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ABSTRACT

Antibiotics are among the most prescribed drugs in human medicine.
However, antibiotic resistance is a continuing global human health
problem. Ecosystems and clinical practices play equally important
roles in the emergence, evolution, and spread of antibiotic resistance.
High doses and inappropriate antibiotic use result in large amounts of
antibiotics being released into the ecosystem, leading to the selection
of large numbers of resistant bacteria and the spread of antibiotic
resistance genes (ARGs). Accelerated selection of antibiotic-resistant
strains and increasing numbers of antibiotic-resistant bacteria (ARB)
result in increased infection-related patient mortality rates. Hosts
of environmental resistomes are largely restricted to the core of the
environmental microbiome. Because of the phylogenetic barriers
to horizontal transfer of ARGs, gene transfer occurs more frequently
within species than between species. Horizontal gene transfer (HGT)
drives the evolution of untreatable “superbugs” by concentrating
ARGs within individual cells. Decreasing the colonization capacity of
exogenous ARB, increasing human resistance to colonization, reducing
horizontal transmission of ARG, and reversing antibiotic resistance in
ARB are the most important strategies to combat antibiotic resistance
by preventing transmission of ARB and ARG to humans.

Keywords: Antibiotic resistance, ecosystem, horizontal gene transfer,
mobile genetic element, marine organism

6z

Antibiyotikler, tibbi uygulamalarda en c¢ok regete edilen ilag
gruplarindan biridir. Ancak antibiyotik direnci, halen kiiresel bir insan
saghg sorunudur. Ekosistemler ve klinik uygulamalar, antibiyotik
direncinin ortaya ¢ikmasinda, evriminde ve yayllmasinda esit derecede
onemli rol oynar. Yiksek dozlarda ve uygunsuz antibiyotik kullanimi,
ekosisteme biyik miktarda antibiyotik salinimina ve ¢ok miktarda
direngli bakterinin segilimine ve antibiyotik direng genlerinin (ARG)
yayillmasina yol acar. Antibiyotik direngli suslarin hizla segilimi ve
artan sayida antibiyotik direngli bakteri (ARB), enfeksiyona bagli hasta
6lium oranlarinin artmasina neden olur. Cevresel direng genlerinin
konakgilari blyulk 6lgiide cevresel mikrobiyom ile sinirhdir. ARG’lerin
yatay transferine yonelik filogenetik engeller nedeniyle, gen transferi
turler arasinda degil, turler icinde daha sik gergeklesir. Yatay gen
transferi (HGT), ARG’lerini ayni hiicrede bir araya toplayarak tedavi
edilemeyen “stiper mikroplarin” evrimini yonlendirir. Ekzojen
ARB'lerin kolonizasyon kapasitesini azaltmak, insanlarda kolonizasyona
karsi direnci artirmak, ARG’nin yatay bulasmasini azaltmak ve ARB
antibiyotik direncini tersine g¢evirmek, ARB ve ARG’nin insanlara
bulagsmasinin 6nlenmesinde ve antibiyotik direnciyle miicadelede en
onemli stratejilerdir.

Anahtar Sozciikler: Antibiyotik direnci, ekosistem, yatay gen transferi,
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INTRODUCTION

Antibiotics are among the most prescribed drugs in human medicine.
However, global estimates suggest that only 50% of global antibiotic
use is appropriate (1). In the United States of America, the Centers
for Disease Control and Prevention (CDC) analysis of data from the
National Ambulatory Medical Care Survey and the National Hospital
Ambulatory Medical Care Survey indicate that 30% of the 154
million antibiotics prescribed each year are considered unnecessary
(2). When the antibiotics are widely used, the reservoirs of resistant
genes are prevalent, thus these tend to spread through ecological
niches due to complex interactions between people in different
environments (3). Antibiotic resistance is a continuing global human
health problem. Controversially, the healthcare facilities contribute
significantly to the emergence, evolution, and spread of antibiotic
resistance, however also the ecosystems have an equally important
role in its spread (4). Disposal of household medical waste and
unused antibiotics in landfills or in wastewater poses a significant
environmental and public health hazard. A significant portion of
these drugs consists of stable compounds that are difficult to remove
in wastewater treatment plants (WTPs) and that accumulate in the
environment. Antibiotics such as ciprofloxacin and trimethoprim,
as well as antineoplastic drugs such as cyclophosphamide, have
been isolated from these waters (5). The contamination of hospital
and city sewage wastewater with antibiotics and cytostatic drugs
poses a major environmental threat (6). Cytostatic drugs, which
inhibit DNA replication and are genotoxic to actively dividing cells
of algae and aquatic plants, affect all proteins involved in the
regulation of growth rate, the cell cycle, and redox status. Prolonged
exposure of organisms to these toxins lead to unforeseen changes
at the molecular level for the entire ecosystem (7-9). When
considering the reuse of treated wastewater and biological solids for
agricultural purposes, mutagenic potentials such as alteration in the

