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ABSTRACT

Antimicrobial resistance (AMR) is emerging as a severe concern due to the escalating instances of resistant
human pathogens encountered by health workers. Consequently, there is a shortage of antibiotics to treat Mul-
tidrug Resistance (MDR) and Extensively Drug Resistance (XDR) patients. The primary cause of AMR is the vast
array of anthropogenic disturbances in natural microfauna brought about by the extensive use of antibiotics.
Coronavirus Disease of 2019 (COVID-19) has crashed antibiotic stewardship and single-handedly increased the
global usage of antibiotics, Personal Protective Equipment (PPE), and biocide, causing a ripple effect in the
existing global AMR problem. This surge in antibiotic usage has escalated the residual antibiotics reaching Waste-
water Treatment Plants (WWTPs) from pharmaceutical companies, health care centers, and domestic settings.
Ultimately the natural water bodies receiving their effluents will have higher concentrations of emerging con-
taminants as the WWTPs cannot remove the Pharmaceuticals and Personal Care Products (PPCPs) completely.
Furthermore, increased biocides usage will increase AMR by co-resistance, and increasing plastics will turn
into microplastics and get converted to plastisphere, which will further enhance its propagation. Therefore, it
is crucial to curb antibiotic usage, implement antibiotic stewardship dynamically; and, ameliorate the present
condition of WWTPs to remove residual PPCPs efficiently. The need of the hour is to address the grave threat
of AMR, which is loitering silently; if not the mankind will endure more affliction hereafter.

© 2021 Published by Elsevier B.V.
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1. Introduction Baricitinib and tofacitinib- immunomodulators inhibiting Janus

The pandemic caused by “Severe Acute Respiratory Syndrome
Corona Virus 2 (SARS-CoV-2)” called Coronavirus Disease of 2019
(COVID-19) has brought a global storm. Nonetheless, the bitter truth is
that COVID-19 is just the tip of the iceberg as the real danger with the
potential to sink the world is “Antibiotic Resistance,” — which is looming
in the darkness. On 17th July 2021, COVID-19 had a total death count of
4.08 million (“covid death worldwide,”n.d.) but, Antimicrobial Resis-
tance (AMR) is projected to be responsible for approximately 10 Million
death worldwide in the upcoming 30 years as per the pre-COVID-19
analysis; surpassing the death due to cancer (8.2 million), diabetes
(1.5 million) and other factors (Fig. 1) (Neill, 2014). The post-COVID-
19 study is expected to alter this data, and the death attributed to
AMR is expected to approach a much higher number due to a global
change in antibiotic consumption patterns.

When SARS-CoV-2 became cosmopolitan, all the beliefs, faiths, and
practices were put to the test. In that moment of global crisis, the first
ray of hope that emerged was remdesivir (RDV) (Beigel et al., 2020;
Diaz et al., 2021) and chloroquine (CQ)/hydroxychloroquine (HCQ)-
the antiviral and anti-malarial drug, respectively (Colson et al., 2020).

Antibiotic Resistance

il

Diabetes
1.5 Million

kinase- were also assessed for COVID-19 treatment, and both showed
a significant reduction in mortality (Guimardes et al., 2021; Kalil, n.d.).
Remdesivir in combination with baricitinib proved superior to
remdesivir alone (Kalil et al., 2021). WHO Solidarity Trial Consortium
conducted a mortality trial of four repurposed antiviral drugs-
hydroxychloroquine, remdesivir, interferon beta-1a, and lopinavir re-
sult indicated little or no effect on the COVID-19 patients (Pan et al.,
2021). Rivaroxaban- an anticoagulant factor X-a inhibitor- for high-
risk adults patients with mild COVID-19; too did not demonstrate any
significant impact (Ananworanich et al.,, 2020). Fostamatinib- a tyrosine
kinase inhibitor, showed positive results in a small study group of 59
COVID-19 patients (Strich et al., 2021).

