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Abstract: Antibiotic resistance and its dynamics in different environmental
compartments have attracted increasing attention due to potential resistant gene transfer
into human pathogens. Hence, several researchers focused to combat the growing
prevalence of antibiotic resistance genes (ARGs) in diverse environmental media,
wherein various carbon-based amendments can be used to resolve problems with the
emerging contaminants. However, we still lack systematic knowledge on the
performance and mechanisms of carbon-based materials to alleviate ARGs. For that,
carbon-based materials used as additives, amendments, adsorbents or other functional
materials in compost, soil and water environments were summarized. The underlying
mechanisms of alleviating the ARG pollution using carbon-based materials are mainly
related to 1) the improvement of environmental factors, 2) the alteration of microbial
community structure, 3) the reduction of co-selective pressure caused by chemical
contaminants, 4) the decrease of mobile genetic element abundance mediating
horizontal gene transfer processes, and 5) direct adsorption and/or damage to
extracellular DNA. This review aims to enrich the understanding of functional roles of
carbon-based materials, and to provide a basis for developing management strategies

to mitigate ARG pollution.

Keywords: antibiotic resistance genes, carbon-based material, One Health,

environmental ecosystem, impedance process and mechanism
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1. Introduction

Antimicrobial drugs, originating from the natural, semisynthetic or synthetic
substances to cure bacterial infections, are the footstone of modern medicine. Global
antibiotic consumption rates significantly rose by 46% in the last two decades,
displaying clear spatial disparities (Browne et al., 2021). As one of the largest producers
and consumers of antibiotics worldwide, China is strictly controlling the use of
antibiotics. However, over half of antibiotic prescriptions is still inappropriate from a
nationwide descriptive database study (Zhao et al., 2021). Imprudent use of these drugs
in medical, agricultural and veterinary sectors accelerates the evolution and spread of
antibiotic resistomes, far beyond the natural speed (Fisher Matthew et al., 2018; Tyers
& Wright, 2019). Behaviors including injudicious sale of antibiotics over-the-counter
for clinical therapy, and discharge of improperly disposed waste emanating from
hospitals, farms and factories, worsen this problem in the environment, resulting in the
proliferation and accumulation of antibiotic-resistant bacteria (ARB) and antibiotic
resistance genes (ARGs) (Wang et al., 2018; Zhu et al., 2013). Various contaminants in
the environment such as heavy metals and disinfection reagents sustain high selection
pressures and promote the transfer of resistance genes (Jechalke et al., 2014), while
tourism and international trade additionally lead to the international distribution of
resistant phenotypes (Singh et al., 2021). Nowadays, antibiotic resistance is happening
seriously, affecting populations in almost any country. It is reported that antibiotic
resistance has caused 1.27 million deaths in 2019, significantly more than HIV or

malaria, and that it may develop into the primary cause of global deaths by 2050 (Knight
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et al., 2021; Murray et al., 2022). Tripartite organizations, the United Nations
Environment Program, and many global health agencies and researchers have thus
recognized antibiotic resistance as one of the intractable and imminent challenges in
the 21st century, and called for joining forces to strengthen environmental action within
the framework of One Health to deal with antibiotic resistance crisis (CDC, 2019;
UNEP, 2022).

Investigation of antibiotic resistance, as a newly emerging threat, is expanding
from epidemiological and clinical contexts to environmental fields, and studies on
mitigating the pollution of antibiotic resistance and remediation technologies are being
actively carried out to decrease the adverse effects (Nadimpalli et al., 2021). An
excellent scientometric tool, CiteSpace, was used to visualize the research advances in
relevant publications from 2010 to 2021 with the topic of “antibiotic resistance &
removal” (Text S1). Studies about the removal of antibiotic resistance were
disseminated across 2568 papers (quantified from “Web of Science Core Collection”
database) with a gradually ascending number of publications year by year (Fig. S1A).
The keyword co-occurring network could be used to monitor the development trends
over time (Yu et al., 2017a), and the keywords under the topic were mainly categorized
into five research areas: ARGs in diverse environmental media, the emergence of ARGs
with co-occurring contaminants, ARG remediation treatments, relationships between
ARGs and potential host bacteria, and others like fate, performance, mechanism etc.
(Fig. S1B, Table S1).

The number of studies related to ARG remediation has increased rapidly since
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2015 (Fig. STA). Of which, biochar (frequency 46) and graphene oxide (frequency 29),
belonging to carbon-based materials, are high-frequency words in ARG remediation
treatments (Table S1). Carbon-based materials comprise numerous advantages such as
large specific surface area, abundant functional groups, good thermal stability, and
broad-spectrum applicability (Biswal & Balasubramanian, 2022; Duan et al., 2020;
Smith & Rodrigues, 2015). Based on these advantages, carbon-based materials receive
wide attention, and can be applied as environment friendly, economic and easy use for
ARG removal from different environmental media. Already simple biochar
amendments, e.g., from pyrolysis of bamboo significantly reduced the abundance of
ARGs by 43.4% to 51.8% in soil and lettuce leaves (Duan et al., 2017). Graphitic carbon
nitride, as excellent adsorbents with porous structure and large surface area, even
removed ARGs by maximally 4 orders of magnitude to that in the control at pH value
0f 2.0 - 7.0 and a wide temperature range of 4-40 °C in water (Zhan et al., 2020). Besides,
carbon-based materials are often used as carriers/skeletons to enhance the advantages
of composites on ARG mitigation. Hierarchical Bi,0,CO3; wrapped with modified
graphene oxide was synthesized to jointly adsorb and inactivate ARB and ARGs (Li et
al., 2020). Given the universality and high-efficiency using carbon-based materials to
control the development of ARGs, a systematic analysis of the existing knowledge in
the recent literatures pertaining to the removal of antibiotic resistance is the aim of our
review paper.

