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a b s t r a c t

Antibiotic resistance genes (ARGs) are recognized as a primary threat to the sustainability of environment

and human health in the 21st century. Nanomaterials (NMs) have attracted substantial attention due to

their unique dimensions and structures. Unfortunately, emerging evidence suggests that NMs may facili-

tate the transmission of ARGs. It is crucial to elucidate how NMs affect the evolution and dissemination

of ARGs. The current review comprehensively examines the role of NMs in the widespread transmission

of ARGs in aquatic environments and the underlying mechanisms involved in the process. It aims to clar-

ify the effects and mechanisms of NMs on the horizontal gene transfer processes that are associated with

ARGs, including the enhancement of cell membrane permeability, the formation of nanopores on mem-

branes, promotion of mutagenesis, and the generation of reactive oxygen species (ROSs). Furthermore,

the trade-off between the removal of ARGs and horizontal transfer has been elucidated. The review as-

pires to guide future research directions, advance knowledge on the implications of NMs in the field of

ARGs’ transmission, and provide a theoretical foundation for the development of safer and more effective

applications of NMs.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since the advent of antibiotics, their use has significantly im-

proved the treatment and prevention of illnesses in both humans

and animals [1]. However, the excessive and inappropriate use

of antibiotics in veterinary medicine, animal husbandry, human

health, and industrial practices has led to the rapid emergence and

dissemination of antibiotic-resistant bacteria (ARB) and antibiotic-

resistant genes (ARGs) into the environment (Text S1 in Supporting

information), posing dire risks to human and animal health, and

complicating the clinical disease management processes [2]. Cur-

rently, global consumption of antibiotics continues to rise annually,

with an increase from approximately 21.1 tons in 2000 to 34.8 bil-

lion tons in 2015 [3]. According to the World Health Organization’s

(WHO’s) Global Monitoring System for Antimicrobial Drugs, the es-

timated annual death toll from antibiotic-resistant bacterial infec-

tions stands at around 700,000 [4]. As an emerging category of

contaminants, the transfer and proliferation of ARGs across various

environmental media pose greater environmental challenges and

health risks than antibiotics themselves [5]. For example, the pres-
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ence of ARGs has significant implications to ecosystems, potentially

exacerbating biodiversity loss in natural habitats. Over the past few

years, ARGs have been identified in a wide range of aquatic envi-

ronments, including surface water [6], municipal wastewater [7],

and groundwater (Tables S1-S3 in Supporting information) [8]. In

the 21st century, WHO has identified ARGs as one of the most se-

rious threats to humanity [9].

In addition to the widespread dissemination of ARGs that re-

sults from the use and misuse of antibiotics, other non-antibiotic

contaminants, including sterilization by-products, preservatives,

and engineered nanomaterials (NMs), have also been implicated

in the dissemination of ARGs [10–12]. The rapid advancement of

nanotechnology has led to an increasing influence of nanoproducts

on human life. The unique physicochemical properties (morpho-

logical features, surface properties, dimensional attributes) of NMs

are harnessed to develop a diverse array of products that serve the

societal, economic, and industrial needs [13]. For instance, nano-

silver (Ag) is used as an antimicrobial agent in children’s clothing,

toys, and washing machines due to its antiseptic properties [14,15],

while various metal oxide nanocomposites such as titanium diox-

ide (TiO2) and iron oxide (Fe2O3) are incorporated in cosmetics

and sunscreens [16,17]. Engineered NMs are extensively used for

protecting the environment, thanks to their advanced and spe-

cialized properties that facilitate the removal of pollutants (such
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as through adsorption and catalytic degradation) and exhibit an-

timicrobial activity [18,19]. For example, combinations of NMs and

antibiotics have been used to combat multidrug-resistant bacteria

[20]. However, these engineered NMs may inadvertently or delib-

erately be released into aquatic environments during their manu-

facture, application, or disposal. Conventional engineered NMs, in-

cluding TiO2, Ag-NMs, and carbon nanotubes (CNTs), have been

detected in various environmental media, prompting increased re-

search interest in the adverse effects of NMs on the ecosystem

[21,22].

Given the utilization of NMs and the mechanisms driving the

rapid evolution of ARGs, concerns regarding their role in antibiotic

resistance, particularly in the horizontal transfer of ARGs, have es-

calated [23,24]. Numerous studies have shown that NMs can exert

varying effects on the elimination and horizontal transmission of

ARGs [25], with some suggesting a retarding or inhibitory role of

NMs in the horizontal transfer of ARGs [26,27], while others indi-

cating a facilitating role of NMs in the horizontal transfer of ARGs

[28–30]. This highlights the complex and diverse impact of NMs

on microorganisms and their genetic material. In summary, while

the development of nanotechnology has introduced numerous in-

novative products and applications, it has also presented a range

of challenges and concerns to the safety of ecosystem. Therefore, it

is necessary to study the interaction mechanism between NMs and

ARGs transfer to effectively control the spread of ARGs.

In the present study, a co-occurrence network analysis is con-

ducted using VOS Viewer to visualize the relationship between

NMs and resistance genes. The analysis reveals a strong connec-

tion between these elements, as evidenced by the high-frequency

words identified (Fig. S1 and Text S2 in Supporting information).

The study provides a comprehensive overview of the mechanisms

of the transmission of antibiotics and the influence of NMs on

the propagation of ARGs. The specific pathways through which the

chemical and physical characteristics of NMs affect the spread of

ARGs are discussed. Moreover, the incidence, behavior, and poten-

tial hazards associated with resistance genes are also summarized.

Furthermore, the NM-mediated removal of ARGs and the mecha-

nisms underlying the horizontal gene transfer (HGT) are critically

evaluated. The balance between HGT and the removal of resistance

genes by NMs is highlighted, elucidating the differences in the

transmission of ARGs attributed to various compositions of NMs.