chromosomal aberration and micronucleus frequency are extremely
important in terms of bacterial behavior as well as the extent of
environmental pollution (10). While assessing the causal relationship
between antibiotic resistance and clinical practice, numerous
confounding factors exclusive to each drug and microorganism, like
pathogen-pathogen and pathogen-host interactions, mutations,
cross-resistance, resistance mechanisms, and cross-reservoir drivers,
must be considered (2). Antimicrobial resistance is associated with
an estimated 4.95 million deaths due to the bacterial infections and
the substantial cost of this phenomenon to the global economy
which may amount to USS$ 100 trillion until 2050 if no action is
taken (11). The aim of this review is to discuss the “vicious cycle
of environmental resistance” in which high doses of antibiotics
released into the ecosystem during antibiotic administration lead
to the selection of numerous resistant bacteria and the spread of
antibiotic resistance genes (ARGs) (Figure 1). This comprehensive
effort selected reports from a set of systematic research studies—
performed with robust, validated methods and considering the
significant and interdependent nature of the antibiotic resistance,
encompassing human, animal, and environmental dimensions—
to outline environmental antimicrobial-resistant (AMR) bacterial
pollution and to discuss mechanisms of resistance development
and their environmental properties. In this context, 98 articles were
extracted from published studies, which were obtained by searching
with the combined keywords “antibiotic resistance, ecosystem,
horizontal gene transfer (HGT), and mobile genetic element”, and
66 of these were conducted in the last 10 years. Since combining
antibiotics with nanoparticle (NP)-based carriers offers significant
advantages in overcoming antibiotic resistance, which is a global
problem today, a comprehensive clinical perspective is provided to
encourage the integration of nanoantibiotics (nAbts) into clinical
practice.

Vicious cycle of environmental resistance

Impacts of bacteria on the public health:
1.Epidemiology, mortality, morbidity in
AMR related infections

2.Biodiversity of AMR species

3.1 ion of AMR sp

4.Extinction of native species

Living organisms

CEcosystom)

Contamination

Ecosystem-level impacts
Nutrient chain cycle

1.National policies,
legislation, and

Carbon production
Water quality
Ecosystem resilience

2.Impl on st

to improve infection
3.Prevention, patient care,
The use of antimicrobial drugs,

' of the impl
of AMR related policies and

regulations
Mitigation of AMR and

p of health

1es

Ecosy compatibility
of wildlife-livest

contact
Lifespan
Improving human health

Evolution:
Antibiotic sensitivity
Physiological resistance

Selection of AMR species
Natural selection

Genetic problems:
1.Genetic diversity and gene

Antimicrobial stewardship

Determination of the most cost-

mutations in ARGs I

effective behavioral interventions

2.Gene polymorphisms related
to ARGs

Antimicrobial use policy ‘

to mitigate the emergence and

3.Single-nucleotide

N

/

spread of AMR

polymorphism selection in ARGs

Global and national action plans for AMR |

Figure 1. Vicious cycle of environmental resistance and the supporting factors of GLASS.

ARG: Antibiotic resistance genes, AMR: Antimicrobial resistance, GLASS: Global Antimicrobial resistance surveillance system - launched by World Health Organization in 2015,

WTPs: Wastewater treatment plants.
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Ecological Risk Assessment

Ecological risk assessment is based on the maximum measured
concentration of pharmaceutical compounds in wastewater,
expressedasarisk quotient (RQ), whichisdefined asthe ratio ofapoint
estimate of exposure [estimated environmental concentration (EEC)
or predicted environmental concentration (PEC)] and a point estimate
of effects (12). Compared with marine organisms, the maximum RQ
values were 81,000 for ofloxacin and 440 for ciprofloxacin. These
results indicate that antibiotics entering wastewater systems pose
a high ecological risk due to improper wastewater treatment. This
risk also means that waste pharmaceuticals can contaminate the
food web and lead to antibiotic resistance in pathogenic bacteria
(13). Twenty-two studies reporting drug concentrations in river
and marine sediments have been published since 2000. A total of
62 drugs and their by-products were detected in marine precipitate
at concentrations equivalent to 2,615,000 ng/g wet weight. Among
these antibiotics, 26 were found to have the highest concentrations
in the sediment (14). Fifty-nine papers published between 2002
and 2015 examined concentrations of 169 compounds in sludge
from approximately 450 treatment systems, yielding data on 152
chemicals across 28 classes. Considering the environmental risk
assessment of these compounds in soil, the most critical ones
posing environmental risks in soil contaminated with sewage sludge
were ciprofloxacin, ofloxacin and tetracycline (15). Fourteen studies
reporting drug concentrations in shellfish measured tissue levels
of 60 drugs and 7 by-products. Thirty-eight types of antibiotics
constituted the most frequently reported contaminant class in
these studies, followed by six types of antihypertensive agents.
Ciprofloxacin and enrofloxacin were the most commonly reported
antibiotics, each identified in at least four investigations. Only three
reports reported the presence of erythromycin-based metabolites
and its pharmaceutical transformation products (16,17). The
effects of these pollutants were assessed in mussel tissues using
biomarkers, such as activities of superoxide dismutase, catalase,
glutathione reductase, and phase Il glutathione-S-transferase
(GST); lipid peroxidation levels (LPO), indicating oxidative stress;
and acetylcholinesterase activity, associated with neurotoxicity. The
results indicated potentially harmful impacts on species that may
be sensitive to the continuous discharge of active pharmaceutical
ingredients (APIs) into the ecosystem. Some compounds were found
to significantly increase LPO levels in the liver, while others were
found to increase GST levels in the gills. Indeed, APIs are commonly
detected as environmental contaminants in surface waters due to
incomplete and inappropriate wastewater treatment processes (18-
20). Interestingly, however, some drugs were determined in marine
organisms despite they could not be found in the sampled waters or
sediments at concentrations below those expected to produce toxic
effects (17).