So far, some papers have reviewed the positive effects of carbon-based materials

on the fate of various pollutants including pharmaceutical and personal care products,
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heavy metals, dyes, volatile organic compounds and others in soil, water and air (Biswal
& Balasubramanian, 2022; Duan et al., 2020; Gopinath et al., 2021; Makabenta et al.,
2021). These reviews have summarized and shed light on the development of carbon-
based materials in different environmental applications, enriching the understanding of
carbon-based materials as well as their related research. However, few paper addressed
the alleviation of ARGs in the human-impacted environments and the underlying
mechanisms. To address this issue, this review introduces the pathways of ARG transfer
among microbiota and diverse environments, followed by the processes and related
mechanisms using carbon-based materials in the compost, soil and water to alleviate
the prevalence of ARGs. Finally, the challenges and prospects for future research are

discussed.

2. Transfer of antibiotic resistance and carbon-based material as the potential
mitigation strategy
2.1 Antibiotic resistance dissemination among microbiota

Antibiotic resistance is ancient and predates the clinical use of antibiotics (D'Costa
et al., 2011). This intrinsic antibiotic resistance is the ensemble of chromosomal genes
that were involved in intrinsic resistance (Bernardini et al., 2019). Some bacteria can
be intrinsically resistant to antibiotics, e.g., via impermeable membranes and efficient
efflux pumps like the multi-drug resistant phenotype of gram-negative bacteria (Cox &
Wright, 2013). Many bacteria, however, also acquire resistance against antibiotics from

chromosomal mutation genes by vertical gene transfer (VGT) and/or horizontal gene
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transfer (HGT) between microbiota, even at different genus levels (Blair et al., 2015).
Of these two types of gene transfer, VGT is an inherited process of genetic materials
from parent to offspring through sexual or asexual reproduction, which can gradually
accumulate minor mutations in genome and amplify the variation between the resulting
progeny and their bacterial ancestors (Patangia et al., 2022). Despite the mutation
probability as low as a thousandth, a few typically growing mutants possessing ARGs
may be better to tolerate or proliferate under the pressure of antibiotics than the
predecessors, ultimately becoming the dominant members of the microbial population
(Dantas & Sommer, 2014).

HGT, acquiring exogenous DNA encoding ARGs from one type of bacteria to
another that doesn’t share an ancestor-descendant relationship, is considered as the
important evolutionary process to drive the development of antibiotic resistance with
four pathways: conjugation, transformation, transduction and vesiduction (Patangia et
al., 2022; Rodriguez-Beltran et al., 2021) (Fig. 1A). Conjugation, known as bacterial
sex, involves the shift of ARG-encoding DNA between bacteria via the structure of
conjugative pili, likely enabling the recipient cells to become immune to the previously
sensitive antibiotics (Wu et al., 2021). Transformation indicates the uptake, integration
and functional expression of free DNA from lysed cells or active secretion by microbes,
which can transmit DNA remnants into the genome of competent cells, even distantly
related species (Winter et al., 2021). Bacteriophages act as the vehicle to swap genetic
material and incorporate gene into the genome of host cells using either generalized or

specialized transduction. Recent studies define vesiduction as the fourth way of
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horizontal transfer, where the secretion of extracellular vesicles from donor cells
delivers foreign DNA containing ARGs into the cytoplasm of recipient cells to achieve
gene transfer, even though the quantity of the contribution of vesiduction to antibiotic
resistance dissemination still remains obscure (Domingues & Nielsen, 2017; Soler &
Forterre, 2020). Herein, mobile genetic elements (MGEs), such as plasmids, integrons,
gene cassettes, insertion sequences, transposons and bacteriophages, are considered to
be indispensable components for the spread of ARGs via HGT among microbial
populations (Partridge et al., 2018). Comprehensive evidence suggests that genetic
diversity could be circularly acquired by vertical and MGEs-mediated gene transfers in
microbial populations, especially in bacteria with prevalent antibiotic resistance in
diverse environments due to antibiotic abuse.
2.2 Global transmission of antibiotic resistance among diverse environments

Global concerns on the rapid emergence and spread of ARGs are deeply rooted
among the people, as indicated by the increasing spectra of untreatable infections
caused by multidrug-resistant bacteria (Blair et al., 2015; Murray et al., 2022). With the
revelation of linkages between microbial mass movements and global biogeochemical
processes, the recognition of ARGs circulating between human-impacted ecosystems
and natural environmental compartments is gained from a One Health perspective (Fig.
1A) (Tiedje et al., 2019; Zhu et al., 2017).

ARGs dynamically shuttle among the microbiomes of plants, animals and humans,
significantly coercing the human health by many routes (Wang et al., 2021). For

example, microorganisms and its ARG-encoding genes can be moved by mechanical
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forces (e.g., water and air currents) in natural processes, followed by a direct pathway
into human body through drinking water and atmospheric aerosol (Hu et al., 2021; Xie
et al., 2019). Recent studies have revealed that bacteria that constitute the major part of
gut microbiota harbor a variety of ARGs, can function as a reservoir promoting ARG
horizontal transfer from commensal bacteria to gut-resident opportunistic bacteria
(Rochegtie et al., 2021; Zhu et al., 2022). Importantly, the uptake of ARG in
consumption of raw vegetables, edible crops as well as eating meat from food-
producing animals via the food chain accounts for the large contribution of acquiring
ARGs to humans (Chen et al., 2019¢; Lambrecht et al., 2019). More seriously, the
development of trade and international integration with convenient traffic and frequent
exchanges forms an unexpected planetary-scale mobilization of ARGs (Singh et al.,
2021). Population mobility via air, land and sea, global transport of goods and products,
and ballast water of ship navigation etc. have been reported to accelerate the speed and
scale of ARG dissemination (Lv et al., 2020; Sridhar et al., 2021; Van Boeckel Thomas
et al., 2019). Changes of global antibiotic resistance have inevitable and flow-on effects
on microbial biogeography and their ecological services (Zhu et al., 2019). However,
the impacts to biogeochemical processes can be hardly evaluated.