The results of this study are crucial for enhancing the understand-

ing of how NMs interact with microorganisms. The research on

the mechanism of how NMs affect the propagation of ARGs often

focuses on metal NMs. This article comprehensively analyzes the

mechanism of how NMs affect the transfer of ARGs by combin-

ing metal, non-metal, and composite NMs. Overall, the review aims

at providing guidance on future research directions, giving insights

into the role of NMs in the field of transmission of ARGs, and of-

fering theoretical support for the development of safer and more

effective applications of NMs.

2. ARGs in aquatic environment

The entry of antibiotics and other pollutants, their metabo-

lites, and various mixtures of ARB into aquatic ecosystems occurs

through both treated and untreated sewage, discharges from ani-

mal husbandry, aquaculture, and surface runoffs [31]. The persis-

tent presence of antibiotic residues in aquatic environments poses

significant threat to the health of humans and animals alike, in-

hibits the growth of certain aquatic organisms, disrupts the balance

of microbial communities, and diminishes the self-purification ca-

pacity of water bodies. With this backdrop, HGT can be facilitated

by the selective pressure exerted by antibiotics, leading to the ac-

cumulation of ARGs in aquatic environment. Wastewater treatment

plants (WWTPs) serve as primary reservoirs for ARB and ARGs,

Fig. 1. ARGs in the aquatic environment.

significantly influencing the proliferation of ARGs among bacte-

ria through HGT and their subsequent dissemination throughout

aquatic ecosystems (Fig. 1) [32,33]. The ARGs detected in the in-

fluent of WWTPs predominantly include macrolides (ermB, ermF),

tetracyclines (tetA, tetC, and tetW), sulphonamides (sul1, sul2), and

β-lactams (blaOXA, blaTEM) [34]. Table 1 presents an overview of the

detection of ARGs and ARB across various aquatic environments

[35–42].

Despite the implementation of multiple techniques aimed at

mitigating the environmental spread of ARGs through adsorption

and degradation, the efficiency for the removal of ARGs remains

suboptimal and, in certain cases, may inadvertently promote the

spread of ARGs [43]. Previous research indicates that the concen-

tration of ARGs in wastewater and sludge can be 1.0–14.1 times

greater than that found in the influent water, suggesting that ARGs

proliferate during their treatment phase [44,45]. Wastewater dis-

charges from WWTPs are recognized as a significant source of

antibiotics and ARGs in river systems [46]. Previous research has

indicated that, compared to the aquatic bodies that remain rel-

atively undisturbed, ARGs are spreading at much higher rates in

river bodies, which is due to the anthropogenic effects [47]. For

instance, 27 ARGs have been identified in raw water from the

Pearl River Delta, a socioeconomically developed region in China

[48], while a study detected 258 ARGs, predominantly aminogly-

cosides and bla genes, in various Chinese urban rivers [49]. More-

over, ARB and ARGs entering the surface water through infiltration,

rainfall, and other factors can have additional effects on soils and

groundwater.

Drinking water primarily originates from river systems and

groundwater [50]. Therefore, the majority of these ARGs are intro-

duced into the human body through drinking water. This water is

essential for human survival, and the presence of ARGs in drink-

ing water constitutes a crucial pathway for the transfer of ARGs

and pathogens from the environment to humans (Fig. S2 in Sup-

porting information) [51,52]. Consequently, the cyclic transmission

of ARGs in the environment suggests that these genes will ulti-

mately accumulate in human bodies. In addition to the discharge

of antibiotics and ARGs from WWTPs, aquaculture represents an-

other major source of antibiotic and ARG contamination in wa-

ter bodies [53]. Wang et al. identified 21 types of ARGs in sam-

ples from industrial mariculture systems, with tetracycline, chlo-

ramphenicol, streptomycin, sulfonamides, and fluoroquinolones ex-

hibiting a high detection frequency of 90%−100% [54]. These resid-

ual ARBs and ARGs can subsequently spread and proliferate in the

natural aquatic environment.

2



Y. Bai, S. Li and S.-H. Ho Chinese Chemical Letters 37 (2026) 111183

Table 1

Examples of various ARGs detected in various aquatic environments.

Environment ARGs MGEs Remarks Ref.

WWTP effluent tetA, tetC, tetG, tetX, tetM, tetO, tetW,

sul1, sul2

intI2, intI1 – [35]

South China Sea macB, acrB – Pristine environment

with minimal human

activity

[36]

Yangtze River rosA, rosB, macB, bacA, acrB, adeB,

cpxR, amrB, ceoB, cmeB, mdtB, mdtC,

mdtF, tetP, mexB, mexC, mexD, mexE,

oprC, mexF, mexI, mexW, qepA, vanR

– Freshwater ecosystems [37]

Livestock breeding

wastewater

ant(6′)-Ia, tetX, aac(6′)-Ie, tetM,

aph(3′)-IIIa, tetW, tetQ, ant(3′′)-Ia, tetO
– Pig farming wastewater [38]

Mariculture system tetB, tetG, tetX, qnrS, sul1, sul2, ermF,

ermT, qnrA, qnrB,

intI1 – [39]

Karst River aadA-01, sul2, aadA-02, blaOXA-21 ,

aadA1, tetG, emrA, aadA2–03,

qacEdelta1–01, mdtK, ereA,

qacEdelta1–02,

tnpA-04, tnpA-01,

tnpA-02, tnpA-03, intI1,

cintI1, Tp614, tnpA-05,

tnpA-07, IS613

Drinking water source [40]

Municipal solid waste

leachates

sul1, sul2, tetM, tetQ, ermB, mefA – – [41]

North Yellow Sea of China sul1, sul2, tetM, tetX, tetB, blaTEM , qnrS,

qnrA, qnrB, qnrF, tetG, ermF, ermT

intI1 Coastal areas with

dense human activities

[42]

Fig. 2. Various mechanisms for the spread of ARGs: (A) transformation (B) transduction (C) conjugation. (D) Schematic of the distribution of antibiotic-resistant MGEs, re-

quiring close cell-to-cell contact for successful transfer of ARGs. Herein, GI represents the genomic island, ICE represents the integrative conjugative elements, GTA represents

the gene transfer agent, and Tn represents the transposon. Reproduced with permission [57]. Copyright 2015, Elsevier.