Antibiotics and Their Ecological Effects

The use of antibiotics without a prescription or as a result of
inappropriate prescribing leads to increased AMR, treatment
failures, drug toxicity, and increased treatment costs (21). The
World Health Organization (WHO) has identified AMR as one
of the 10 most important threats to global health (22). A clear
example of this occurred during the Coronavirus disease-2019
(COVID-19) pandemic in 2020. As an inevitable consequence of

the increase in inappropriate antibiotic usage during the COVID-19
pandemic, AMR rates have increased significantly (23). In parallel,
the heavy contamination of sewage with antibiotics has accelerated
the selection of antibiotic-resistant strains within the bacterial
population. This increasing number of antibiotic-resistant bacteria
(ARB) results in increased infection-related mortality rates of
patients (24). These suggest that antibiotics play a significant
role in drug contamination of environmental waste and in their
ecological impacts. Thus, erythromycin-base has been detected at
concentrations of 3.4 ng/g in San Francisco Bay, United States, and
0.7-14 ng/g in the Pearl River, China (25). Furthermore, in waters
sampled in Southern China, 27 antibiotics, primarily quinolones
(6.36-463 ng/L) and aminoglycosides (94.9-458 ng/L), were identified
as posing ecological risks. Higher concentrations of antibiotics are
observed in river water during the dry season than during the wet
season. Organic matter and ammonia nitrogen in the sediment
strongly influence the distribution of these antibiotics. Nevertheless,
the levels of antibiotics detected in this region are not considered
significant in terms of ecological risk (26). However, in the analysis
of sediment samples from the Liao River basin in China, 19 different
antibiotics were identified, with tetracyclines and macrolides being
the predominant antibiotics in terms of concentration. Quinolones
were the most frequently detected antibiotic group, present in
57.1-100% of biological samples, with concentrations ranging from
286.6 to 1655.3 pg/kg. Among the quinolones, enrofloxacin had
the highest bioaccumulation factor (BAF) that can be defined as
the ratio between the concentration of the analyzed antibiotic in
an organism exposed from all sources and the concentration of the
same antibiotic in water, during steady state (27,28). Its pollution
increases public concern about human health and the safety of
aquatic ecosystems. Enrofloxacin in sediment is absorbed by lipid-
rich fish. Therefore, enrofloxacin bioaccumulation in fish habitats
is positively related to fish lipid content (29). Ciprofloxacin, which
WHO classifies as a critically important antibiotic, was investigated
in fresh surface water, groundwater, saltwater, treated municipal
wastewater, untreated municipal sewage, treated hospital
wastewater, and untreated hospital wastewater. Among the 260
articles reporting ciprofloxacin contamination in watersheds,
111 studies were from Europe, 105 from Asia, and 32 from North
America. Of these, 5 studies were conducted in South America and
7 in Africa. To determine the “probability of exceeding the observed
ecotoxicological effect concentration” such as Predicted No-Effect
Concentration (PNEC) and “antibiotic resistance rate” (ABR) for
antibiotics in wastewater “probabilistic hazard assessments” are
conducted. The PNEC is the concentration of an antibiotic in any
environment below which adverse effects will most likely not occur
during long-term or short-term exposure. The risk of antibiotic
resistance (PNEC-ABR) is assessed by comparing the PNEC with the
EEC (or PEC) or with the minimum effective concentration for the
development or maintenance of antibiotic resistance. Since, there
is no universally accepted or regulatory algorithm for obtaining a
reliable ABR-PNEC for bacteria, it is estimated by applying evaluation
factors to bacterial minimum inhibitory concentrations (MICs) (12).
Remarkably, across all geographic regions, 58% of municipal effluents
exceeded the ABR-PNEC for ciprofloxacin. Concentrations reported
in surface waters exceeded the ABR-PNEC by 25%. Concentrations,
which exceeded the ABR-PNEC were found to be by 31% in Europe,
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29% in North America, and 67% in Africa (30). The interaction of
ciprofloxacin with activated sludge from sewage treatment plants
influences its migration and the control of associated risks. Sewage
sludge removes over 96% of the ciprofloxacin from water through
absorption, thereby increasing the ciprofloxacin concentration in
the sediment. Extracellular proteins interact with ciprofloxacin.
Ciprofloxacin contamination results in a decrease in soluble protein
level, a significant elevation in extracellular protein concentration,
and the formation of new extracellular proteins (31). The use of
sewage sludge in ecological agriculture and the consumption of its
products by humans pose a danger to human health by allowing
humans to ingest products contaminated with antibiotics and
increasing the resistance of commensal bacteria to these antibiotics.
As an example, erythromycin has been detected in 1) wastewater,
drinking water, groundwater, estuarine and coastal systems; 2)
sewage sludge, biosolids, and sediments; and 3) tissues of aquatic
organisms. In a study in China, 72.4% of surface waters were found
to be contaminated; in a study in the United States, 85.4% were
found to be contaminated; and in a study in Spain, 41.9% were found
to be contaminated. The PNEC-ABR for erythromycin was found to
be 33.3% higher in Asia, 20% in Europe, and 17.8% in North America
(32). Antibiotic uptake by marine organisms, which are crucial for
human nutrition, is specific to the compound type, the organism
species, and the body tissues. Oxytetracycline accumulates in
the organs, while oxolinic acid (a quinolone family antibiotic that
inhibits DNA gyrase) accumulates in the gills (33). Indeed, among
mollusks species collected from the Bohai Sea of China, antibiotic
uptake appeared to vary depending on the species (34). High
concentrations of fluoroquinolones have been found in liver and
muscle tissue in fish from the marine aquaculture areas of the Pearl
River Delta in South China (35). WTPs constitute a large reservoir of
antibiotics, ARGs, and mobile genetic elements (MGEs). Mechanical
and biological wastewater treatment methods are insufficient for
removing these micro-pollutants. Exposure of ARB to heavy metals in
the soil exacerbates adverse environmental impacts and accelerates
the spread of resistance mechanisms. Excessive heavy metals
in the environment and their high pressure on microorganisms
directly affect the biodiversity of microbial communities living in the
ecosystem (36). HGT is a significant ecological risk factor, leading to
the co-selection of ARGs and metal resistance genes (MRGs) due
to their co-localization on the same MGEs. Resistance arising from
genetic changes triggered by environmental heavy metals in bacteria
entering the environment through sewage systems and WTPs is
an ecological factor that significantly reduces the effectiveness of
antibiotics against bacterial infections (37). Significant correlation
between abundance of ARGs and MGEs in a total of 164 ARGs from 50
soil samples, revealed the importance of HGT for ARG dissemination
(38). HGT and co-localization of the host’s MGE and MRG resistomes
are shared between animal and human fecal samples. Many ARGs
are shared by animals and human feces, in addition to the MGEs-
containing class 1 integron, which are identified on animal feces, are
carried by human pathogens (39).