Chemical contaminants discharged by human activities may be selective agents to
promote the dissemination of ARGs (Jutkina et al., 2018). The range of such
contaminants is large, departing from additional antibiotics or antimicrobial peptides
other than those currently targeted in clinical or therapeutical treatment, and including

several health care products like disinfectant agents (Mulder et al., 2018), engineered
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nanoparticles with antimicrobial properties (Sharma et al., 2009), as well as several
heavy metals like Cu and Zn commonly used in agriculture, but also Hg or Cd as
common contaminant remains (Chen et al., 2019b; Seiler & Berendonk, 2012).
Exposure to chemical contaminants may be triggered by the antibiotic-like effects on
the diversity and abundance of ARGs (Feng et al., 2021). Noteworthy, due to different
chemical properties of these agents, the exploration of highly efficient technologies for
controlling ARG dissemination is urgently needed for the sustainable development of
human beings and to safeguard the planetary health.
2.3 The feasibility using carbon-based materials to combat antibiotic resistance

As the spread of ARGs is due to both microbial performance and maintenance of
selection pressure, efficient strategies to remove ARGs from environment should
actually target all these drivers. Rising antagonistic potentials by, e.g., improved
agricultural productivity and elevated carbon and energy supply may induce a natural
attenuation of ARG with time (Jechalke et al., 2013), possibly due to lower fitness of
ARB relative to their soil-inherent counterparts (Pérez-Valera et al., 2019). However,
such methods are not efficient if co-contaminants remain. The latter is not trivial,
because contrasting conditions may be needed to immobilize them, such as elevated pH
values for immobilizing heavy metals but low pH values for efficient adsorption of
antibiotics. Carbon-based materials provide an option for all, sequestration of co-
contaminants by diverse chemisorption and physical entrapment processes, direct
bacteriostatic effects or even DNA structural damage (Fig. 1B), or enhanced soil

surfaces for increased biodegradation and growth of organisms with potential
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antagonistic properties when applied, e.g., as larger biochar particles (Liu et al., 2019),
targeted sorption or provision of other carbon and nutrient sources for altering microbial
community structures (Lehmann et al., 2011). The properties of carbon-based materials
such as organic and inorganic compositions, pH, thermal stability, specific surface area
and porosity structure can vary with diverse feedstocks and preparation methods, and
thus cause various types of carbon-based materials as well as different impacts on
resistome compositions (Huang et al., 2022; Lian et al., 2020; Shao et al., 2022).
Wherein carbon-based materials with size matters (classification by physics) have
distinct effects on the alleviation of ARGs, which might be a critical yet overlooked
factor. Many studies have reported that bulk carbon-based materials are easily split into
nanoscale particles that possess a high mobility, high surface area and abundant oxyl
groups, and can transport from terrestrial to aquatic environments, and thus interacting
with ARGs in different environmental media (Liu et al., 2018; Zha et al., 2022).
Generally, adsorption of chemical contaminants or resistant bacteria/DNA is observed
on the surface of bulk carbon-based materials during the ARG spread processes, while
not only adsorption but also oxidative damage of ARG determinants caused by
persistent free radicals is found to occur on nano carbon-based materials (Lian et al.,
2020; Smith & Rodrigues, 2015; Xiang et al., 2019). The efficiency and success of these
measures, depend, however, on the medium to which the carbon-based materials are

amended (Figs. 2-4).

3. Changes of antibiotic resistance in the compost by adding carbon-based materials
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Organic wastes (e.g., livestock manure and activated sludge) have been reported
to be rich in diverse and abundant ARGs (Xie et al., 2022). Besides, these wastes can
be rich in several contaminants promoting selection pressure for ARGs and resistant
gene transfer (Chen et al., 2019a; Ostermann et al., 2014). Excessive or even improper
disposal towards those wastes can thus accelerate the proliferation and spread of ARGs
via bioaerosol, sewage or food chain (Cui et al., 2020). Composting, as a
bioremediation technology, entails the bio-decomposition and stabilization of organic
wastes wherein the transient anoxic conditions and elevated temperatures during the
composting process enabling the alleviation or removal of antibiotic residues and ARGs
in manure/sludge so as to achieve stable products as soil amendments (Ezzariai et al.,
2018). The introduction of additives to compost often improves its quality, regarding
nitrogen conservation, odor adsorption, pollutant abatement and microbial succession,
as well as the inhibition of ARG dissemination (Barthod et al., 2018; Shan et al., 2021;
Xiao et al., 2017). Carbon-based additives have widely confirmed the positive effects
on the alleviation of ARGs, which could be divided into two categories: wasted
materials originating from the agricultural/industrial field and reprocessed materials.

