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a b s t r a c t

Drug-resistant bacteria present a severe threat to public health, emphasizing the importance of devel-

oping broad-spectrum antibacterial agents that are free from drug resistance. Among silver-based an-

tibacterial agents, nano-silver has been found to exhibit the most promising and comprehensive per-

formance. The exploration of the antibacterial capacity and morphological changes of silver nanoparti-

cles (AgNPs) could offer a starting point for the development of safe and efficient antibacterial agents.

In this study, three types of nano-silver-modified polyphosphazene (PRV) nanoparticles with different

morphologies were synthesized using precipitation polymerization. These nanoparticles were character-

ized using various techniques, including Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction

(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and thermogravi-

metric analysis (TGA). The antibacterial activity of these nanoparticles against Escherichia coli (E. coli) and

Staphylococcus aureus (S. aureus) was assessed using minimum inhibitory concentration (MIC)/minimum

bactericidal concentration (MBC) tests and inverted fluorescence microscopy. Our results revealed that the

antibacterial activity of silver nanoparticles can vary significantly depending on their immobilized form.

Ag@PRV Strawberry-like nanoparticles (NPs) exhibited higher antibacterial activity compared to Ag@PRV

Yolk-Shell NPs and Ag@PRV Cable-like nanofibers (NFs). Notably, all three types of synthesized nanopar-

ticles demonstrated a stronger bactericidal effect on Gram-positive bacteria than Gram-negative bacteria.

Live/dead bacterial staining and scanning electron microscopy demonstrated that silver can kill bacteria

by altering the permeability of their cell membranes. These findings offer valuable insights for designing

and practically applying new silver-based antibacterial agents in the future.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Silver has been widely used as an antibacterial agent for many

years, and its potential practical applications have gained substan-

tial momentum in various fields, including public health, biomed-

ical and food safety [1]. The corona virus disease 2019 (COVID-19)

pandemic and the emergence of super-resistant bacteria have fur-

ther accelerated interest in silver-based solutions. While conven-

tional silver-based products such as implants, bandages, gels, and

surgical wires have been in use, recent years have witnessed the

development of several new silver-containing products, particularly

nano-silver products [2–5].
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There is a growing consensus that reducing the size of materi-

als to the nanoscale can enhance their commercial value, enabling

them to perform novel and superior functions [6–8]. For instance,

macro-scale silver can be converted into nanoparticles (NPs) with

significantly improved antibacterial properties, exhibiting broad-

spectrum sterilization without drug resistance. Furthermore, stud-

ies indicate that silver can promote wound healing, making it a

focal point of medical research [2,9]. However, silver nanoparticles

(AgNPs) have limitations, including agglomeration, biotoxicity, easy

oxidation, and bioaccumulation [10,11]. To address these issues,

doping or adding AgNPs to various matrices has been proposed as

a potential solution. For instance, Vijaya et al. developed a novel

nanocomposite with improved antibacterial properties by embed-
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ding AgNPs into graphene oxide cellulose, mediated by catechin

(CA) [12]. Ge et al. employed a simple one-step procedure utilizing

crab shells to prepare iminodisuccinate (IDS)-modified chitin for

adsorbing Ag. This research not only attained enhanced antibac-

terial properties but also successfully accomplished various objec-

tives such as waste utilization, resource recovery, and reutiliza-

tion [13]. Additionally, Xu et al. developed a novel material, con-

sisting of calcium alginate gels-functionalized polyurethane form

(PUF) decorated with AgNPs, that showed excellent long-term an-

tibacterial activity [14]. Therefore, the identification of suitable car-

rier materials to loaded silver antibacterial agents remains an im-

portant task for improving the dispersibility, stability, and safety of

AgNPs [15–22].