Ecosystem and Antimicrobial Resistance

The rapid development of ARB is a global health security emergency.
Current attention is centered on the mechanisms of transmission
of ARB across species and the identification of environmental
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reservoirs of antibiotic resistance in wastewater (40). To date,
estimates disclose that 700,000 deaths occur each year due to the
antimicrobial resistance; afterward, by 2050, 10 million deaths are
expected every year (41). The genes selected are widely detected in
wastewater samples, indicate various resistance mechanisms, and
are as well located in different genetic elements, specifically in MGEs
that substantially affect the spread of ARGs (42).

Resistance to antibiotics is acquired by bacteria via two routes:
either vertical evolution (endogenous) or horizontal evolution
(exogenous). Vertical evolution requires a spontaneous mutation
in the bacterial genome that confers increased resistance to an
antibiotic. Horizontal evolution occurs through the transfer of a
resistance gene from a resistant bacterium to a susceptible one.
The mechanisms of this route are conjugation, transduction,
and transformation. During conjugation, the resistance plasmids
containing ARGs are transferred between bacteria. Transformation
is a kind of modification of the bacterial genome by the uptake
and incorporation of exogenous DNA, while the transduction
mechanism is the transfer of bacterial DNA via a viral vector (43).
Wildlife contributes to the spread of antibiotic resistance across a
variety of hosts and ecosystems at two levels. First, this transmission
occurs locally, where animals living alongside humans can serve as
reservoirs and vectors for the spread of antibiotic resistance. Second,
migratory animals such as seagulls, fish and turtles contribute
to the spread of antibiotic resistance across geographic regions
and even between continents, posing a global health concern (4).
Furthermore, the ARGs can be transferred between distantly related
bacterial species and to the human pathogens and the bacteria that
are capable of colonizing the human body (44). Ecological factors
are regarded as potential hotspots for the spread of antimicrobial
resistance. Antimicrobial contamination not only increases the
resistance among environmental bacteria, but also directly impacts
the virulence of antimicrobial-susceptible bacterial infections in
patients by enhancing MICs of antibiotics and bacterial transmission
(45). The proliferation of ARB results in alterations in the antibiotic
susceptibility of the overall microbial population when antimicrobial
levels are below the MIC. Consequently, resistant bacteria generally
survive even in the availability of an antimicrobial level, which
is sufficient to inhibit or kill microorganisms of the same species
(46). Total enterococci and vancomycin-resistant enterococci are
detected in 71% (34/48) and 4% (2/48) of reclaimed water samples,
respectively, while Enterococcus faecalis (E. faecalis) is the major
species. These enterococci in the reclaimed water present high
antibiotic resistance at the point of water use as determined by using
their MICs (47). When tomatoes were exposed to sulfamethoxazole
and trimethoprim, they accumulated the antibiotics at 5.26 pg/kg
and 3.40 pg/kg, respectively. Since the accumulated antibiotics,
ARGs, and antibiotic-resistant pathogens (ARPs) are ingested
via food, treatment of ARPs due to antibiotic resistance poses a
significant challenge (48). Enrofloxacin, ciprofloxacin, ofloxacin,
oxytetracycline, and erythromycin pose a high risk of selecting for
antimicrobial resistance in marine culture water and/or sediment.
Sulfonamide resistance genes sul/l and sul2 are the most common
ones in water and sediment, whereas tetracycline resistance
genes are widespread in the gills and intestines of fish. Species of
Proteobacteria, Actinomyces, and Cyanobacteria are positively
correlated with ARGs, suggesting that they may be potential hosts for
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ARGs. Antibiotic resistance and human infection-related functions of
the microbiome are significantly higher in fish than in marine culture
(49). The development of antibiotic resistance in marine bacteria
has been associated with antibiotic concentrations in wastewater
discharges and aquaculture. Some recently identified genetic
elements and resistance determinants for quinolones, tetracyclines,
and B-lactamases have been found to be shared among aquatic
bacteria, fish pathogens, and human pathogens. To demonstrate
the ecological effects, 35 isolated bacterial strains were tested
for resistance to the eight most frequently detected antibiotics.
Resistance to the tested antibiotics was detected in 97.1% of the
bacterial strains, of which 70.6% exhibited high-level resistance
to the same antibiotics, particularly sulfonamides. Consequently,
high bacterial resistance to antibiotics was significantly correlated
with average antibiotic concentrations (50,51). ARB strains have
been reported to be more prevalent in marine wildlife populations
exposed to sewage contamination. Sharks sampled in the Florida
Keys exhibited resistance to a broad range of antibiotics. Resistance
to at least one antibiotic was detected in all fish species sampled from
each of the six study sites. Multidrug resistance was also reported in
most of the evaluated sites. Interspecific comparisons among redfish,
Sciaenops ocellatus, and sharks from Louisiana offshore waters
revealed a significantly higher prevalence of resistance depending
on the age of the population (52). Evidence has emerged suggesting
that ARB found in seabirds are of human origin. Several extended-
spectrum B-lactamase-producing Escherichia coli (E. coli) isolated
from birds clustered with human-derived isolates. Therefore, wild
birds acquire E. coli with human-derived and human-resistant traits
and thus, serve as an environmental reservoir with the potential to
reinfect human populations (53).