The utilization of additives with low-cost and extensive-supply attributes, obtained
from the agricultural/industrial wastes, is an important means of waste resource
utilization, and significantly influences the dynamics of ARGs in compost. Coal
gasification slag, as the by-product of the entrained-flow gasification process, is
characterized with high carbon content, abundant porous structure and large specific

surface area (Li et al., 2019b). The amendment of coal gasification slag in swine manure
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composting effectively intensified the removal of ARGs by enriching the microbial
diversity to relatively reduce the potential pathogenic hosts and restraining the HGT
process via decreasing the abundance of MGEs, wherein addition of 10% coal
gasification slag in compost might be a suitable additive for ARG removal (Lu et al.,
2018). Some related studies also confirmed the positive effect of other raw composting
additives, such as woody peat, lignite and brick granules, however, the contribution to
ARG removal showed limited efficiency (Cao et al., 2020; Huang et al., 2021; Xie et
al., 2021). Specifically, the addition of brick granules failed to effectively decrease the
abundances of antibiotic resistome, which might be attributed to the release of some
unknown components from wasted brick granules that inhibited the microbial growth
and stimulated the propagation of antibiotic resistome (Huang et al., 2021), indicating
that additive quality significantly influences the efficiency of ARG elimination.
Exploration for improving the efficiency of composting on the alleviation of ARGs
casts to some reprocessed materials with functional attributes. Biochar, pyrolyzed by
organic biomass and with the attributes of large specific surface area and abundant
functional groups, is known for an excellent compost additive to augment the
composting processes by altering physicochemical conditions, enriching nutrients,
immobilizing toxicants, and finally mitigating the abundances of pathogenic bacteria
and ARGs (Xiao et al., 2017). Compared to non-amended compost, 21.6%-99.5% of
the total abundances including ermB, ermF, ermQ, ermX, sul2, drfAl, drfA7, tetC, tetG,
tetW, tetX, and intll declined after composting with bamboo biochar (Li et al., 2017).

Recent studies have pointed out that biochar produced by diverse feedstock materials
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and pyrolysis conditions might significantly impact the fate of antibiotic resistome in
the compost. Actually, the physicochemical properties of biochar, such as carbon
content, thermal stability, element compositions, pH, porosity, are the key factors to
regulate the distribution of antibiotic resistome (Shao et al., 2022). Therefore, more
attention should be paid to systematically analyze the relationship between chemical
and physical properties of biochar and the reduction effects on ARGs. Graphene oxide
with various oxygen-containing functionalities and strong surface chemical activity
was applied to construct a graphene oxide-based aerobic composting that graphene
oxide addition can accelerate compost maturation, reduced nitrogen loss and heavy
metals mobility, which largely reduces the selection pressure towards ARG
proliferation (Li & Song, 2020). Activated carbon, showing a high capacity to adsorb
pollutants, was co-composted with olive mill waste that can significantly immobilize
organic (polycyclic aromatic hydrocarbons) and inorganic (toxic elements)
contaminants and minimize their spread and bioavailability, thus weakening the
prevalence of antibiotic resistance induced by co-selection in the environment (Garcia-
Delgado et al., 2019). Chitosan, derived from shellfish via the deacetylation of chitin,
is used as an emerging alternative to improve antibiotic dissipation during composting
(Mukhtar Ahmed et al., 2020). Chitosan adsorbed antibiotics by ion-exchange and
electrostatic attraction, accompanied by an intensified antibiotic degradation driven by
high temperature in the compost, jointly reducing the risk of ARG dissemination (Liu
et al., 2021a). Except for the application of solid additives, the liquid surfactants (i.e.,

rhamnolipid and Tween 80) containing hydrophobic and lipophilic groups were added
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to animal manures to investigate their effects on ARGs. After composting, the
abundance of both ARGs and int/] was reduced twice as much as the control due to the
decreased bioavailable heavy metals (Zhang et al., 2016). Additionally, researchers are
trying to synthesize polymeric materials to strengthen the alleviation of ARGs in
compost systems. A newly carbon composite was synthesized by a proportional mix of
the phyllosilicate attapulgite and activated carbon, and was applied in compost
contaminated with antibiotics and heavy metals to achieve a fast stabilization of heavy
metals, degradation of antibiotics, as well as the decrease of ARG abundances (Lin et
al., 2021). The commercial superabsorbent polymers (i.e., sodium polyacrylate) with
crosslinked and hydrophilic structures have been reported to be a suitable amendment
that could effectively immobilize heavy metals and remove over 90% of ARGs and
MGESs during composting (Guo et al., 2017). Using high-quality carbon-based additives
to shorten composting duration seems an optimization attempt, however, screening the
additives for producing high-quality products with many benefits including ARG
mitigation should obey a cost-effective point of view, which is of great significance for
further practical application.

Mechanisms on ARG alleviation via carbon-based additive application in
composting might be related to 1) the operating conditions of composting process, 2)
the changes in selection pressure exerted by environmental contaminants, 3) the
evolution of antagonistic microbial community, and 4) the mediation of HGT (Fig. 2).
Adding carbon-based materials can directly change the composting status, such as the

extension of duration in thermophilic phase, the formation of intra- and interparticle
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voids to improve compost aeration, the regulation of moisture content and pH (Barthod
et al., 2018). The improvement of abiotic (e.g., temperature, pH and carbon sources,
and available sites for pollutant adsorption) and biotic (e.g., the activity of degrading
bacteria and microbial diversity) processes caused by the introduction of carbon-based
additives jointly promote the depletion of bioavailable contaminant concentrations, thus
reducing the selection pressure on bacteria (Lin et al., 2021). It should be noted that this
reduction in selection pressure can already be reached when only the bioavailable
portions of the co-occurring contaminants are reduced, such as via entrapment of
persistent compounds in inaccessible voids or precipitation of heavy metals with ashes,
even if total pollutants may still be present at other, non-accessible microsites. Both the
improved composting conditions and reduced selection pressure can finally facilitate
the decay of ARG-host bacteria and the succession of microbial community, thus
decreasing the proliferation of ARGs highly reliant on VGT. The effective removal of
MGEs, strongly associated with the antimicrobial gene transfer, further results in the
reduced frequency of HGT during composting with carbon-based additives (Zhang et
al., 2017). However, much work has confirmed the increase in the abundance and
persistence of some type of ARGs even though they undergo the composting along with
carbon-based additives (Fu et al., 2021c¢), indicating that more kinds and quantities of
ARGs should be taken into account when deeply excavating the underlying
mechanisms of various carbon-based additives towards ARG alleviation in the

composting in future studies.
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4. Effects of applying carbon-based materials on antibiotic resistance in soil
environment
4.1 Amending soil with carbon-based materials to mitigate ARG abundance