Polymeric nanocarriers have become increasingly popular in

recent years for delivering drugs to improve the efficacy of

chemotherapeutics, such as NSC23766 [23], STM@8P4 [24], and

doxorubicin (DOX) [25]. These drugs are loaded into phenylalanine-

based poly(ester amide) (Phe-PEA) NPs, which offer several ad-

vantages over traditional carriers. NP systems are known to effec-

tively reduce biotoxicity levels, improve drug transport efficiency,

and provide sustained drug release. Polyphosphazene, a type of

organic-inorganic hybrid polymer, is characterized by an alternat-

ing arrangement of nitrogen and phosphorus elements in its main

chain, and organic substituents in its side chain. It boasts of sev-

eral attractive features, such as high or low-temperature resis-

tance, organic solvent resistance, excellent molecular designabil-

ity, and good biocompatibility than Phe-PEA NPs. In our previ-

ous study [26], we reported that a poly(cyclotriphos-phonitrile-

co-3,4′,5-trihydroxystilbene) material (PRV) obtained through the

precipitation polymerization of hexachlorocyclophosphazene and

resveratrol exhibited high bactericidal activity and low toxicity

upon combining with Ag ions. Furthermore, the surface of the PRV

contains abundant active functional groups that capture silver ions

and act as reaction sites, thus simplifying the preparation process.

Compared to ionic silver, the biological toxicity of silver NPs is

much lower at the same molar concentration. Thus, combining PRV

with AgNPs has great potential for addressing the drawbacks of

nano silver application.

In this study, we developed and synthesized three distinct

shapes and structures of nano-silver-modified PRV NPs, including

Ag@PRV Cable-like nanofibers (NFs), Ag@PRV Yolk-Shell NPs, and

Ag@PRV Strawberry-like NPs. The precipitation polymerization of

hexachlorocyclophosphazene and resveratrol yielded PRV, which

was then bound with nano-silver in the form of a hard template

or secondary reduction. The synthesis of PRV was facilitated using

ultrasound, and the surface functional groups of PRV served as an-

chor sites for silver ions and nano-silver through electrostatic inter-

actions, resulting in a green, mild, safe, and straightforward prepa-

ration process. The morphology and structure of Ag@PRV NPs were

systematically analyzed, and comparative analysis was used to ex-

plore differences in their antibacterial properties. Furthermore, we

investigated the anti-bactericidal mechanism of the antibacterial

agents on various bacteria groups using electron microscopy and

inverted fluorescence microscopy, revealing the mechanisms un-

derlying the difference in bactericidal effects.

In prior research [26], the combination of silver nitrate and PRV

NPs displayed robust bactericidal effects through silver ions and bi-

ological effects via the resveratrol backbone. The composite exhib-

ited excellent antibacterial properties and significantly decreased

cytotoxicity at optimal concentrations. Furthermore, the composite

stimulated the activation of mouse fibroblasts, indicating a promis-

ing application. Based on these results, we continued to use PRV

materials. It has been established that the unique properties of NPs

are closely linked to their morphology. The regulation of nanopar-

ticle morphology can be achieved by changing experimental con-

ditions such as influencing the stabilization factors in the synthesis

process or adding exotic templates [27]. Tang et al. have explored a

variety of cyclic cross-linked polyphosphazene with unique molec-

ular structures and morphologies [28–31], such as nanofibers, nan-

otubes, nanospheres, hollow spheres, layered structures, and oth-

ers, all of which exhibit significant research value.

The present study describes the schematic synthesis of three

distinct nano-silver-modified polyphosphazene (PRV) NPs: Ag@PRV

Strawberry-like NPs, Ag@PRV Yolk-Shell NPs, and Ag@PRV Cable-

like NFs, under various reaction conditions, as depicted in Fig. 1.

The synthesis of PRV NPs follows the typical oligomer adsorption

mechanism [32]. As shown in Fig. S1 (Supporting information), the

precipitation polymerization of resveratrol (RSV) and hexachloro-

cyclotriphosphazene (HCCP) was conducted using acetonitrile as a

solvent and excess triethylamine (TEA) as an acid-binding agent to

provide energy through ultrasonication. Initially, HCCP reacts with

RSV to form hydrogen chloride (HCl), which is captured by TEA to

form triethylamine hydrochloride crystals. This, in turn, promotes

nucleophilic substitution between the hydroxyl (-OH) terminal of

RSV and the P-Cl functional group in HCCP. The specific shape of

PRV particles can be prepared by inducing precipitation and poly-

merization with a hard template during the early stage of the re-

action. Although hard templates are introduced in the synthesis of

both Ag@PRV Cable-like NFs and Ag@PRV Yolk-Shell NPs, Ag@PRV

Cable-like nanofibers require lower ultrasonic power during the re-

action to maintain stability. Strong external disturbance can de-

stroy the stability of the deposition, leading to the self-assembly

of PRV and growth of spherical NPs. In addition, the synthesis pro-

cess of Ag@PRV Strawberry-like NPs involves surface modification

of PRV NPs and secondary growth of silver to ensure uniform ad-

sorption of Ag+ on the surface of the nanosphere through electro-

static interactions, followed by in situ reduction to silver NPs to ob-

tain the final strawberry structure. In situ reduction of PRV directly

in silver nitrate solution resulted in unsatisfactory outcomes due to

self-agglomeration or agglomeration of silver NPs on the surface of

PRV (Fig. S2 in Supporting information). Therefore, modification of

the surface potential by PEI was necessary to achieve the desired

structure [33–36]. The specific synthesis processes are described in

Supporting information.