The presence of ARGs in marine ecosystems indicates ecological
changes caused by antibiotics. The presence of ARB phenotypes
was investigated by direct antibiotic susceptibility testing in surface
waters collected from 12 sources. According to the antibiotic
susceptibility test results, resistance ranged from 17% to 100%.
The antibiotic resistance profile against a total of 19 antibiotics
was as follows: Amikacin (17%), gentamicin (17%), ciprofloxacin
(33%), colistin (42%), linezolid (42%), tobramycin (42%), vancomycin
(42%), ertapenem (67%), erythromycin (42%), meropenem (75%),
rifampicin (75%), teicoplanin (75%), tetracycline (75%), trimethoprim
(75%), fusidic acid (83%), aztreonam (92%), clindamycin (92%),
penicillin (92%), and cefoxitin (100%). Multiple resistance, ranging
from one to six antibiotic classes, was observed. It was found
that antibacterial activity decreased sequentially starting from
aminoglycosides to fluoroquinolones, glycopeptides, macrolides,
tetracyclines and B-lactams (54). Although E. coli are inherently
sensitive to practically all clinically significant antimicrobial agents,
these bacteria have a considerable capacity to acquire resistance
genes, usually through HGT. E. coli of animal origin often shows
resistance to other, frequently older, antimicrobial agents, such
as tetracyclines, phenicols, sulfonamides, trimethoprim, and
fosfomycin. However, multi resistance plasmids and other MGEs, like
transposons and gene cassettes in class 1 and class 2 integrons have
significant affect in the dissemination of resistance genes among E.
coli species (55). Evidence indicates that submarine discharges of
treated effluents have negative impacts. The overall ARG content
in the investigated microbiomes was dominated by genes encoding

multidrug efflux pumps, including MexAB-OprM, AcrEF-TolC, and
MdtEF-TolC. The others are the modified peptidoglycan precursors,
transporter genes conferring resistance to tetracycline, macrolide,
and phenicol antibiotics, and the bla operon conferring B-lactam
resistance. Several pathogenic genera introduced by effluents,
like Acinetobacter, Arcobacter, Bacteroides, Escherichia-Shigella,
Klebsiella, Pseudomonas, and Salmonella, show efflux pump-
driven multidrug resistance, however Acinetobacter, Salmonella,
Bacteroides and Pseudomonas emerge as predominant carriers of
non-efflux ARGs conferring resistance to most of nine antibiotic
classes (56). The core marine resistome is primarily involved in
glycopeptide and multidrug resistance. Hosts for this resistome
are largely restricted to the core marine microbiome, and gene
transfer occurs more frequently within rather than between species,
because of the presence of the phylogenetic barriers against the
horizontal transfer of ARGs (57). Amongst multiple genetically
polluted environments, water environments are the most likely ones
constituting huge ARG reservoirs into which clinical and terrestrial
bacteria flow and in which variety of human commensal bacteria
develop (58).