Soil, harboring substantially diverse microorganisms, serves as the natural and
major reservoir of antibiotic resistome as well as the important receiving pool of ARGs
derived from surface runoff, atmospheric deposition and human and animal wastes
(Tiedje et al., 2019; Wang et al., 2021). Therefore, remediating soil ARG pollution and
reducing human exposure risks are of great urgence given many elusive environmental
perturbations exerted by human pollution. Recently, the utilization of carbon-based
materials into soil environments as a soil amendment to control ARG pollution has
attracted significant attention. Positive impacts of wide biochar application in soil-plant
systems have been authenticated on protecting vegetable safety, reducing abundance of
pathogenic bacteria and ARG levels (Duan et al., 2017; Ye et al., 2016). Except for
using biochar pyrolyzed at high temperature and under limited oxygen conditions,
applying hydrochar produced by hydrothermal carbonization was another attempt to
investigate the dynamics and fate of ARGs in soil systems. Application of
hydrothermally treated lincomycin mycelial residues increased the abundance of
lincomycin resistance genes at first eight days, followed by a decline to the background
level until the 50 days incubation period, accompanied by a markable shift of soil
bacterial composition (Wang et al., 2020). Graphene oxide and other carbon-based
materials (e.g., carbon nanotubes and activate carbon) have been applied in agricultural

soil and for soil remediation through nutrient delivery and the ability to adsorb chemical
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contaminants (Kabiri et al., 2017; Meynet et al., 2012). However, right now, there is no
definitive conclusions to illustrate their influence on ARG dynamics in soil
environments. To optimize the performance of carbon-based materials on ARG-
contaminated soil, modified methods coupled with functional substances are being
actively explored. A struvite-humic acid loaded biochar/bentonite composite was
fabricated and applied in manured soil, which displayed effective capacities to reduce
37.18% of the total relative abundance of ARGs, and thoroughly eliminate ARB-
Actinobacteria (L1 et al., 2019a). Similar to other environments, the potential
mechanisms of carbon-based materials as soil amendment to eliminate or reduce the
diversity and abundance of ARGs might be due to (1) the improvement of soil
physiochemical properties such as pH, C/N ratio, porosity, and electrical conductivity
(Lehmann, 2007), thereby affecting the fate of ARGs and ARB in soil environments;
(2) the inhibition of mobility and bioavailability of contaminants that impose the
selective/co-selective pressure on soil microbes (Fu et al., 2021a); and (3) the decreased
abundance of MGEs involved in the HGT process among microbial populations (Shao
et al., 2022) (Fig. 3). In many cases, aforementioned factors possibly contribute to the
attenuation of antibiotic resistance, however, the complexity of soil system associated
with plant cultivation and soil biota impacts the effects of carbon-based materials on
soil resistome (Chen et al., 2019¢). In particular the addition of available carbon and
nutrient sources, such as via manure, can promote both microbial growth and related
gene copying and transfer of ARGs, as well as increase the dissemination of (organic)

pollutants (Jechalke et al., 2013). Elucidating related interactions with the addition of
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carbon-based materials might thus warrant further attention, particularly when
combined with organic waste streams.
4.2 Combined remediation using biochar and others on soil ARGs

The alleviation of ARG pollution is mostly indexed to biochar when referring to
using carbon-based materials in soil environment. Various types of biochar as soil
amendment to mitigate the dissemination of ARGs have been examined. Data point to
some shortcomings when individual biochar is amended in ARG-polluted soil (Zheng
et al., 2021). Co-application of biochar with others like environmentally-friendly
materials, hyperaccumulators, bacteria and bacteriophage to remediate soil
contaminated with ARGs was tested to investigate the feasibility and performance on
controlling ARG pollution. Both biochar amendment and struvite application as
fertilizers can attenuate the enhancing effects of the migration of resistance gene
cassettes-carried microbiota, and decrease the integron-mediated transfer events (An et
al., 2018). Liquid pyroligneous acid containing multiple components such as carboxylic
acids, aldehydes, pyrones and furan groups, and biochar were co-applied into manured
soils to explore the effects on soil ARG abundance (Zheng et al., 2021). An obvious
counteractive effect on ARG mitigation was observed resulting from the adsorption of
antimicrobial components of liquid pyroligneous acids on biochar (Zheng et al., 2021),
which also underscores the significance of suitable environmentally-friendly material
selection for soil ARG control. Biochar amendment combined with a hyperaccumulator,
Sedum plumbizincicola, was used to attenuate the prevalence of soil ARGs in

oxytetracycline and cadmium co-contaminated soil (Fu et al., 2021a). Both biochar
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amendment and planting Sedum plumbizincicola significantly decreased the
bioavailability of cadmium in soil and the transfer of oxytetracycline from soil to
hyperaccumulator tissues, and changed the profiles of ARGs in soil-plant systems by
increasing soil antibiotic resistome but restricting their diffusion to plants (Fu et al.,
2021a). It indicates biochar amendment along with plant cultivation, even a
hyperaccumulators with strong capacities of contaminant tolerance and enrichment,
may be insufficient to achieve the full removal of soil ARG pollution (Chen et al., 2018).
As carriers of ARG spread, bacteria and bacteriophage used to compete/inactivate
potential host/pathogenic bacteria for ARG attenuation may become a newly emerging
biotechnological method. A bacterial-loaded biochar via loading Herbaspirillum
huttiense (HHSI) (a low temperature resistant strain) into waste fungus-chaft based
biochar, was used to remediate the antibiotic-heavy metal co-contaminated soil, of
which 41.9% oxytetracycline and 40.7% enrofloxacin were degraded, 85.5% Cu and
64.4% Zn were immobilized, and some resistance genes and their potential hosts were
reduced (Zhang et al., 2022). Biochar amendment and polyvalent bacteriophage jointly
impede the vertical migration of pathogenic bacteria and the dissipation of ARGs with
the decreased level by 2-6 folds in the undisturbed soil columns (Sun et al., 2019). But
remarkably, it is necessary to construct well-established risk assessment frameworks
and environmental regulatory system before the application of related biotechnologies

to avoid the appearance of uncontrollable ecological risks.

