantity of polymers grafted onto the
particle surfaces. Total internal reflection Fourier transform
infrared spectra of samples were acquired on a Nicolet
6700FT-IR spectrometer (Thermo Fisher Scientific). Water
contact angles (WCAs) were measured on a contact angle
measuring instrument (SL-200C, KINO Industry) with ultra-
pure water. Zeta potentials were tested on a Nano-ZS90 model
Zetasizer instrument (Malvern) in ultrapure water. X-ray photo-
electron spectroscopy (XPS, EXCALAB 250 XI, Thermo
Scientific) was used to determine the chemical composition of
the modified ZnO. A scanning electron microscope (SEM,
S-4700, Hitachi) equipped with an energy dispersive spec-
troscopy (SEM-EDS) elemental composition analyzer was used
to characterize the morphology of samples and the bacteria
after interaction with the modified ZnO. The morphology of
samples was also characterized using transmission electron
microscopy (TEM, HT-7700, voltage: 120 kV, Hitachi).
Inductively coupled plasma atomic emission spectrometry
(ICP-OES, ICAP-7200, Thermo Fisher Scientific) was used to
quantitatively analyze the Zn content in 1 mg ZnO-G with
photo-polymerization times of 0, 20, 40, 60, 180, and 360 min
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and the ratio of PMAGH to ZnO in ZnO-G was calculated and
plotted.

Antibacterial assay

The antibacterial properties of the samples were evaluated by
the flat colony counting method. E. coli MG1655 frozen at
−80 °C were streaked on LB plates and incubated for 12 h at
37 °C to achieve activation. Single colonies of activated bac-
teria were added to 2 mL of LB liquid medium and cultured
for 8–12 h in a shaker at 37 °C and 190 rpm. S. aureus
ATCC-6538 was cultured in broth medium for 18–24 h. Based
on the OD values at 600 nm (E. coli MG1655) and 650 nm
(S. aureus ATCC-6538), the densities of the bacterial suspensions
were reduced to 107 CFU mL−1 by dilution with sterilized PBS.

To research the antibacterial properties of ZnO-G with
different polymeric chain lengths, three ZnO-G solutions and
ZnO solution were prepared in PBS at a concentration of 1 mg
mL−1. 100, 200 and 500 μL aliquots of the ZnO, ZnO-G solu-
tions were diluted with PBS to a final volume of 900 μL, and
100 μL of bacterial suspension (107 CFU mL−1) was added to
each diluted solution, resulting in final concentration of 100,
200, and 500 μg mL−1. The mixtures were incubated at 37 °C
for 3 h. After 50-fold dilution, 50 μL of the suspensions were
added onto LB plates and distributed evenly. The nutrient agar

plates were incubated in a 37 °C incubator for 8–12 h. Samples
without ZnO and ZnO-G were used as controls. Furthermore,
we researched the specific antibacterial performance of
ZnO-GC against E. coli MG1655. The antibacterial experiment
was the same as above.

The number of single colonies was counted. The antibacter-
ial efficiency was estimated from eqn (1)

Antibacterial effiency ¼ ðA� BÞ=A� 100% ð1Þ

where A and B are the number of colonies on the control and
samples, respectively. Each sample was measured in triplicate.

For observing the bacterial morphology, silicon wafers were
fixed in a mixture with 2.5% glutaraldehyde solution for 2 h
and washed with PBS. They were dehydrated with ethanol solu-
tions in a concentration gradient of 30%, 50%, 70%, 90%, and
100% for 10 min at each step. The morphology of the bacterial
membranes was observed by SEM.

A mixture of E. coli (107 CFU mL−1) and S. aureus (106 CFU
mL−1) was prepared based on the optical density (OD) to visu-
ally reflect the specific antibacterial ability of ZnO-GC. The
mixtures consisted of 100 μL of ZnO-G or ZnO-GC at a concen-
tration of 1 mg mL−1, 800 μL of PBS and 100 μL of the mixed
bacterial solution. The mixtures were incubated at 37 °C for

Scheme 1 Scheme of ZnO-mediated in situ PET-RAFT to synthesize NPs with enhanced and targeted antibacterial ability.
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3 h. After 50-fold dilution, 50 μL of the suspensions were
added onto LB plates and distributed evenly. The nutrient agar
plates were incubated in a 37 °C incubator for 8–12 h. Samples
without ZnO-G and ZnO-GC were used as controls.