3. Mechanism for the spread of ARGs

Antibiotic resistance is facilitated through the acquisition of

resistance genes between bacterial species through vertical gene

transfer (VGT) and HGT. Among them, HGT is the predominant

mechanism for the transmission of ARGs [55]. Moreover, HGT

among bacteria can be categorized into three main types: (1)

transformation; a process in which competent recipient bacteria

uptake extracellular DNA (eDNA), thereby acquiring resistance (Fig.

2A); (2) transduction; the transfer of ARGs from a donor to a re-

cipient bacterium through phages (Fig. 2B); (3) conjugative; in-

volves the transmission of various mobile genetic elements (MGEs)

such as transposons, integrons, and plasmids through direct cell-

to-cell contact (Fig. 2C). Conjugation facilitates the transfer of ARGs

among various microorganisms through direct interactions, en-

abling MGEs to migrate among various microorganisms [56].

With regards to the three types of HGT, the conjugative trans-

fer is regarded as the primary mechanism for the dissemination

of ARGs, as it occurs in a wide range of transmissible resistance

plasmids, offering superior resistance to environmental pressures

and a more efficient means for penetrating host cells. Compared

to phage transduction, this mechanism (conjugative transfer) typi-

cally facilitates a broader range of potential hosts [58]. In addition,

MGEs mediate the transfer of ARGs between recipient bacteria and

donors under conditions that promote cellular contact and fusion

(Fig. 2D) [57]. Following the successful acquisition of a plasmid,

these ARGs can be transmitted efficiently from donor to recipient

bacteria through interactions involving cell surface hyphae or ad-

herent intercellular contacts [26]. The process of MGE-driven HGT

is closely linked to variations in the abundance of ARGs. Yang et al.

demonstrated that MGEs significantly contribute to HGT and that

there is a strong positive correlation between the absolute abun-

dance of ARGs and MGEs [59].

Lucas et al. reported that ARGs present in French porcine Es-

cherichia coli predominantly consisted of blaCTX-M-1 and IncI1/ST3

plasmids, which harbored numerous ARGs over the past decade

and facilitated the horizontal transfer in the environment through

the recombination of plasmids [60]. Numerous studies on the dis-

semination of antibiotic resistance plasmids in human infections

indicated that once resistance genes were integrated into func-

tional plasmids, they could rapidly spread across multiple strains,

species, and even genera [61]. Globally, plasmid pCT has been iden-

3
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tified as a vector for the transmission of blaCTX-M-14 between an-

imals and humans across continents, with these genes being trans-

ferred to a variety of plasmids with a diverse range of hosts within

the E. coli family and other human pathogens [62]. Three variants

of transposons containing the same blaKPC-3 carbapenemase gene

were successfully transmitted between different strains of E. coli

and Klebsiella pneumoniae, as well as different plasmid incompat-

ible groups [63]. This underscores the significant role of MGEs in

facilitating gene transfer across a broad range of hosts.

Phage-mediated transduction of ARGs is also considered cru-

cial in HGT, as bacteriophages play a key role in the transduc-

tion of ARGs. Present in various environments, phages can extract

ARGs from infected bacteria, enabling the transfer of these genes to

other bacteria through transduction, thus facilitating HGT of resis-

tance genes to distinct bacteria [63,64]. Unlike transformation and

coupling, transduction is strictly host-specific, necessitating recog-

nition between the specific phage proteins and the host cell [65].

The movement and transfer of ARGs through phages have been

documented across various bacterial species. For instance, Rands et

al. demonstrated that the Acidaminococcus phage served as a vec-

tor for the β-lactam resistance gene aci1 [66]. Ji et al. reported

that phages in the porcine cecum acted as the primary reservoir

for MGEs and ARGs [67]. The process whereby bacteria directly

absorb free extracellular ARGs is known as transformation. Dur-

ing the transformation process, bacteria can retract their hyphae

to draw double-stranded DNA closer to their cell membranes, facil-

itating uptake through conserved membrane pores during natural

transformation. However, transformation is generally less efficient

than conjugation, which is due to the reason that extracellular DNA

containing ARGs is prone to degradation in the surrounding envi-

ronment [68].

Numerous studies have highlighted a significant association be-

tween the structure of bacterial communities and ARGs. For exam-

ple, Han et al. found that the increase in ARGs’ abundance result-

ing from the addition of fishmeal was primarily attributed to shifts

in bacterial communities, with these community variations con-

tributing more significantly to changes in antibiotic resistance pat-

terns than other environmental factors or HGT mediated by MGEs

[69]. Research investigating the link between microbial commu-

nities and ARGs in sludge obtained from municipal WWTPs has

shown that the proliferation and distribution of specific ARGs are

closely linked to certain microbial communities [70]. Chen et al.

reported that removing microorganisms from manure significantly

diminished the spread of ARGs and that a highly localized mi-

crobial community restricted the transport and dissemination of

ARGs from manure to soil [71]. Moreover, previous studies have

shown that, compared to simpler communities, microbial commu-

nities with considerable diversity are generally less susceptible to

invasion by foreign microbes. Wu et al. discovered that bacterial

communities predominantly drive changes in ARGs during aero-

bic composting, whereas the observed reduction in the abundance

of ARGs can be attributed to the suppression of bacteria that po-

tentially harbor ARGs during the composting process [72]. Overall,

these findings suggest that environmental factors capable of influ-

encing the structures of bacterial communities may also play a cru-

cial role in the dissemination of ARGs.