5. Contribution of carbon-based materials on mitigating the antibiotic resistance in
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aquatic environment

Diverse ARGs have been detected in aquatic environments including surface run-
off, river, lake, groundwater, and sewage and wastewater from livestock production and
aquaculture (Karkman et al., 2018; Parnénen et al., 2019; Waseem et al., 2017; Zou et
al., 2021). Conventional wastewater disinfection technologies are designed to
deactivate the microorganisms and possess limited efficiency in the control of ARG
pollution (Dodd, 2012). Furthermore, the presence of organic pollutants,
pharmaceuticals and personal care products (PPCPs) and antibiotics, could pose
sustained selective pressure to aggravate the emergence and spread of ARGs
(Chaturvedi et al., 2021). Carbon-based materials, owning numerous advantages for the
removal of chemical and biological contaminants, e.g., reducing the bioavailability of
these organic pollutants by adsorption/degradation to decrease the co-selection or the
directly strong adsorption on biological contaminants (Xiang et al., 2019), can be a
promising means to mitigate the prevalence of ARGs in aquatic environments. Herein,
carbon-based materials, such as graphene oxide, biochar, and other carbon-based
materials (e.g., carbon nanotubes and activate carbon), are highly focused to investigate
the performance and underlying mechanisms on ARG removal.
5.1 Performance and underlying mechanisms using graphene oxide to combat
antibiotic resistance

Graphene oxide - an oxidized form of graphene - has drawn increasing attention
due to its distinct chemical, structural, electronic and antibacterial properties, and has

been widely used in many fields including the biomedicine, machining, electrocatalysis
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and environmental remediation (Bonaccorso et al., 2015; Xin et al., 2019). The unique
two-dimensional structure, large surface area, aromatic plane and abundant functional
groups allow graphene oxide to remove many contaminants, such as organic pollutants,
heavy metals, as well as pathogens and related ARGs (Smith & Rodrigues, 2015).
Available mechanistic studies using graphene oxide to remove ARGs from the aquatic
environments mostly concentrated on the direct interaction with extracellular ARG-
encoding DNA (Bytesnikova et al., 2019; Zou et al., 2016). Both horizontal and vertical
binding modes were used to explain the underlying mechanisms on ARG inhibition
(Liu, 2012): the chemical binding between opened base pairs in DNA and graphene
oxide surfaces via aromatic stacking in the high-energy adsorption sites (e.g.,
conjugated m-bonding system and oxygen-containing groups) facilitated ARG
adsorption onto the planes; while hydrophobic functional groups in two-dimensional
graphene oxide nanoparticles can also vertically intercalate into the DNA double helix
structure to construct the DNA-graphene oxide complex, thereby inducing DNA
conformational transfigurations and inhibiting the expression of ARGs (Fig. 4).
Graphene oxide also can inhibit the growth and propagation of bacterial strains in
general via the damage to cell membranes by physical destruction (i.e., sharp edges)
and chemical destruction (e.g., reactive oxygen species and mild cytotoxicity), thus
inhibiting the ARG duplication (Yousefi et al., 2017). Additionally, it efficiently
removes co-occurring chemical pollutants (Fig. 4) and thus graphene oxides reduce
selection pressure as another important pathway to alleviate the prevalence of ARGs

(Baig et al., 2019; Wang & Chen, 2015).
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When graphene oxide was applied to natural waters, over 80% of ARGs were
effectively removed (Yu et al., 2017b). The removal performance of ARGs by graphene
oxide in such aqueous environments is related to multiple factors involving the
properties of graphene oxide, DNA and environmental systems (Table 1). Lateral sizes
of graphene oxide used ranged from 0.08 to 1.0 pm?, i.e., it has been mainly used in
nanoparticulate to fine colloidal sizes. These fine particles can intercalate into the DNA
base pairs and induce DNA cleavage and conformational transition. The smaller the
size of the particles, the more efficient they were in damaging bacterial DNA damage
and inhibiting the amplification and transformation of ARGs (Xu et al., 2019). Most
notably, graphene oxide at low concentration could promote the conjugative transfer of
ARGs between bacteria as it increased membrane permeability (Guo & Zhang, 2017).
However, the regulatory concentrations using graphene oxide for antibiotic resistance
promotion or inhibition has not yet been quantified, deserving more detailed research.
Besides, other factors like DNA length, DNA structure and the gene type in contact
affect the binding with graphene oxide. In general, short DNA molecules are more
conducive to the adsorption on the surface of graphene oxide than larger ones (Wu et
al., 2011). Sorption of cyclic-stranded-ARGs depended on the DNA base compositions,
while sorption of double-stranded-ARGs mainly depended on DNA length.
Additionally, DNA bases with high guanine content seemed to have strong and tight
affinity to graphene oxide (Yu et al., 2017b). Finally, environmental factors such as pH,
cation species and temperature influenced interactions between DNA molecules and

graphene oxide and, thus, the fate of ARGs in aqueous environments. Clearly, more
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research is required to explore the interconnections and mechanisms of graphene oxide
and DNA as well as the potentially relevant interference factors to mitigate the threats
of ARG dissemination in environment.