Horizontal gene transfer

Bacteria have developed complicated strategies to counter
pharmaceutical agents, such as decreasing antibiotic influx; reducing
the drug’s binding affinity or preventing drugs from effectively
inhibiting the target enzyme; reducing intracellular concentration
to sub-inhibitory levels via multidrug efflux pumps; inactivating
the drug via hydrolysis of the antibiotic’s functional group or
transferring a chemical moiety to the antibiotic. These resistance
mechanisms against antibiotics may be intrinsic to the species of
bacteria or acquired from others via HGT (59). HGT, accomplished
by conjugation by plasmids, transduction by bacteriophages, and
natural transformation by extracellular DNA, allows genetic material
to pass between strains and species to circumvent the normal
vertical inheritance (60). In addition to these mechanisms, OMVs,
which are abundant DNA reservoirs in aquatic environments, play
an important role in the exchange of ARGs between bacteria (58,61).
Of the three canonical mechanisms of HGT, conjugation is thought
to have the greatest influence on the dissemination of ARGs (62).
In fact, HGT is an epidemic infection model. The model is designed
as a combination of quantitative measures of HGT and vertical gene
transfer (VGT). It was determined that HGT is affected by the inhibitory
mechanism of an antibiotic and its targets include donor, recipient
alone or together, while VGT contributes vastly to the formation
of transconjugants and consequently ARG spreading (63). In the
environment, horizontal DNA transfer between multiple bacterial
species and genera occurs by transformation and transduction,
but primarily by conjugation. Conjugation is liable for the spread
of genes coding for antibiotic resistance (64). Many environmental
factors like nanomaterials, variety of oxidants, as well as light
influence the horizontal transfer of ARGs in water environments (65).
Furthermore, biofilm formation in water environments is considered
to be hot spot for HGT of ARGs (58). HGT drives the evolution of
untreatable “superbugs” by facilitating the accumulation of ARGs
within the same cell. Thereby, HGT allows microbes to rapidly gain
new capabilities and adapt to the environment. High rates of HGT
have been detected among marine bacterial species. The frequency
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of gene transfer detected in the oceans today is between a thousand-
and a hundred-million-fold higher than previous estimates of HGT
(60,66). ARGs are spread through HGT of ARG-associated MGEs (67).
In addition, MGEs promote the assortment of AMR bacteria (68).
Extracellular vesicles (EVs) are mediators of HGT and the spread
of antibiotic resistance. In bacteria, the mrdA/mrdB pathway—a
critical protein complex—consists of PBP2 (encoded by mrdA) and
RodA (encoded by mrdB). Transcriptomic analysis has shown that
mrdA and mrdB are key regulators of EV biogenesis. The mrdA/mrdB
pathway has provided insights into the molecular mechanisms by
which sub-inhibitory dose antibiotic exposure promotes the spread
of antimicrobial resistance (69). New Delhi metallo-B-lactamase
(NDM-1) is one of the most potent and widespread carbapenem-
hydrolyzing enzymes; it is commonly found in bacteria and is
secreted into the extracellular environment within outer membrane
vesicles (OMVs). OMVs containing NDM-1 protect carbapenem-
susceptible bacterial strains against meropenem. The secretion
of NDM-1-containing OMVs ensures the survival of carbapenem-
susceptible bacteria around the infection site (70). Indeed, OMVs
from E. coli carrying NDM-1 not only display carbapenemase activity
but also can protect the populations of carbapenem-susceptible
bacteria (71). To reduce the spread of resistant strains and protect
global public health, stronger antimicrobial governance and policy
reforms are needed, including novel therapeutic approaches, such
as phage therapy and nAbts. Effective interventions across multiple
areas, from diagnosis to antibiotic administration policies, are
critical to control the threat of antimicrobial resistance (72). On the
other hand, studies support the possibility that ARGs in hospitals
can spread through HGT among bacteria found in the microbiomes
of animals such as cockroaches, fleas, or rats, thus these organisms

Stimuli-responsive linkers and combinatory
therapeutic design

may be bioreactors for the horizontal transfer of ARGs among
human pathogens (4). ARGs in plasmids can be transmitted across
clinical and environmental boundaries. Network analysis revealed
four B-lactam genes (blaTEM-1, blaNDM-4, blaKPC-2, and blaSHV-1)
among 1029 plasmids and 45 clinical pathogens. This put forward
that clinically alarming ARGs transfer expedite the propagation of
antibiotic resistance in clinical pathogens (73). Packaged gene sets
transferred via HGT allow bacteria to exchange multiple ARGs in a
single transfer event (74). Horizontal transfer of CTX-M B-lactamase
plasmid-borne blaCTX-M genes detected in Klebsiella pneumoniae
(K. pneumoniae) isolates from hospital environment contributes
to the spread of K. pneumoniae and creates an epidemiological
hazard (75). In summary, HGT plays a significant role in the microbial
ecology of antimicrobial resistance, as it allows the exchange of
ARGs among taxonomically similar bacteria, and HGT rate depends
on environmental conditions. In this context, multidrug-resistant
soil bacteria have perfect nucleotide identity of genes from various
human pathogens (76).

Clinical Perspective

During therapeutic antibiotic use, prolonged exposure of bacterial
pathogens to high concentrations of antibiotics exerts significant
selective pressure, leading to the development of more resistant
bacteria. Although new antibiotics have shown a significant
reduction in the persistence of bacterial infections, the development
of resistance and biofilm formation generally minimize antibiotic
effectiveness (77). The main disadvantages of conventional
antimicrobial agents are their contribution to the development of
multidrug resistance and their adverse effects. The biggest problem,
however, is that newly synthesized antimicrobials do not have the

NANOCARRIERS
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* Glutathione reduction-responsive
* Temperature-responsive

¢ Light- and redox-responsive

* Enzyme-responsive
* Hypoxia-responsive
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Combination of drug molecules with NPs

.Chitosan+sulfamethoxazole
.Chitosan capped AuNPs coupled with ampicillin

NPs with
multi-stimuli
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.AuN Ps conjugated with aminoglycosides, chitosan coupled with ampicillin, daptomycin

.AgNPs conjugated ampicillin, kanamycin, erythromycin, and chloramphenicol

Figure 2. Types of nanoantibiotics (nAbts) that are currently used for drug delivery. The most significant advantage of nAbts, formulated to deliver drugs to
infection sites using antibiotic-loaded nanocarriers, over traditional drug delivery systems is that nanoparticles (NPs) prevent the aggressive proliferation
of resistant bacteria at the infection site by giving antibiotics novel functions through stimulus-triggered mechanisms.