4. Effects of NMs on the diffusion of ARGs

Nanomaterials (NMs) impact the structures of bacterial com-

munities. Additionally, both metallic NMs and their secreted metal

ions can promote HGT (Text S3 in Supporting information). Qiu et

al. discovered that NMs in aquatic environments significantly en-

hanced the HGT of multiple drug ARGs mediated by RP4, RK2,

and pCF10 plasmids [73]. More specifically, nano-Al2O3 in water

increased the frequency of RP4 plasmid transfer from E. coli to

Salmonella by 200-folds, enhanced the Gram-negative to Gram-

positive transfer by 50-folds, and increased the intraspecific trans-

fer within the genus E. coli by 100-folds. In addition, Ding et al.

found that nano-Al2O3, TiO2, and Fe3O4 significantly enhanced the

plasmid-mediated transformation of ARGs into Gram-negative E.

coli strains and Gram-positive Staphylococcus aureus, with nano-

Al2O3 demonstrating the highest efficiency to this end [74]. Lu et

al. showed for the first time that nano-Ag and Ag+ could facilitate

the increased HGT of ARGs (Fig. S3 in Supporting information), as

evidenced by the frequency of HGT for the transfer of PR4 plasmid

from E. coli to Pseudomonas malodorata that was 1.8 times greater

than that of controls in the presence of nano-Ag [75]. Markowicz

et al. found that 10mg/L of ZnO nanoparticles enhanced the trans-

formation frequency of E. coli by nearly 1.8 times (Fig. 3A) [76].

Chen et al. demonstrated that the incorporation of nano-ZnO led

to a significant increase in the abundance of MGEs (intI1), which

showed a strong positive correlation with various ARGs, indicat-

ing that ARGs propagated through HGT following the addition of

nano-ZnO [77]. Zhang et al. reported that environmentally relevant

sub-inhibitory concentrations of nano-CuO and Cu2+ could stimu-

late the conjugative transfer of ARGs [78].

Furthermore, beyond enhancing the conjugative transfer of

ARGs, certain NMs have been shown to contribute to the reduc-

tion of ARGs [79]. For instance, Su et al. reported that NMs syn-

thesized from metals and metal oxides were effective in decreas-

ing the diversity of ARGs, achieving reductions in the abundances

that lied within the range of 1.4–3.2 orders of magnitude (Fig. 3B)

[80]. Moreover, Fe2O3@MoS2 nanocomposites can inhibit the HGT

of RP4–7 plasmid by suppressing the transcription of conjugative

transfer genes [81]. Nano zero-valent iron (nZVI) has been shown

to facilitate antibiotic biodegradation through adsorption and re-

duction while also impacting microbial communities [82]. Further-

more, Ma et al. indicated that the addition of 160mg/L nZVI re-

sulted in a reduction of integrons (intI1 and intI2), thereby low-

ering the risk of HGT of ARGs during the anaerobic digestion of

cow dung (Fig. 3C) [83]. Research has shown that graphene nano

zinc oxide (nano-GZnO) disrupts bacterial chemotaxis and min-

imizes ARG transfer by altering microbial community structure

[84]. Nano-Ag control microbial populations and prevent ARG from

spreading in anaerobic ammonia oxidation flocs by blocking the ni-

trogen cycle driven by anaerobic ammonia oxidation [85]. In ad-

dition, NMs can foster phage transduction while facilitating the

conjugative transfer of ARGs (Text S4 in Supporting information).

For instance, nano-TiO2 promotes the attachment of phages to the

surface of E. coli TG1 cells, thereby promoting the transduction of

ARGs through phage infections (Fig. 4A) [86]. In such a case, the

transfer of ARGs that were mediated by the phage (gM13) in the

presence of 20nm TiO2 at a concentration of 0.5mmol/L was found

to be 4.5 times higher than that in the control group. This phe-

nomenon was attributed to the presence of nano-TiO2 particles on

the surface of cells, which provided a substantial specific surface

area that facilitated the aggregation of phages around the cells and

enhanced the process of phage transduction.

In addition to metal-based NMs, various synthetic non-metallic

NMs such as graphene and microplastics can also facilitate the

spread of ARGs [87]. For example, novel nanocomposites synthe-

sized from Ag, TiO2, and graphene oxide significantly reduced the

tetracycline-resistant bacteria (E. coli HB101) while simultaneously

increasing the frequency of HGT within the genus E. coli by a fac-

tor of 1–2 [88]. Shi et al. showed that microplastics with the size

range of 50-100nm and NMs with the size range of 200-500nm

could promote conjugative transfer [89]. Zhou et al. reported that

nanoplastics facilitated the transmission of MGEs (such as intl1 and

intl2) along with multi-drug resistance genes (Fig. 4B) [90]. On the

other hand, non-metallic NMs can also inhibit the spread of ARGs.

For example, Xu et al. found that graphene oxide (GO) nanosheets,

4
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Fig. 3. (A) Transformation frequency under different concentrations of nano-ZnO. Modified with permission [76]. Copyright 2023, Elsevier. (B) Schematic of possible mecha-

nisms by which exposure to NMs affects the fate of ARGs during the proliferation of microbial populations. Reproduced with permission [80]. Copyright 2019, Elsevier. (C)

Absolute abundances of MGEs on Days 0 and 43. Reproduced with permission [83]. Copyright 2019, Elsevier.

Fig. 4. (A) Factors affecting the nano-TiO2-mediated phage transduction (ratio of gM13/TG1. Modified with permission [86]. Copyright 2020, Royal Society of Chemistry. (B)

Risk of the propagation of ARGs as simulated by NMs. Reproduced with permission [90]. Copyright 2022, Elsevier. (C) Inhibition of extracellular ARGs by GO nanosheets.

Modified with permission [91]. Copyright 2019, Elsevier.
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with modest lateral dimensions of 0.08–1.0 μm2, could effectively

penetrate DNA molecules and cause significant cleavage of DNA

[91], thereby obstructing the amplification and transformation of

ARGs (Fig. 4C). However, elevated concentrations of GO can lead to

the inactivation of ARB, thereby diminishing the frequency of con-

jugative transfer of ARGs [92].