Graphene oxide with versatile properties can also be used as base to fabricate
related multifunctional materials that restrain ARG transfer in aqueous environments.
For example, using graphene oxide and gold nanoparticles with strong adsorption
affinity as well as Co304, a promising chemotherapy agent, allowed to synthesize the
Au/GO-Co304 composite that effectively inhibited the replication of tetracycline
resistance genes via groove binding (Yu et al., 2018). Furthermore, some researchers
stressed potential applications of graphene oxide to the utilization of photocatalysis
(Guo & Tian, 2019; Zhou et al., 2020). Photocatalysts of ternary nanocomposites
consisting of reduced graphene oxide, graphitic carbon nitride and iron oxide were
activated by visible light to completely disintegrate plasmid DNA containing ARGs
through the synergistic effects of photocatalytic activity, relaxation of photogenerated
charge carriers, quenching of electron-hole pairs, photo-Fenton activity and generated
hydroxyl radicals (Saha et al., 2020). Additionally, a heterogeneous photo-Fenton
reaction was developed by coupling nano pyrite and graphene oxide to simultaneously
remove ARGs, ARB and other organic pollutants (sulfamethoxazole, carbamazepine,
diclofenac, and mecoprop) under solar-driven conditions (Ahmed et al., 2022).
However, the ecotoxicity of nano nature make it a potential threat to the aquatic
environment from a long-term viewpoint, still deserving safety assessments before the

application of (modified) graphene oxide.
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5.2 Performance and underlying mechanisms using biochar to combat antibiotic
resistance

Porous biochar as a promising material for water treatment can directly adsorb the
carriers of ARGs, i.e., extracellular DNA and bacterial cells (Huang et al., 2022). The
adsorption of plasmids on biochar, and the co-immobilization of bacteria cells can
decrease the contact between DNA and receptors, thus restraining the occurrence of
transformation. Particular dispersed biochar particles (nano biochar) could trigger an
intramolecular condensation of plasmids, and damage the cell membrane permeability
of receptors, therewith potentially leading to the inhibition of transformation (Fang et
al., 2022) (Fig. 4). The additional presence of cationic electrolytes (e.g., Ca’>" and Na*)
can foster the interactions between biochar and extracellular DNA via cation bridging
and increased effective adsorptive sites, thus reducing the possibility of an access to
free DNA into receptors (Fu et al., 2021b).

In addition to reports on biochar on ARG transfer via transformation, there are also
indications that conjugative transfer of ARGs is mediated by dispersed colloidal
biochar at low concentrations (< 10 mg/L) (Liu et al., 2021b). The process was
promoted by formation of humic-like substances but hampered when the concentrations
of colloidal biochar exceeded 10 mg/L. In similar manner, low concentrations of Cu*"
at 0.05 mg/L promoted conjugative transfer efficiency, almost two times higher than
the control treatment, whereas high concentrations > 0.5 mg/L inhibited it (Liu et al.,
2022). Whether similar considerations also valid for ARG transfer processes via

transduction and vesiduction remain to be clarified.
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The use of biochar in aqueous systems has the advantage that it can exploit several
other multifunctional material (Wu et al., 2022). For instance, magnetic biochar with
additions of quaternary phosphonium salts and iron oxides displayed high efficiencies
in deactivating bacteria and bacterial DNA, thus in suppressing the ARG spread (Fu et
al., 2021b; Fu et al., 2020), as, e.g., shown in applications to livestock wastewater (Fu
et al., 2022). Using B-cyclodextrin functionalized biochar for co-contaminated
wastewater even helped to additionally reduce heavy metal contaminations down to <
0.05 mg/L; methyl orange was even removed by up to 98.8%. Correspondingly, with
the decline in co-selective pressure, the abundances of typical ARGs in the wastewaters
declined by 49% to 91% relative to the controls (Wu et al., 2020). In general, there is
growing evidence in mitigating the diversity and abundance of ARGs using (modified)
biochar, even though current studies are still insufficient in revealing the related
impedance mechanisms.

5.3 Performance and underlying mechanisms using other carbon-based materials to
combat antibiotic resistance

Other carbon-based materials such as carbon nanotubes and activated carbon are
popularly used in aquatic environments for contamination control, due to their large
surface area and porosity, and thermal stability for modification (Xiang et al., 2019).
Carbon nanotubes added to a sequencing batch bioreactor were found to destabilize
bacterial population structure and microbial physiological status in effluents, and
facilitate the removal of ARGs in subsequent disinfection process (Wang et al., 2022).

Interestingly, attributed to the size, simple application of these carbonaceous materials
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with large particle sizes, like granular activated carbon, even enhance the bacterial
biomass, becoming the hotbed of ARG proliferation (Su et al., 2018). In this regard,
fabricated carbon-based functional materials with antibacterial effects earn much
attention. For example, granular activated carbon modified by Fe,Os3 effectively
inhibited bacterial growth, biofilm aggregation and overall microbial metabolism,
resulting in a sustained inhibition of resistance genes in simulated drinking water
distribution systems (Li et al., 2022). Carbon nanotube was used as a base to conjugate
with tetragonal bismuth vanadate and monoclinic bismuth vanadate to synthesize a new
photocatalyst, which had an excellent ability to generate *O,, h" and *OH for
photocatalytic inactivation against the antibiotic-resistant pathogen and ARGs in real
wastewater (Ye et al., 2021). Except for the modification of carbon-based materials,
combined processes composed of these materials are frequent used in water treatments.
An electrified carbon nanotube membrane was combined with chlorine disinfection (i.e.,
NaClO) could inactivate ARB and damage ARGs by generated reactive oxygen species
(*O2" and *OH) (Wang et al., 2023). Activated carbon doped with ferromagnetic oxide
was coupled with ultrafiltration to synergistically reduce the ARB, ARGs and dissolved
effluent organic matter in reclaimed water, of which magnetic activated carbon can be
easily separated from aquatic solutions, avoiding secondary pollution (Tan et al., 2022).
Much work has been done in exploring the performance using carbon nanotubes and
activated carbon in ARG removal, however, the utilization of coupled frameworks may

deserve further research as compared to a solitary treatment technology.
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6. Conclusions and future perspectives