Ag: Silver, Au: Gold, Sr: Stimuli responsive, nAbts: Nanoantibiotics, NP: Nanoparticle.
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potential to provide a long-term solution (78). Combining antibiotics
with NP-based carriers that offer better biofilm penetration, lower
toxicity, and greater efficacy in combating bacterial resistance has
become essential in overcoming antibiotic resistance, a global
problem today. However, the clinical application of metal NP-based
strategies against bacterial infections has been delayed (79) (Figure
2). In this context, the U.S. Food and Drug Administration (FDA)-
approved- nAbts gold (Au) nanoclusters (NC), auranofin analogues
are found to be effective against Clostridium difficile (C. difficile)
infections, vancomycin-resistant Enterococci, methicillin-resistant
Staphylococcus aureus (S. aureus) (MRSA) (auranofin has the capacity
to eradicate the intracellular MRSA that is found inside infected
macrophages), Helicobacter pylori (H. pylori) infections (synergistic
with the amoxicillin via targeting both the reductive enzyme
thioredoxin reductase and cell wall synthesis). Their anti-plasmodial
activities likely result from direct inhibition of Plasmodium falciparum
(P. falciparum) thioredoxin reductase. In addition, biofilm-associated
bacteria can be treated with ultrasmall AuNPs (80). The daptomycin
(Dap)-Au NCs hybrid structure demonstrates a stronger bactericidal
effect toward MRSA which is a representative of multidrug-resistant
bacteria, over the physically mixed Au NCs and daptomycin (Dap+Au
NCs) (81).

It has been shown that the co-delivery of B-lactam antibiotics
and B-lactamase inhibitors as nAbts, based on metal-carbenicillin
framework-coated mesoporous silica NPs (MSN), is an effective
method against MRSA. The constructed B-lactamase inhibitor-
loaded nAbts are stable under physiological conditions. These nano
formulations are capable of simultaneously releasing antibiotic
molecules and the inhibitors at the site of bacterial infection. Thus,
they achieve more effective elimination of ARB strains and biofilms.
Ultimately, B-lactamase inhibitor-loaded nAbts exhibit greater
penetration into biofilms, making them more effective at inhibiting
MRSA (82). Folic acid tagged chitosan NPs are designed to function
as “Trojan horses” to deliver vancomycin into bacterial cells.
Since these NPs are biocompatible, biodegradable, semisynthetic
polymers, they serve as valuable tools. Nanosized chitosan derivative
loaded with vancomycin improves the transport of vancomycin
across epithelial surfaces, thereby display antibacterial activity on
vancomycin resistant S. aureus (83). Chitosan-capped AuNP coupled
with ampicillin nAbt exhibited a two-fold increase in antimicrobial
effectiveness compared with free ampicillin, while the antibiotic
dosage was reduced to 50% of conventional usage (84). Ampicillin-
functionalized AuNPs utterly demolish ampicillin-resistant bacteria
(85). Similarly, the MIC of vancomycin-AuNPs against S. aureus is
lower than that of free-form vancomycin. Therefore, the growth of
intracellular S. aureus is successfully inhibited in vancomycin-AuNPs-
engulfed macrophages (86). The combined antimicrobial effects
of composite NPs and conventional antibiotics are more effective
against bacteria resistant to conventional antibiotics. Although
two different NPs are effective against the multidrug-resistant
pathogens, each is difficult to functionalize with biomolecules and
drugs. However, doxycycline-conjugated bimetallic NPs demonstrate
substantially higher bactericidal activity against Pseudomonas
aeruginosa (P. aeruginosa), E. coli, and S. aureus. This finding
reveal that synergy of antibiotic with bimetallic NPs present a
greatly efficient application (87). Compared to the ciprofloxacin,
functionalized single-walled carbon nanotubes-ciprofloxacin show

substantial increment in the antibacterial activity by 16-fold for S.
aureus and P. aeruginosa and by 8-fold for E. coli (88). In the majority
of bacterial infections, virulence factors account for the rapid
proliferation of microorganisms within the host. Therefore, novel
therapeutic nAbts are designed with diverse linkers to confer novel
functionalities, such as pH-sensitivity, temperature-sensitivity, light-
sensitivity, redox-sensitivity, and enzyme-sensitivity. Stimulatory
mechanisms launched by NPs increase the selectivity of nAbts
activation and the inhibition of bacteria within the biofilm (89,90)
(Figure 2).

Considering that the antimicrobial mechanism of conventional
antibiotics is generally simple, bacterial resistance emerges
rapidly. Contrarily, majority of the traditional antibiotic resistance
mechanisms are void for metal NP (mNP)-based strategies (91).
Based on existing data, nAbts provide a novel type of attack against
which the bacteria currently lack a defense mechanism. Despite
the resembling antibacterial efficiency, nAbts display lower toxicity
in comparison to free-drug administration (92). Additionally, the
protein corona formation significantly influences the uptake,
biotransformation and biocompatibility as well as the cytotoxicity of
NPs (93-95) (Figure 3). Opsonization of therapeutic NPs by protein
adsorption results in substantial removal by reticuloendothelial
cells, decreasing the bioavailability of circulating NPs at the targeted
application site. Significantly reducing the immunotoxicity of NPs
makes the NP carriers beneficial for antibiotic delivery (96,97).

In fact, antibiotic susceptibility characteristics define the relationship
between a microorganism’s in vitro susceptibility to the drug and
the in vivo exposure of the microorganism to the drug (98). Metal
oxide NPs used in conjunction with antibiotics not only reduce the
toxicity of antibiotics but also improve their antibacterial efficacy
(99). Antibiotic-loaded nanocarriers are designed to deliver drugs
to infection sites, and mNP carriers protect antibiotics against
resistance mechanisms developed by target bacteria (100) (Figure
3). Within mNP carriers, drugs are kept safe from harmful chemical
reactions until they arrive their target in vivo, thus those carriers
preserve the efficacy of the drugs and from antibiotic resistance
mechanisms (101).