The present study focuses on examining the encapsulation pro-

cess of nano-silver-modified PRV NPs and exploring the bond-

ing mechanism between primary NPs and the hard template. The

scanning electron microscopy (SEM) and transmission electron mi-

croscopy (TEM) were utilized to examine the morphology of the

three PRV NPs loaded with silver (Ag@PRV Cable-like NFs, Ag@PRV

Yolk-Shell NPs, and Ag@PRV Strawberry-like NPs) (for a detailed

description of all the test procedure, please refer to the Supporting

information). The SEM and TEM images presented in Figs. 2a and

b demonstrated that the Ag@PRV Yolk-Shell NPs exhibited uniform

particle size and a certain roughness on the surface, which was at-

tributed to the pores in the shell. The diameter of the nanospheres

ranged from 500nm to 700nm, and they exhibited good dispersion

with no adhesion. Furthermore, the nano-silver was successfully

encapsulated in the PRV particles with uniform distribution, dis-

playing a unique yolk-egg-shell structure with a shell layer thick-

ness of approximately 250–300nm and a nano-silver core with a

particle size ranging from 100nm to 200nm.

Figs. 2c and d show the TEM images of Ag@PRV Strawberry-like

NPs, which exhibit uniform coverage of AgNPs with a size range of

20–40nm on the PRV spheres, preventing self-agglomeration out-

side the spheres. The trace AgNPs initially formed on the PEI-PRV

surface underwent secondary growth to achieve the desired effect,

as observed. Upon changing the hard template from AgNPs to Ag-

NFs, ultrasonic radiation supplied the necessary energy for the pri-

mary NPs to aggregate and deposit around the Ag nanowires. This

process ultimately resulted in the formation of cable-like core-shell

NPs with a silver core and PRV shell. The key to this process was
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Fig. 1. Schematic illustration of the synthetic procedure for nano-silver-modified PRV NPs with different morphologies: (a) Ag@PRV Strawberry-like NPs, (b) Ag@PRV Yolk-

Shell NPs, and (c) Ag@PRV Cable-like NFs.

Fig. 2. Characterization of nano-silver-modified PRV NPs with different morphologies: (a–f) SEM and TEM images; (g) FT-IR spectra; (h) XRD patterns; (i, j) thermogravimetric

analysis (TGA) results performed under N2 or air atmosphere at a heating rate of 10 °C/min; (k) photographs of Ag@PRV NPs dispersed in different solvents, including

phosphate buffered saline (PBS), ethanol (EA), acetone (PK), and acetonitrile (ACN).
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ultrasonic treatment, as an excessively strong external perturba-

tion could destabilize the deposition and lead to the growth of PRV

into spherical particles without template self-assembly. As shown

in Figs. 2e and f, the diameter of the coaxial cable was about 300–

400nm, while the diameter of the internal silver nanowires was

about 140nm, and the PRV was successfully deposited wrapped on

the surface of the nanowires. As depicted in Fig. 2g, the absorp-

tion peak observed at 960 cm−1 in the FTIR spectrum was assigned

to P-O-(Ph), which provided strong evidence for the polycondensa-

tion cross-linking between HCCP and RSV. Fig. 2h displays the XRD

diffraction patterns of the three materials. The diffraction peaks

observed at 38°, 44°, 64°, and 77° correspond to the characteris-

tic peaks of Ag(111), Ag(200), Ag(220), and Ag(311), respectively.