Presently, the global concerns of rapid emergence and proliferation of antibiotic
resistance due to extensive and misuse of antibiotics are increasing. Growing evidence
has reported that ARGs can spread antibiotic resistance via VGT and HGT between
bacterial populations. The effectiveness of carbon-based materials to alleviate these
risks when used as additives, amendments, adsorbents or other functional materials in
different environmental media has been substantially documented. The key
mechanisms of alleviating the ARG pollution using carbon-based materials are mainly
related to 1) the general alteration of microbial community structure, 2) the reduction
of co-selective pressure caused by chemical contaminants, 3) the decrease of MGE
abundance mediating HGT processes, 4) direct adsorption and/or damage to
extracellular DNA, and 5) the improvement of environmental factors affecting DNA
binding or ecological competition by non-resistant bacterial strains. Overall, carbon-
based materials could assist us in combatting antibiotic resistance and related
mechanisms as needed to intellectually confront global healthcare crisis and to remove
ARG pollution. However, some key knowledge gaps on how to systematically and
safely use carbon-based materials to reach these aims should be underscored and filled
in the future.

(1) An increasing body of studies evidenced the dissemination of ARGs via the
routes of airborne bioaerosols in indoor and outdoor environments (He et al., 2021; Jin
et al., 2021). ARGs adsorbed on bioaerosols within the pollution area can constitute

atmospheric circulation via wind and evaporation, even enter into human respiratory
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systems through inhalation, especially for the populations in the high-danger areas like
livestock farms, landfills, wastewater treatment plants and hospitals (Li et al., 2018).
However, to date, research scope attending to remove the airborne ARGs by air
filtration systems is still limited, let alone the development of air filtration system
assisted with carbon-based materials, which deserves more attention in the future.

(2) Current studies have reported the excellent performance of carbon-based
materials on the elimination or attenuation of ARGs in the environments, however, the
limitations of each technology should be systematically evaluated. Given the growing
burden of antibiotic resistance and deficiencies relying on single remediation
technology, research and development of combined remediation technologies towards
combating the antibiotic resistance crisis will be a promising and significant project.

(3) Most studies lay particular stress on the effects of ARG removal, however,
neglecting the consideration of persistence and regrowth of ARGs under the new
balance with the addition of carbon-based materials. The application of carbon-based
materials aims to strengthen the attenuation of ARGs by passivation, adsorption or
interactions with contaminants, however, whether there will be a long-term and chronic
stress in the carbon-based materials as secondary pollution source to enable the
regrowth or extend the durability of ARGs is still elusive so far.

(4) Given the complex components, endogenous pollutants originating from the
carbon-based materials could be a hidden trouble to be introduced into the ecosystems.
Additionally, size matter of carbon-based materials in nanoscale with the nature of

facile mobilization, toxic effects to humans, high instability and accumulation limits
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their environmental promotion. Therefore, the priority before the wide application of
carbon-based materials is to conduct a detailed and comprehensive assessment.

(5) Extensive research has reported the feasibility and efficacy of (modified)
carbon-based materials on the removal of ARGs in human-impacted environments, but
the consideration of economic aspects is scarce. High-quality carbon-based products
fabricated from laboratory often effectively combat the prevalence of antibiotic
resistance, however, the complex production process and high cost may limit their
practically large-scale applications. Therefore, while developing carbon-based
materials in different environmental ecosystems to curb ARG pollution, trade-offs

between efficiency and economy remain to be valued.
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Fig. 1 (A) General routes of horizontal gene transfer (HGT) within natural communities
including conjugation, transformation, transduction and vesiduction, and the global
transmission of antimicrobial resistance among the human-impacted environments
within a One-Health pathway. (B) The feasibility using carbon-based materials to
combat antibiotic resistance, including a) reducing the selection pressure imposed by
the environmental pollutants (e.g., organic pollutants and heavy metals) on HGT, b)
inhibiting the cellular activity and integrity of donor bacteria and recipient bacteria by
oxidative damage and physical penetration etc. in HGT processes, c¢) adsorbing or

fragmenting the free DNA encoding antibiotic resistance genes in HGT processes.
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Fig. 2 The underlying mechanisms of antibiotic resistance gene (ARG) alleviation via
the application of carbon-based additives in the composting. POPs, persistent organic

pollutants.
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Fig. 3 The underlying mechanisms of antibiotic resistance gene (ARG) alleviation in
the soil amended with carbon-based materials. POPs, persistent organic pollutants;

HGT, horizontal gene transfer.
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Fig. 4 The potential mechanisms of antibiotic resistance gene (ARG) alleviation using

carbon-based materials in aquatic environments.

47



Table 1 Factors influence the removal of antibiotic resistance genes using graphene

oxide in water environment.

Influence .. .
Category Conditions Types Results Mechanisms Ref.
factors
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Influence

Category factors Conditions Types Results Mechanisms Ref.
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Influence

Category Conditions Types Results Mechanisms Ref.
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Category Conditions Types Results Mechanisms Ref.
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Category factors Conditions Types Results Mechanisms Ref.
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