In summary, numerous studies have indicated that NMs may

promote HGT (Table 2), while reports on the inhibition of HGT

by NMs are scarce in literature. The discrepancies in the impact

of NMs on the propagation of ARGs may be linked to both the

type and the concentration of NMs [12,26,75,78,81,86,88,93–96].

Typically, low concentrations of NMs can induce the production of

reactive oxygen species (ROSs), thereby altering the permeability

of cell membranes and facilitating the HGT of ARGs. In contrast,

high concentrations of NMs may disrupt cellular activity, thereby

inhibiting the HGT. Furthermore, the size of NMs is a critical fac-

tor influencing the propagation of ARGs. Bigger NMs do not signifi-

cantly affect HGT, whereas smaller NMs induce oxidative stress and

create nanopores on cell membranes, thus promoting the propaga-

tion of ARGs [91,97,98].

5. Effect of NPs on the diffusion of ARGs

Given the variability in the types, morphologies, and sizes of

NMs, different types of NMs exert varying degrees of regulatory

influence on HGT of ARGs. Currently, the majority of studies have

confirmed that NMs can facilitate the transmission of ARGs (Table

S4 in Supporting information). Overall, the mechanisms by which

NMs impact the transfer of ARGs encompass three primary com-

ponents: (1) physical contact mediated by NMs; (2) metal ions re-

leased from metal-based NMs; and (3) ROSs generated by NMs.

Section 5 will focus on (1) the physical properties of NMs and

their effects on the physical state of bacteria, and (2) the regula-

tion of the effect of ROSs produced by NMs on the physiological

metabolism of bacteria.

5.1. Effect of the physical properties of NMs on the physical state of

bacteria

Nanomaterials (NMs) exhibit a variety of physical characteris-

tics such as their morphologies and sizes. Due to their unique ad-

sorption capabilities, NMs are frequently employed as vectors for

various contaminants, such as heavy metals and antibiotics, which

can indirectly facilitate the HGT of ARGs [99]. Nanocomposites of

TiO2/Ag/GO have been shown to enhance the frequency of gene

transfer within E. coli spp. by 1–2 times [88]. Moreover, metallic

NMs can accelerate the transfer of ARGs by releasing metal ions

and inducing the production of ROSs. Previous research has indi-

cated that specific physical properties of metallic NMs contribute

to microbial resistance, thereby promoting bacterial resistance to

other microbes (Fig. 5) [100]. In addition, the size of NMs plays a

crucial role in the transfer of ARGs. For instance, nano-Al2O3 has

been shown to facilitate conjugative linkages between Salmonella

spp. and E. coli more effectively than bulk Al2O3 materials, thereby

shortening the distance between the recipient and the donor cells

and enhancing the exchange of genetic material [101]. Additionally,

spherical NMs are more readily internalized through cell mem-

brane, while sharp-edged NMs can penetrate the membrane by

cutting through it.

5.1.1. Increase in the permeability of membrane

NMs can facilitate the entry of nucleic acid fragments or drugs

into the cells or tissues of plants and animals, as the cell mem-

brane serves as a selective and partially permeable barrier that is

vital in preventing the HGT of ARGs among various microorgan-

isms. Moreover, NMs can adsorb onto the extracellular surface of

bacteria or penetrate the cell membrane, thus increasing its per-

meability (Fig. S4A in Supporting information). This increase in

membrane permeability enables the uptake of environmental DNA

encoding ARGs by recipient bacteria, thus effectively accelerating

the transformation and coupling of ARGs. Guo et al. demonstrated

that GO could adsorb onto the surface of bacteria, thereby reduc-

ing the distance between donors and acceptors or altering the per-

meability of bacterial membrane, which increased the likelihood of

transmembrane transfer of ARGs [102].

Furthermore, Kong et al. reported that 50 and 100nm SiO2 in-

creased the permeability of cell membrane by 12.5% and 9%, re-

spectively, while 200nm SiO2 showed no effect on the permeabil-

ity (Fig. 6A) [103]. Nano-CeO2 enhances the permeability of E. coli

cell membranes while decreasing the fluidity of membrane (Figs.

6B and C) [104]. Zhang et al. evaluated the permeability of cell

membrane and discovered that both nano-CuO and Cu2+ promoted

the conjugative transfer of ARGs [78]. Their findings indicated that

exposure to nano-CuO or Cu2+ led to the upregulation of genes

associated with the permeability of cell membrane in donor bac-

teria. Additionally, the proteins of OmpA, OmpC, and OmpF, which

play crucial roles in regulating the permeability of membrane, ex-

hibited increases of 2.1, 3.2, and 2.5 times in the level of gene ex-

pression, respectively. In addition, metal ions released by metallic

NMs may interact with membrane proteins or enzymes contain-

ing amine, carboxyl, and sulfhydryl groups, subsequently leading

to structural deformation of cell membrane [105,106]. For exam-

ple, Ag+ emitted from Ag NMs can enhance the permeability of

cell membrane and facilitate the transfer of extracellular ARGs to

recipient cells [75].

5.1.2. Generation of nanopores on the surface of cells

NMs possess the capability to disrupt cell membranes and even

cause nanopores within these membranes (Fig. S4B in Supporting

information), thereby increasing the permeability of membranes

and promoting the direct uptake of plasmids [74,107]. Compared

to their bulk counterparts, the unique properties of NMs stem from

their larger specific surface area, which is influenced by their phys-

ical characteristics including specific morphology and zeta poten-

tial [108]. Nano-ZnO with sharp edges has shown to induce the

formation of nanopores on the surfaces of bacterial cells, resulting

in a marked increase in the transformation efficiency of the naked

plasmid of pGEX4T-1 [93].