The presence of these absorption peaks in the FTIR and diffraction

characteristic peaks in the XRD spectra confirmed the synthesis of

PRV and the successful loading of silver. As shown in Fig. 2i, ther-

mogravimetric analysis (TGA) showed that the Ag@PRV Yolk-Shell

NPs carried 6.3 wt% silver, Ag@PRV Strawberry-like NPs 34.2 wt%

silver, and Ag@PRV Cable-like NFs up to 61.1 wt% silver. The sil-

ver loading of the other two PRV nanomaterials was significantly

higher than previously reported in the literature [37,38], except for

the Ag@PRV Yolk-Shell NPs. The thermal stability of the nanopar-

ticle was measured using TGA in a nitrogen atmosphere, and the

thermal weight loss curves of all three materials became flat when

the PRV materials were loaded with silver (Fig. 2j). The physical

resistance effect brought by the introduction of silver could also

enhance the thermal stability of the system, and the higher the

silver content, the flatter the curve. The weight loss process could

be divided into three stages, with the initial weight loss caused by

the escape of gas from the porous shell layer of the material, the

disintegration of the phosphonitrile ring in the intermediate stage,

and the destruction of the phosphonitrile ring’s structure, leading

to the release of nitrogen as N2 and the sublimation of phospho-

rus. White phosphorus was also transformed into red phosphorus

at this temperature [39]. Observations were made regarding the

thermal weight loss curves of the three materials loaded with sil-

ver, specifically that the curves flattened as the silver content in-

creased. This implies that the physical resistance effect induced by

the introduction of silver can enhance the thermal stability of the

system [40].

Polyphosphazene carriers containing multiple hydroxyl groups

have been demonstrated to prevent nanoparticle agglomera-

tion by enhancing dispersion and stability in solution systems

through spatial effects and surface potential. To investigate this

phenomenon, we subjected three nano-silver-modified PRV NPs

to sonication in various solvent systems, including phosphate

buffered saline (PBS), ethanol (EA), acetone (PK), and acetonitrile

(ACN), and subsequently monitored sedimentation. The results, as

depicted in Fig. 2k, indicated that all NPs were evenly dispersed

in both aqueous and organic phases after sonication. However, the

sedimentation phenomenon was observed for Ag@PRV Cable-like

NFs after three days, potentially due to the wire-like nano cables

losing their nanoscale properties by entangling with one another.

Pure PRV primarily inhibits silver cytotoxicity while having lit-

tle impact on antibacterial activity. In our previous study, the an-

tibacterial properties of the composite are mainly determined by

the silver ion content. However, the biocidal activity of nano-silver

differs from that of free silver ions, and the particle’s geometri-

cal factors, such as particle size and surface morphology, play an

important role. To further examine the surface elemental compo-

sition of the nano-silver-modified PRV NPs, X-ray photoelectron

spectroscopy (XPS) was used. The XPS spectra of the three nano-

silver-modified PRV NPs and the narrow sweep spectra of the sur-

face Ag elements are shown in Fig. S3 (Supporting information).

The specific surface element concentrations are shown in Table

S1 (Supporting information). It was found that the surface of the

polyphosphononitrile of the shell layer contained a high content

of C, O, N, and P elements. The quantification results of Ag con-

tent on the surface of the three NPs were inconsistent with the

thermogravimetric results, with Ag@PRV Strawberry-like NPs hav-

ing the highest Ag content on the surface, while Ag@PRV Cable-like

NFs and Ag@PRV Yolk-Shell NPs had almost no Ag on the surface.

The bactericidal properties of silver NPs have been shown to be

subject to the dual synergistic effects of contact bactericidal and

silver ion solubilization. The concentration of Ag elements on the

surface of the particles is considered to have a significant impact

on the subsequent antibacterial effect. The high content of O ele-

ments on the surface of the shell layer confirms that the surface

of the nanospheres is rich in hydroxyl groups, which contributes

to the particles’ hydrophilicity and could potentially be used for

specific functional modification. Following the observation of vari-

ations in the silver loading and surface silver content of the three

nano-silver-modified PRV NPs, we proceeded to assess the over-

all antibacterial efficacy of the different morphologies against two

bacterial strains, namely Gram-negative Escherichia coli (E. coli) and

Gram-positive Staphylococcus aureus (S. aureus).