The number of single colonies was counted, and the total
number of colonies was obtained from eqn (2):

Total number of colonies ¼ A� B ð2Þ
where A and B are the number of colonies and the dilution
multiple, respectively. Each sample was measured in triplicate.

Statistical analysis

To ensure validity, each experiment was repeated three times
and statistically analyzed. The statistical differences were eval-
uated using one-way ANOVA tests. A value of P ≤ 0.05 was con-
sidered statistically significant (*p ≤ 0.05; **p ≤ 0.01; ***p ≤
0.001).

Results and discussion

Double-bond functional groups were effectively incorporated
onto the surface of ZnO NPs through the aldol condensation
reaction between the silane coupling agent vinyltriethoxysilane
(VTES) and the hydroxyl groups present on the ZnO surface,
resulting in the formation of ZnO-VTES. Subsequently, a graft-
ing-through method was employed, without the need for
oxygen removal through degassing, utilizing ZnO-VTES
mediated PET-RAFT to graft polymers containing guanidine
and carbohydrate moieties onto the ZnO surface, as illustrated
in Scheme 1.

The confirmation of the synthesis of ZnO-VTES was
achieved through the utilization of infrared spectroscopy (IR)
and water contact angle (WCA) measurements. A comparison
of the FT-IR spectra of ZnO and ZnO-VTES revealed distinct
peaks at 1588 cm−1 and 1050 cm−1, which corresponded to the
CvC bond and Si–O bond, respectively, indicating the pres-
ence of vinyltriethoxysilane in the latter (Fig. 1A). The WCA
measurements of ZnO and ZnO-VTES are displayed in Fig. 1B.
The surface of ZnO exhibited superhydrophilicity, as evidenced
by an almost zero water contact angle. In contrast, ZnO-VTES
displayed a WCA of 8.6 ± 0.2°, which can be attributed to the
abundance of hydrophilic hydroxyl groups on the surface of

the ZnO NPs and the incorporation of hydrophobic silane
coupling agents.38

We have determined the quantity of polymers grafted onto
the particle surface using TGA (Fig. 2A). As the polymerization
time increased, the overall weight loss in polymer-modified
ZnO NPs rose from 8.9 to 26.7%. We also monitored the con-
version of monomers in solution using 1H NMR. As depicted
in Fig. S5,† the alkene hydrogens of MAGH and MAG decreased
gradually in the reaction, which confirms the successful

Fig. 2 (A) TGA of ZnO, ZnO-VTES, ZnO-GC and ZnO-G with different
polymerization times. (B) Conversion vs. time for the polymerization of
MAGH and MAG determined by TGA and 1H NMR. (C) SEM images of
ZnO-G with polymerization times of 0, 60 and 360 min.

Fig. 1 (A) FT-IR spectra of ZnO and ZnO-VTES. (B) WCAs of ZnO and
ZnO-VTES.

Fig. 3 (A) Scheme showing ZnO-G and ZnO-GC. (B) FT-IR spectra of
ZnO, ZnO-G and ZnO-GC. (C) C, N, O contents of ZnO, ZnO-G and
ZnO-GC determined by XPS. TEM images of (D) ZnO, (E) ZnO-G and (F)
ZnO-GC. SEM and SEM-EDS images of (G) ZnO-GC.
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polymerization of the two monomers. The polymerization rate
of MAG was slightly slower than that of MAGH, consistent with
previously reported literature indicating that sugar monomers
typically polymerize at a slower rate due to bulk hindrance.39,40

The overall conversion of monomers determined using 1H NMR
was comparable to that obtained using TGA, indicating that the
majority of the polymer formed was grafted onto the NPs
(Fig. 2B). This observation suggests that most of the free radicals
were generated near the ZnO NPs, leading to the grafting of
polymers onto the ZnO NP surfaces. It is also worth noting that
the rate of polymer grafting decelerated and plateaued after
60 minutes, as a result of the polymer coating on the ZnO NPs
affecting the photocatalytic activity and hindering the polymer-
ization reaction, a characteristic phenomenon observed in graft-
ing-through methodologies.41 Fig. 2C displays representative

scanning electron microscopy (SEM) images of ZnO-G at various
polymerization durations. As the polymerization time increased,
there was an augmentation in the particle size of the ZnO-G
core–shell particles. This observation suggested an increase in
the amount of grafted polymer on the ZnO surface, confirming
the success of the grafting-through polymerization.