NP-based antibacterial drug delivery systems deliver the drug
directly to the target site, thereby side effects are reduced. By proper
NP carrier-mediated drug release, blood levels of the antibiotic at
the targeted infection site can be sustained at the required effective
concentrations for a prolonged period. This leads to improved
stability and reduced frequency of antibiotic administration.
Compared with the free drug at the same concentration, the
drug delivered via an NP carrier has been shown to have a much
greater inhibitory effect on cellular growth and is accompanied by
prolonged drug release (102) (Figure 4). nAbts are administered
alone or in combination with antibiotics to increase the likelihood
of biofilm eradication or shorten the duration of treatment. Since
polysaccharides and extracellular DNA (eDNA) associated proteins
in the extracellular polymeric substance (EPS) matrix participate in
the biofilm structural integrity, deoxyribonucleases (DNases) disrupt
biofilms (103). EPS matrix-degrading enzymes facilitate dispersion of
bacteria within biofilms, leading to more effective bacteriolysis when
combined with antimicrobial agents. Dispersin, glucanohydrolases,
glycoside hydrolases, and DNases enhance delivery of antimicrobial
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agents. Thereby they improve the killing potential of antibiotics
or antimicrobial peptides, if they are administered in combination
against pre-formed biofilms. Ciprofloxacin-loaded poly (lactic-co-
glycolic acid) NPs, functionalized with DNase, exhibit antibiofilm
activity against P. aeruginosa biofilms. Apart from releasing
ciprofloxacin in a controlled manner, those NPs are capable of
disassembling the biofilm by degrading the eDNA that stabilize the
biofilm matrix (104). Drug delivery by lipid or polymer NPs is used
to overcome biofilm resistance. The fusogenic liposomes maintain
the release of antimicrobial agents in close proximity to the bacterial
cells. These nanocarriers protect the antimicrobial compound from
deleterious interactions with the matrix, enzymatic inactivation,
and degradation by various bacterial and host components at the
targeted infection site. Thereby, these nAbts are readily penetrate
the biofilm (105). Anti-biofilm peptides have broad-spectrum
activity against both Gram-positive and Gram-negative bacteria
within biofilms. Furthermore, they present vigorous synergy with
conventional antibiotics (106). The polyethylene glycol shell,
combined with its surface-adaptive charge, allows the mixed-
shell polymeric micelles (MSPMs) to penetrate and accumulate
extensively in Staphylococcal biofilms. After the binding of micellar
nanocarriers to the Staphylococcal cell surface, bacterial enzymes
degrade the MSPM core, and thus the nAbt releases its antimicrobial
content resulting in the killing of bacteria in the deep layers of a
biofilm. This mechanism creates an extremely effective pathway to
control blood-accessible Staphylococcal biofilms with antimicrobials,
through bypassing biofilm recalcitrance to antimicrobial penetration
(107) (Figure 5). Through this novel technology, NP-based carriers
can deliver antibiotics with improved biofilm penetration, thereby
combating bacterial resistance.

BACTERIA

S s
Liposome

CONCLUSION

Since current European legislation does not include limits on
antimicrobial concentrations in treated wastewater from WTPs,
various antimicrobials have been detected at concentrations
above acceptable levels in numerous WTPs across many European
countries. Therefore, agricultural workers and their families, product
traders, agricultural product consumers, residents of areas and
eco-system irrigated with wastewater are exposed to wastewater
containing high levels of ARGs (108). Hence, antimicrobial resistance
is a significant public health problem worldwide. Given the
important and interdependent aspects of this resistance affecting
humans, animals, and the environment, a “One Health” approach
is necessary to combat it. The One Health concept encompasses
environmental transmission pathways and ecological selection
pressures that sustain resistance beyond host organisms. Whole
genome sequencing performed to determine the ARG profile and
phylogenetic relationship in strains isolated from humans and eco-
system has revealed a significant overlap between major antibiotics
and ARGs (109). This finding indicates that the pharmaceutical
industry and healthcare systems will continue to struggle against ARB
strains. Reducing the spread of antibiotic resistance and alleviating
its burden in humans are critical. Combating antibiotic resistance
and preventing the transmission of ARB and ARG to humans require
implementing control strategies in four areas: (1) Diminishing the
colonization capacity of exogenous ARB; (2) improving human
colonization resistance and reducing HGT of ARG; (3) reversing ARB
antibiotic resistance (110), and (4) determining the permissible
antibiotic concentrations in wastewater discharged from wastewater
plants and legally regulating wastewater treatment systems
accordingly. Although new antibiotics have significantly reduced the
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Figure 5. Bacterial biofilms, which have a structure rich in adhesine and extracellular matrix, protect microorganisms against conventional antibiotics.
Nanoantibiotics (nAbts) target the extracellular polymeric substance (EPS) and decrease or completely remove the bacterial content of biofilm. Subsequent
to the binding of micellar nanocarriers to bacterial cell surface, bacterial enzymes degrade mixed-shell-polymeric-micelles (MSPMs). Thus, nAbts penetrate
and accumulate in bacterial biofilms. And then, antimicrobial compounds kill bacteria in the depth of a biofilm.
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persistence of bacterial infections, the development of resistance
and biofilm formation generally reduce their effectiveness. Thus,
newly synthesized antimicrobials lack the potential to provide a long-
term solution. Combining antibiotics with NP-based carriers offers
substantial advantages in overcoming antibiotic resistance, which is
a global problem. Currently, only a small number of NP-based and
hybrid nAbts have entered clinical practice. However, to address the
problem of antibiotic resistance—which arises from the overuse
of prophylactic or therapeutic antibiotics without appropriate
medical indications, from the inappropriate selection of alternative
antimicrobials, and from frequent switching between antimicrobial
treatments—more clinical trials are needed to incorporate NP-based
and hybrid nAbts into clinical practice.
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