The antibacterial efficiency of three different nano-silver-

modified PRV NPs was evaluated by determining their minimum

inhibitory concentration (MIC) and minimum bactericidal con-

centration (MBC) values against E. coli and S. aureus. Figs. 3a–d

illustrates that Ag@PRV Strawberry-like NPs exhibited the lowest

nanoparticle concentration required for clear bacterial suspensions

compared to the other two materials. Specifically, the MIC and

MBC values for E. coli were 39.4 and 156.3 μg/mL, respectively,

while the corresponding values for S. aureus were 312.5 and

625.0 μg/mL. Conversely, Ag@PRV Cable-like NFs demonstrated

good antibacterial activity, with E. coli MIC and MBC values of

153.6 and 1250.0 μg/mL, respectively, and S. aureus MIC and MBC

values of 625.0 and 2500.0 μg/mL, respectively (Table S2 in Sup-

porting information). In contrast, Ag@PRV Yolk-Shell NPs exhibited

the lowest antibacterial properties, with E. coli MIC and MBC

values of 625.0 and 5000μg/mL, respectively, and S. aureus MIC

and MBC values of 1250.0 and 10,000.0 μg/mL, respectively.

The determination of specific bactericidal rates of three distinct

materials was carried out by bacterial fluorescence imaging anal-

ysis. Fluorescence microscopy images of the bacterial suspensions

following the exposure of different NPs to the target bacterial so-

lution were obtained and are presented in Fig. 3e. In these images,

surviving bacteria appeared green, while dead bacteria appeared

red. The physical state and number of bacterial cells were ob-

served to significantly differ among the three materials. The quan-

titative analysis data of Fig. 3f corroborated the results of MIC and

MBC. The highest bactericidal ability was observed for Ag@PRV

Strawberry-like NPs, with an E. coli killing efficiency rate of ap-

proximately 93% and a S. aureus killing efficiency rate of approxi-

mately 92%. The Ag@PRV Cable-like NFs followed closely, with an

E. coli killing efficiency rate of approximately 79% and a S. aureus

survival rate of approximately 70%. Finally, the Ag@PRV Yolk-Shell

NPs showed the lowest bactericidal activity with an E. coli survival

rate of approximately 71% and a S. aureus survival rate of approxi-

mately 61%.

The antibacterial mechanisms of the three NPs are closely

related. Previous studies have shown that nano-silver possesses

broad-spectrum bactericidal properties through a dual synergis-

tic effect of nano-silver contact bactericidal action and silver ion

solubilization bactericidal action. Nano-silver particles with a high

surface potential are known to accumulate on the bacterial sur-

face. Additionally, silver ions released from nano-silver can bind

to sulfur-containing proteins and DNA in bacteria, inhibiting DNA

translation and transcription and resulting in the release of reactive

oxygen species, which affect the normal physiological activities of

bacteria [41,42]. In the case of Ag@PRV Cable-like NFs and Ag@PRV
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Fig. 3. Antibacterial activity of nano-silver-modified PRV NPs with different morphologies against E. coli and S. aureus: (a, b) CFU counting images of MBC for both bacterial

strains; (c, d) MIC test results of different concentrations of NPs; (e) fluorescence microscopy images; (f) killing efficiency ratio.

Yolk-Shell NPs, the polyphosphazene shell layer encapsulates nano-

silver, thereby improving its safety. However, nano-silver in these

NPs cannot directly contact bacteria and relies on the leaching

of silver ions for sterilization. The thickness and composition of

the shell layer play a crucial role in the sterilization rate. Ag@PRV

Cable-like NFs tend to lose their nano properties due to mutual

entanglement, while Ag@PRV Yolk-Shell NPs exhibit poorantibac-

terial properties due to their low nano-silver content and thick

shell layer, which inhibits silver ion diffusion. On the other hand,

Ag@PRV strawberry-like NPs have a uniform distribution of silver

ions throughout the shell layer, which allows for faster dispersion

and direct contact with bacteria. The unrestricted release of silver

ions from the shell layer allows for the most effective steriliza-

tion through a combination of silver contact sterilization and sil-

ver ion dissolution sterilization. While Ag@PRV Cable-like NFs and

Ag@PRV Yolk-Shell NPs show relatively lower antibacterial perfor-

mance, they are still valuable in situations where low toxicity and

long-lasting antibacterial effects are desired.

In the antibacterial tests, we observed varying levels of re-

sistance of E. coli and S. aureus to nano-silver-modified PRV NPs

with different morphologies. Interestingly, the material exhibited a

stronger selective killing effect on E. coli than on S. aureus, which

may be attributed to the differences in the cell membrane struc-

tures of Gram-positive and negative bacteria. As depicted in Fig.