In order to achieve specific antibacterial properties for the
ZnO–polymer, we employed the copolymerization of guanidine
monomer MAGH and carbohydrate monomer MAG to syn-
thesize ZnO-GC (Fig. 3A). The ZnO-GC sample exhibited
characteristic FT-IR peaks at 2935 cm−1 and 1658 cm−1, corres-
ponding to the sugar ring on PMAG and CvO on the ester
bond, respectively. These peaks indicate the successful grafting
polymerization of MAGH and MAG onto ZnO (Fig. 3B). The
zeta potentials of ZnO-G and ZnO-GC were measured to be

Fig. 4 (A) Antibacterial effects of ZnO, ZnO-G and ZnO-GC at concentrations 100, 200 and 500 μg mL−1 against E. coli. (B) Influence of polymeriz-
ation time on the antibacterial effects of ZnO-G at different concentrations against E. coli. (C) Influence of introducing glycopolymer on antibacterial
effects of ZnO-G-360 and ZnO-GC against E. coli. Data are reported as mean ± SD (n = 3). SEM images of E. coli treated with (D, E and F) ZnO,
ZnO-G and ZnO-GC at 100 μg mL−1.
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+29.5 mV and +20.3 mV, respectively (Fig. S8†). The higher
zeta potential of ZnO-G can be attributed to the presence of
the positively charged guanidine group on PMAGH. On the
other hand, ZnO-GC exhibited a lower zeta potential compared
to ZnO-G due to the replacement of half of the positively
charged PMAGH with uncharged PMAG.

The X-ray photoelectron spectroscopy (XPS) technique was
employed to analyze the ZnO–polymer core–shell particles
(Fig. 3C and Fig. S9†). The N and O contents in ZnO-G were
11.36% and 21.08%, respectively, whereas the N and O contents
in ZnO-GC were 7.5% and 28.21%, respectively. The disparity in
the N and O contents between ZnO-G and ZnO-GC can be attribu-
ted to the introduction of carbohydrates, which possess a higher
proportion of O, and the reduced concentration of guanidine
groups, which possess a higher proportion of N, in ZnO-GC.

Additionally, the morphologies of the ZnO NPs were com-
pared using transmission electron microscopy (TEM). Notably,
both ZnO-G and ZnO-GC exhibited a distinct contrast, with the
lighter polymer portion enveloping the darker ZnO core, in
comparison to the initial ZnO nanoparticles (Fig. 3D–F).
Additionally, the SEM-EDS analysis of the distribution of N, S
and Zn in ZnO-GC closely corresponded to their respective

morphologies (Fig. 3G). This suggests the presence of MAGH/
MAG and CPABD on the surface of the ZnO NPs, further con-
firming the successful synthesis of ZnO–polymer core–shell
nanoparticles. Thereby providing further evidence for the suc-
cessful synthesis of ZnO–polymer core–shell nanoparticles.

Antibacterial assay

Antibacterial properties of ZnO-G and ZnO-GC against
E. coli. The antibacterial performance of ZnO-G with different
amounts of grafted polymer towards the Gram-negative bac-
teria E. coli was studied. ZnO-G-20, ZnO-G-60 and ZnO-G-360
represent ZnO NPs obtained with PET-RAFT polymerization
times of 20, 60 and 360 min, respectively. The antibacterial
activities of unmodified ZnO NPs at different concentrations
were first evaluated (Fig. S11†). There existed a concentration-
dependent antibacterial ability from 0.5 mg mL−1 to 10 mg
mL−1 and when the concentration reached 10 mg mL−1

(1 wt%), ZnO NPs killed more than 99% of the bacteria, which
is consistent with previous reports.42

With the introduction of guanidine and carbohydrate poly-
mers, the antibacterial efficacy of ZnO was enhanced (Fig. 4A–
C). ZnO-G exhibited a concentration-dependent effect, display-

Fig. 5 (A) Scheme showing ZnO-G and ZnO-GC treatment of mixed bacterial solutions of E. coli and S. aureus. (B) Antibacterial effects of ZnO-G
and ZnO-GC at 100 μg mL−1 on mixed bacterial solutions and statistics on the number of colonies. Data are reported as mean ± SD (n = 3).
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ing a stronger bactericidal efficacy with 96% antibacterial
efficacy at a concentration of 500 μg mL−1. This can be attribu-
ted to the increased bacterial interaction with ZnO-G due to
the presence of guanidine cations. Additionally, the guanidine
groups formed stronger bidentate hydrogen bonds with bac-
terial cell membranes, leading to cell wall rupture and sub-
sequent bacterial death. Specifically, when the carbohydrate
MAG was introduced to form ZnO-GC, the antibacterial
efficiency against E. coli was further improved. At a concen-
tration of 100 μg mL−1, it exhibited a strong antibacterial
effect, approaching 100%. This finding suggests that the glyco-
polymers and cationic guanidine polymers on ZnO NPs syner-
gistically contribute to the capture and killing of bacteria.43