Nno-Al2O3 (30nm, 10mg/L) significantly facilitated the trans-

formation of ARGs from E. coli (E. coli ET12567) to Streptomyces

coelicolor (M145), achieving a binding transfer rate of 182 cfu/108

cells, which was 60 times higher than that of the control [94]. The

underlying mechanism was primarily attributed to the increased

intracellular ROS levels that were induced by nano-Al2O3, which

stimulated the expression of pore protein gene (ompC) and the

binding-related gene (intA), thereby intensifying the diffusion of

ARGs in the environment. This process allowed the transfer of

ARGs, particularly the plasmid-based ones, from donor bacteria

to recipient bacteria through the formed pores. Additional stud-

ies have indicated that nano-Al2O3 can also facilitate the transfor-

mation of ARGs into E. coli strain HB101 and Staphylococcus aureus

IHEM 1.0301 by creating pores in the cell membrane [74]. Further-

more, nano-Ag increases the permeability of bacteria by promoting

the aggregation of protein in the periplasmic space and the forma-

tion of nano-sized pores in the bacterial membrane [109].

5.1.3. Promotion of mutagenesis

Exposure to metal-based NMs leads to a rapid accumulation of

mutations (Fig. S4C in Supporting information), which in turn fos-

ters the emergence of new antimicrobial resistance mechanisms

(Fig. 7A) [23]. For example, the exposure of nano-ZnO can induce

6
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Table 2

Typical NMs mediating the HGT of ARGs.

NMs Physicochemical

properties

HGT pathways ARGs Outcomes Assessment endpoints Ref.

Al2O3 Metal oxide NMs Conjugation PBR322-based

plasmid

Nano-Al2O3 improved the

transmission of

extracellular ARGs into

bacteria through

transformation.

Plasmid uptake, generation

of ROSs, and permeability

of cell membrane.

[94]

ZnO Metal oxide NMs Conjugation Plasmid

(pGEX4T-1)

The rate of transfer of RP4

plasmid increased in both

the pure culture of E. coli

and the mixed culture of

native aquatic microbiota

on exposure to zinc oxide

nanoparticles. More

precisely, compared to the

non-ZnO

nanoparticles-treated

group, the transfer

frequency of RP4 plasmid

increased 24.3-folds in E.

coli and 8.3-folds in

aquatic microbiota on

exposure to nano-ZnO at a

concentration of 10mg/L

for 12 h.

Nano-ZnO facilitated the

efficiency of

transformation by naked

plasmid pGEX4T-1 and

improved the permeability

of cell membrane.

[93]

TiO2 Metal oxide NMs Transduction Bacteriophage

(hM13)

Simultaneous exposure to

humic acid (HA) and

nanoscale titanium dioxide

(nTiO2) synergistically

promoted transduction

under ultraviolet (UV)-A

irradiation. The large

amount of superoxide

radicals generated by the

photoexcitation of

HA-nTiO2 combination

increased the permeability

of membrane and

exacerbated the

intracellular oxidative

stress, thus accelerating

the dispersion of ARGs

through phage

transduction.

Increased permeability of

membrane, and generation

of ROSs, induced

intracellular oxidative

stress.

[95]

CuO Metal oxide NMs Conjugation Plasmid (RP4) Under nano-CuO pressure

(1–10 μmol/L), the

conjugative transfer

frequency of RP4 plasmid

increased dramatically.

When 5 μmol/L of

nano-CuO was

administered, the

conjugative transfer

frequency was more than

twice that in the control

groups. Conversely

speaking, for the

nano-CuO dosages of

higher than 100 μmol/L,

the rates of conjugative

transfer of ARGs drastically

dropped.

Overproduction of ROSs,

permeability of membrane,

RP4 gene expression,

induced intracellular

oxidative stress, ATP

synthesis.

[78]

Ag Metal NMs Conjugation Plasmid (RP4) Conjugative transfer

frequency of RP4 plasmid

increased considerably on

exposure to nano-Ag at

the concentrations of 0.1

and 100 μg/L. Nevertheless,

when the concentration of

nano-Ag was increased to

1000 μg/L, the frequency of

binding transfer of RP4

plasmids decreased

significantly.

Overproduction of ROSs,

permeability of membrane,

RP4 gene expression, ATP

synthesis.

[75]

(continued on next page)
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Table 2 (continued)

NMs Physicochemical

properties

HGT pathways ARGs Outcomes Assessment endpoints Ref.

Fe2O3@MoS2 Nanocomposite

materials

Conjugation Plasmid (RP4–7) Fe2O3@MoS2
nanocomposites

significantly inhibited the

conjugative transfer of

RP4–7 by up to 100-folds.

When the concentration of

Fe2O3@MoS2 was lower

than 100mg/L, the

inhibition of CT increased

with the increase of the

concentration of

Fe2O3@MoS2 from 0 to

100mg/L.

Suppression of plasmid

horizontal transfer by

inhibiting the expression

of related genes (trbA,

trbB, traF, and trfA).

[81]

Nanoplastics Non-metallic NMs Conjugation Plasmid (RP4) The 100 nm-sized

Polystyrene (PS) has

limited promotion of

microorganisms due to its

inhibitory effect on

microbes.

PS particles altered the

permeability of cell

membrane and the activity

of cell.

[86]

CeO2 Metal oxide NMs Conjugation Plasmid (RP4) In relatively high

concentrations of

nano-CeO2, the highly

facilitated conjugation

process contributed to the

enhanced transfer of ARGs.

Low concentrations of

nano-CeO2 inhibited the

conjugation process. At

relatively high

concentrations of

nano-CeO2 (25 and

50mg/L), the conjugative

transfer of RP4 plasmids

was enhanced by

118 %–123 %. In contrast, at

low concentrations (1 and

5mg/L), nano-CeO2

hindered the transfer by

22 %–26 %.

Production of ROSs,

expression of

plasmid-encoded genes.

[26]

TiO2/Ag/GO Nanocomposite

materials

Conjugation ARB 100mg/L of TiO2/Ag/GO

achieved 87.8 %, 40.9 %,

and 56.4 % inactivation on

three bacteria (E.

coli HB10663 and E.

coli HB10667 and E.

coli HB101)

The generation of ROSs

induced intracellular

oxidative stress. direct

touch that oxidized the

cell membrane and walls,

and altered antioxidant

enzymes.