4a, the cell wall of Gram-negative bacteria is more complex, con-

sisting of the outer membrane, peptidoglycan layer, wall mem-

brane gap, and cytoplasmic membrane, whereas the peptidogly-

can layer of the cell wall in Gram-positive bacteria is thick and

compact in structure. However, the peptidoglycan layer in Gram-

negative bacteria is thin, with low peptidoglycan content and a

loose structure, rendering them more susceptible to nano-silver-

induced membrane damage and death. Conversely, the thick and

compact structure of the peptidoglycan layer in Gram-positive

bacteria makes it challenging for nano-silver and silver ions to

penetrate and alter the membrane permeability [43,44]. To val-

idate this hypothesis, we performed live-dead bacterial staining,

fixed the co-cultured bacteria by dehydration and investigated the

morphological changes of the bacteria via SEM. As illustrated in

Figs. 4b, c and h, E. coli started to die at 4h, and almost all

E. coli in the field of view were dead after 12h, whereas the

death of S. aureus increased slowly after 8h, and almost all S.

aureus were killed by Ag@PRV Strawberry-like NPs after 12h, in-

dicating a considerably slower process than that observed for

E. coli.

Upon examination of SEM images, it was found that E. coli cells

co-cultured with Ag@PRV Strawberry-like NPs exhibited extensive

deformation, and even showed cytoplasmic efflux, as evidenced

by Figs. 4d–g [45]. In contrast, while the morphology of S. au-

reus cells was also somewhat distorted, their overall structure re-

mained largely intact, with only slight puckering and no intracel-

lular leakage. Control group bacteria were cultured for 24h under

antibacterial-free conditions and subjected to the same dehydra-

tion and fixation procedures. As can be seen from the SEM images,

both control group bacterial cells were plump, with smooth sur-

faces and intact structures. Obviously, the thick chitosan layer ef-

fectively hindered the entry of Ag+ ions, resulting in a better isola-

tion effect, which helped Gram-positive bacteria to maintain their

cellular morphology.
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Fig. 4. Characterization of nano-silver-modified PRV NPs’ antibacterial mechanism: (a) schematic representation of the cell membrane structure of Gram-positive and Gram-

negative bacteria; (b) quantitative statistics of E.coli and S.aureus; (c) killing efficiency ratio of different Ag@PRV NPs against the two bacterial strains; (d–g) SEM images

showing the morphological changes of bacteria before and after exposure to Ag@PRV NPs; (h) fluorescence microscopy images demonstrating changes in membrane perme-

ability after treatment with Ag@PRV NPs.

In this study, we designed and prepared three different struc-

tures of nano-silver-modified PRV NPs by changing the reac-

tion conditions. The resulting Ag@PRV with different morpholo-

gies showed excellent thermal stability, solvent dispersion, and sol-

vent resistance. The silver loading amounts of the three antibac-

terial agents were determined to be 6.3 wt% for Ag@PRV Yolk-

Shell NPs, 34.2 wt% for Ag@PRV Strawberry-like NPs, and 61.1

wt% for Ag@PRV Cable-like NFs. However, the amount of silver

loading did not solely determine the antibacterial performance of

the materials. MIC/MBC/fluorescence inverted microscopy experi-

ments silver elements on the surface of the materials, the mor-

phology of nano-silver, the contact between nano-silver and bacte-

ria, and the dissolution of silver ions. Notably, the bactericidal ef-

fect of the silver-loaded NPs against E. coli was more significant

than that against S. aureus due to the differences in cell mem-

brane/wall structures of Gram-positive and negative bacteria, re-

vealed that Ag@PRV Strawberry-like NPs exhibited the best an-

tibacterial performance. This finding indicated that the antibacte-

rial efficacy was influenced by the distribution of the dense and

thicker chitosan cell membrane of Gram-positive bacteria hindered

the penetration of nano-silver, resulting in a better barrier effect,

and nano-silver could not change the permeability of bacterial cell

membrane to kill bacteria in a short time. This study provides in-

sight into the morphological design of nano-silver-modified PRV

NPs, explores the application scenarios of different antibacterial ac-

tive nano-silver-modified PRV NPs, and investigates the antibacte-

rial behavior and mechanism. The results could serve as a founda-

tion for the development of new silver-based antibacterial nano-

materials for different indications.
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