To elucidate the antibacterial mechanism and understand
the impact of ZnO-G and ZnO-GC core–shell NPs on bacterial
morphology, the interaction between E. coli and ZnO,
ZnO-G-360 and ZnO-GC at a concentration of 100 μg mL−1 was
investigated by SEM. ZnO NPs exhibited a limited association
with the bacteria, whereas ZnO-G-360 showed significantly
enhanced interaction. Notably, ZnO-GC not only exhibited pro-
nounced contact with the bacteria’s surface, but there was also
evident bacterial collapse, indicating substantial damage
inflicted upon the bacteria (Fig. 4D–F). Therefore, the intro-
duction of guanidine and carbohydrate polymers can effec-
tively increase the antibacterial performance against E. coli.

Antibacterial ability of ZnO-G and ZnO-GC in a mixed bac-
terial solution. In addition to enhancing the antibacterial
efficacy, glycopolymers are anticipated to possess a distinctive
bacterial binding capability, facilitated by the interaction with
specific lectins on the bacterial surface.44 Consequently, we
selected E. coli and S. aureus as model organisms to investigate
the antibacterial properties of ZnO-G and ZnO-GC in a mixed
bacterial solution (Fig. 5A). By discerning the two bacterial
species based on their distinct morphologies and colony colors,
it becomes evident that the colonies of E. coli following co-culti-
vation with ZnO-GC exhibited a significant reduction compared
to the other experimental groups. The number of E. coli colonies
exhibited a significant decrease, dropping by two orders of mag-
nitude. Conversely, there was no significant difference in the
number of colonies between ZnO-G and ZnO-GC after co-cultur-
ing with S. aureus (Fig. 5B). This discrepancy may be attributed
to the presence of the FimH protein on the pili of E. coli, which
can be recognized by the carbohydrate MAG, whereas S. aureus
lacks the FimH protein on its surface. This observed phenom-
enon suggests that the combined electrostatic and lectin–carbo-
hydrate interactions between E. coli and ZnO-GC result in a
more pronounced affinity when compared to the electrostatic
interactions between S. aureus and ZnO-GC. Consequently, this
enhanced affinity leads to a selective eradication of E. coli
within the mixed bacterial solution.

Conclusions

In this study, we successfully synthesized novel ZnO–polymer
core–shell nanoparticles utilizing a green and highly effective

in situ photo-polymerization technique. Remarkably, the ZnO
nanoparticles acted as catalysts, facilitating oxygen-tolerant
in situ PET-RAFT polymerization on their silanized surface.
The incorporation of double bonds on the ZnO surface
ensures a grafting-through mechanism for the growth of gua-
nidine and carbohydrate polymers on its surface. The incor-
poration of guanidine and carbohydrates significantly aug-
mented the interaction between ZnO NPs and bacteria, result-
ing in improved antibacterial efficacy. Additionally, this modi-
fication conferred specific antibacterial properties against
E. coli. The grafting of polymers greatly enhanced the antibac-
terial capabilities of ZnO. In order to achieve a bactericidal
effect on over 95% of E. coli, a concentration of 10 mg mL−1 of
ZnO is required, whereas ZnO-G necessitates a concentration
of 500 μg mL−1, and ZnO-GC only requires 100 μg mL−1.
Moreover, aside from the enhanced antibacterial efficacy, the
findings revealed that in a mixed bacterial solution, ZnO-GC
exhibited a preferential bactericidal effect on E. coli in the
presence of S. aureus. In summary, the successful preparation
of a core–shell material with potent antibacterial properties
has been accomplished. The incorporation of guanidine has
enhanced the broad-spectrum antibacterial efficacy without
any selectivity, while the addition of carbohydrates has con-
ferred improved and distinctive antibacterial capabilities
towards specific bacterial species. This innovative approach
has presented a promising strategy for the synthesis of novel
antibacterial materials.
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