[88]

MoS2 Nanocomposite

materials

Conjugation Plasmid (RP4) MoS2 significantly

promoted the

plasmid-mediated

horizontal transfer of

multiple ARGs.

Production of ROSs,

altered ATP synthesis, and

expression of related

genes.

[96]

ZnS Natural sphalerite Conjugation – Natural sphalerite in lower

concentrations

(0.05–50mg/L) facilitated

the conjugation of ARGs,

however higher

concentrations (≥
100mg/L) prevented it.

Generation of ROSs,

induced intracellular

oxidative stress,

membrane permeability,

and conjugation-regulated

gene expression.

[12]

alterations in the gyrB, mazG (involved in translation and tran-

scription), and acrR (associated with the structure and translo-

cation of membranes) genes, resulting in genetic modifications.

Notably, changes in the gyrB gene have been shown to signifi-

cantly contribute to the proliferation of ARGs [25]. Zhang et al.

investigated the opportunistic pathogen E. coli K12’s response to

two types of NMs (nano-Al2O3 and nano-ZnO) and examined the

hypothesis that NMs could induce antimicrobial resistance [25].

Nano-Al2O3 and nano-ZnO have been identified as significant en-

hancers of mutation frequency, thereby accelerating the develop-

ment of antimicrobial resistance. Notably, 15 mutations across 7

genes were observed in 8 drug-resistant E. coli strains that were in-

duced by Al2O3–NMs. Among them, the expression of soxR protein

was attributed to oxidative constitutive expression, which tran-

siently triggered the transcription of soxS gene, subsequently fa-

cilitating the activation of certain regulatory ARGs by SoxS pro-

tein [110]. In the case of nano-ZnO, 16 mutations were detected

across eight genes in eight drug-resistant E. coli strains, with alter-

ations in the gyrB gene correlated with ARGs. Additionally, copper

hydroxide NMs induce bacterial resistance to chloramphenicol and

tetracycline through mutations in genes associated with E. coli K12

[111].
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Fig. 5. Development of resistance in relation to the physicochemical properties of NMs. (A) Nano-PbS particles can damage the cell wall. (CWI; cell wall integrity). (B)

Resistance to nano-Ag in E. coli and P. aeruginosa results from the leakage of flagellin. (C) Sublethal exposure to NMs (TiO2, ZnO, CeO2) promotes the formation of bacterial

biofilm. Modified with permission [100]. Copyright 2023, Elsevier.

Fig. 6. (A) Impacts of various sizes of nano-SiO2 on the permeability of mem-

brane under various concentrations. Modified with permission [103]. Copyright

2015, Royal Society of Chemistry. (B) Membrane permeability of E. coli after treat-

ment by various types of CeO2–NPs in NaCl solution for 6h. Modified with permis-

sion [104]. Copyright 2021, Elsevier. (C) Schematic of the cytotoxicity mechanisms of

E. coli induced by CeO2–NPs (UFA: unsaturated fatty acid, SFA: Saturated fatty acids,

phospholipid fatty acid (PLFA), Conjugated fatty acids). Reproduced with permission

[104]. Copyright 2021, Elsevier.

5.1.4. Role as phage-like carriers

Phages act as carriers that mediate the HGT of ARGs, thus sig-

nificantly influencing their dissemination (Fig. 7B) [64]. NMs pos-

sess the capability to adsorb eDNA, thereby potentially functioning

in a phage-like capacity within cells (Fig. S4D in Supporting in-

formation). Certain studies have suggested that nano-Ag can serve

as a vehicle for the delivery of genes [112]. Previous studies have

shown that NMs such as pHEMA+ chitosan nanospheres (PCNS)

and carbon nanomaterials can serve as carriers for gene delivery

in vitro and in vivo [113,114]. Moreover, Pudlarz et al. demonstrated

that various NMs including Fe2O3, carbon nanotubes, and gold can

facilitate the transport of proteins, peptides, and other molecules

into cells through both active and passive transport mechanisms

[115]. Chang et al. found that mesoporous silica-centered NMs were

effective carriers for the delivery of gene, particularly for RNA

[116]. Zhao et al. showed that the modified magnetic nanomaterial

of Fe3O4-PEI could transport exogenous DNA (including the plas-

mid of pEGFP-N1) across the cell membrane and into the cell [117].

5.2. Effect of the regulation of ROSs produced by NMs on the

physiological metabolism of bacteria

Antibiotics are known to promote HGT by increasing the oxida-

tive stress and SOS responses (Text S5 in Supporting information)

[118]. When the levels of ROSs exceed the bacterial antioxidant

capacity, the resultant damage to cell membrane occurs through

interactions with various macromolecules such as lipids and pro-

teins, thereby compromising the membrane barrier and induc-

ing SOS responses that facilitate the transfer of ARGs [30,118,119].

Overall, an increase in the generation of ROSs correlates with a

heightened efficiency of gene transfer.

Beyond their physical effects on bacteria, NMs can also induce

cells to secrete ROSs, resulting in further chemical impacts on bac-

terial cells. Notably, significant accumulation of intracellular ROSs

can lead to oxidative stress, promoting coupling effects [120]. The

free hydroxyl radicals (•OH) produced during these interactions

possess strong oxidizing potentials, posing risks to various microp-

ollutants, bacterial cells, and potential damage to DNA [121]. For

example, by testing and comparing the specific impacts of ROSs on

MS-2 phage and E. coli, Cho et al. discovered that free •OH in solu-

tion could lead to the inactivation of MS-2 phage, while both free

and surface-bound HO• could inactivate E. coli, which were addi-

tionally affected by other ROSs such as H2O2 and O2
•- through sec-

ondary pathways [122]. Moreover, Sicwetsha et al. demonstrated

that copper oxide NMs could catalyze the conversion of H2O2 into

various ROSs (including HOO•-, •OH, and O2
•-) [123]. Microplastics

also can generate ROS. Microplastics’ high specific surface area in-

creased their capacity to come into touch with microbial cells. ROS

are created when free radicals interact with molecules of dioxygen

on their surface [124]. The oxidative stress of positively charged

9
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Fig. 7. (A) Schematic of the nano-resistance for antibiotic resistance. Modified with permission [23]. Copyright 2020, Elsevier. (B) Horizontal transfer of phage-mediated

ARGs. Modified with permission [64]. Copyright 2022, Elsevier. (C) Mechanisms of CuO NPs developed conjugative transfer of RP4 plasmid [78]. Copyright 2019, Elsevier.

nanoplastics (50nm modified by amine) is higher than that of neg-

atively charged nanoplastics (55nm unmodified) [125].

Beside the role of NMs in stimulating the secretion of ROSs

from cells, numerous studies have underscored how the release

of both NMs and ions can enhance the abundance of ARGs. It has

been shown that metal ions such as Fe2+ and Cu2+ induce the pro-

duction of •OH [126]. More specifically, Lu et al. found that nano-Ag

and Ag+ could influence the activities of antioxidant enzymes such

as catalase and alkyl hydroperoxide reductase, thereby promoting

the conjugative transfer of ARGs [75]. Zhang et al. reported that

CuO NMs enhanced the conjugative transfer of ARGs by increasing

the formation of ROSs and initiating SOS responses [78]. Further-

more, exposure to nano-CuO and Cu2+ significantly upregulated

the expression of oxidative stress-responsive genes (trxC, sodB, dps,

sodA, katG, and katE) in donor E. coli strains, as well as oxidative

stress-responsive genes (soxD, aphC, sodA, and aphF) in recipient

Pseudomonas malodorans strains (Fig. 7C).

6. Tradeoff between NMs-mediated removal of ARGs and

horizontal transfer

NMs represent a classic double-edged sword in the context of

controlling the antibiotic resistance and the environmental transfer

[127]. In addition, NMs can efficiently degrade antibiotics through

adsorption and catalytic mechanisms (Fig. 8A) [128,129]. Some pre-

vious studies have shown that specific NMs can inhibit the HGT

of ARGs by reducing the abundance of MGEs, suggesting their po-

tential to limit the dissemination of ARGs. However, the prevailing

view among researchers is that NMs facilitate the HGT of ARGs.

Evidence suggests that while some NMs may suppress the gene

expression of MGEs, they do not significantly alter the abundance

of ARGs, thus allowing for their continued propagation in the en-

vironment.

In addition, the promotion of HGT of ARGs by NMs is influ-

enced by the physical properties of NMs [130]. Variations in the

size, material, and even shape of NMs distinctly affect the dynam-

ics of HGT. Overall, NMs modulate the HGT of ARGs by altering the

permeability of cell membrane, forming nanopores on the surface

Fig. 8. (A) Degradation mechanism of antibiotics using rGO/Bi4O5Br2 NMs. Repro-

duced with permission [129]. Copyright 2021, Elsevier. (B) Abundances of ARGs and

intI1. Reproduced with permission [131]. Copyright 2018, Elsevier.

of membrane, promoting mutagenesis, acting as carriers, and facil-

itating the secretion of ROSs. These NMs can penetrate cells and

induce the production of ROSs, which generally impacts the trans-

fer of ARGs in a different way. Low levels of ROSs can enhance the

permeability of cell membranes, thus promoting the HGT of ARGs.

While excessive production of ROSs can further increase the per-

meability of membranes, damaging the ARGs encoded in both the

genome and plasmid and ultimately inhibiting HGT [26,80]. There-

fore, the combined effects of the generation of ROSs and the trans-

fer of ARGs can be predicted to study the impact of NMs on ARGs.

The results suggest that the critical factor determining whether

10
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NMs facilitate the propagation of ARGs or not is the synergistic ef-

fect.

Furthermore, the dynamics for the transmission of ARGs are

further complicated by the coexistence of various pollutants in the

environment, which also affects the HGT of ARGs under different

environmental conditions. For instance, compared to control condi-

tions, the relative abundance of intI1 was found to be significantly

higher at low salinities (0.5 % and 2%), suggesting that lower salin-

ity levels enhanced the HGT of ARGs, whereas higher salinity (6%)

inhibited the spread of genes such as cmlA and floR (Fig. 8B) [131].

Guo et al. investigated the regional and seasonal distributions of

ARGs in sediments from the Yangtze River Estuary [132], and re-

ported that most ARGs exhibited significant seasonal fluctuations

in average abundance, which was comparatively higher in summer

and lower in winter. Therefore, further studies on the HGT of ARGs

in practical settings are necessary.

7. Conclusions and future outlook

As a typical emerging contaminant, the dissemination of ARGs

poses concerns about the safety of environment and human health.

Elucidating the transmission mechanism of ARGs is essential for

controlling their spread in the environment. An increasing body of

research has demonstrated that NMs enhance the HGT of ARGs by

increasing the permeability of cell membrane, forming nanopores

on the surfaces of membranes, and inducing oxidative stress re-

sponses. It is worth mentioning that NMs can simultaneously me-

diate the elimination and HGT of ARGs. Given that the concen-

tration and size of NMs significantly impact the HGT of ARGs

and considering the distinct physicochemical features of emerg-

ing NMs, it is crucial to investigate the varying potential effects of

these novel NMs on the future removal and spread of ARGs. There-

fore, we try to make some suggestions for future research on the

impact of NMs on the transfer of ARGs.

(1) Recognizing that the widespread application of NMs leads to

their inevitable release into the environment, prompting re-

searchers to conduct comprehensive assessments of NMs;

(2) Understanding that the dissemination of ARGs is closely related

to the concentration of NMs, highlighting the need to deter-

mine the specific concentrations of NMs in various environ-

ments before evaluating their impacts on ARGs;

(3) Acknowledging that different NMs possess unique physico-

chemical properties, necessitating consideration of the risks as-

sociated with different types of NMs including the effects of

novel NMs on ARGs..
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