COVID-19 infection is a viral disease- untreatable by antibiotics,
but the viral respiratory infections clinically progressed to bacterial
pneumonia- the bacterial superinfection and other nosocomial
infections- requiring antibiotic administration. Initial reports of Wuhan
Pulmonary Hospital, China, published in ‘The Lancet,’ show an approxi-
mate 50% secondary bacterial infection occurrence rate in COVID-19
casualties (F. Zhou et al., 2020; H. Zhou et al., 2020). Thus, worldwide
research accompanied by clinical trials with different antibiotics and

PROJECTED DEATH COUNT
Road Accidents Pl
0.30 Million
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AMR
10 Million
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8.2 Million

Fig. 1. Anthropogenic disturbances increase Antibiotic Resistance in the environment either directly or indirectly. Due to the pandemic, there is a surge in antibiotic usage in various sectors,
especially health care centers and pharmaceutical industries which will escalate the existing Antimicrobial Resistance burden. According to Neill (2014) Antibiotic Resistance will emerge

as the primary cause of death globally in the upcoming 30 years, outpassing cancer.
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other drugs were all over the news and research platforms. There was an
immediate demand for organizing well-designed ‘randomized con-
trolled clinical trials on a global scale’. Subsequently, scientists world-
wide started formulating all sorts of permutations and combinations of
antibiotics and other pre-approved drugs.

When the world stood still, the researchers and doctors across the
globe worked perpetually to help mankind in its darkest days. The re-
search from Marseille, France, showed promising results in combining
HCQ with azithromycin (AZI) (Gautret et al., 2020). Even though AZI
has potent antiviral activity and anti-inflammatory properties, in the
case of COVID-19, it did not accord survival benefits; instead, this drug
combination has arrhythmogenic potential and possesses serious safety
concerns (Sultana et al., 2020). Therefore, as a better alternative, iver-
mectin (IVER) (anti-helminthic drug)- a familiar molecule with proven
safety was explored. Various experts came forward, and their collective
deliberation was published as a ‘white paper’ under the sponsorship of
the Academy of Advanced Medical Education, suggesting the usage of
ivermectin alone or combined as a therapeutic option for COVID-19
(Agam et al., 2020). Use of dexamethasone -a corticosteroid- decreased
mortality in COVID-19 patients (Horby et al., 2021). The case study from
Bangladesh Medical College by Dr. Tarek Alam on ivermectin combined
with doxycycline (DOX) and azithromycin for SARS-CoV-2 treatment
shows promising results (Agam et al., 2020; Hosseini et al., 2021).
Slovakia became the first European Union Nation to approve this drug
combination for COVID-19 treatment (“Slovakia,” n.d.).

However, the Food and Drug Administration (FDA) has not ap-
proved ivermectin usage for treating or preventing COVID-19 in
humans (“FDA,” n.d.-a). Further, in June 2020 FDA revoked the usage
of chloroquine and hydroxychloroquine for COVID-19 patients (“FDA,”
n.d.-b). Meta-analysis of randomized controlled trials on ivermectin
concludes it as a non-viable treatment option for COVID-19 and should

Heavy
Metals pre &
post COVID

Present
AMR
burden
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be limited only for clinic trials (Roman et al., 2021). Similarly, there was
a plea for reassessing the remdesivir treatment regime for COVID-19
(Paules et al., 2021). These expeditious trials have increased antibiotic,
antiviral and antiparasitic consumption for no good, and humanity
will pay its price- the inevitable global rise in AMR burden.

This scoping review aims to draw attention to the inevitable AMR
surge expected to accompany the COVID-19 era (Fig. 2). The primary
focus is on the overuse of Pharmaceuticals and Personal Care Products
(PPCPs), their short- and long-term side effects on human health and
the environment, the probable impact of increased usage of plastic on
AMR, the effect of increased PPCPs in effluents, and heavy metal on
AMR, problems associated with the complete removal of PPCPS from
the Wastewater Treatment Plants (WWTPs), associated health risk et
cetera. We have explored the cross-reactivity pattern between co-
exposure of microbes to biocides and antibiotics as both increases tre-
mendously in the environment. The severity of such interactions on
AMR development is also discussed.

2. The global crash of antimicrobial stewardship

Infectious Diseases Society of America (IDSA) states that only 8% of
the COVID-19 patients acquired bacterial/fungal superinfections requir-
ing antibiotics. However, astonishing data from another study show the
administration rate of broad-spectrum antibiotics around 72% in SARS-
CoV-2 patients, even in the absence of bacterial superinfection (Neto
et al., 2020; Rawson et al., 2020). The study from Milan, Italy, shows
an approximate 66.67% antibiotic administration rate for SARS-CoV-2
patients. Hospitals in Barcelona, Spain, have an antibiotic administration
rate of 80% (Vidal et al., 2021). Data from ‘The Lancet’ show an antibiotic
administration rate of 95% to patients in Jinyintan and Wuhan
Pulmonary Hospital, China (F. Zhou et al., 2020; H. Zhou et al., 2020).

Fig. 2. Some contributors of Antimicrobial Resistance have increased significantly due to the pandemic, while others remain unchanged. Antibiotics, biocides, and single-use plastics have
drastically increased in the environment- predominantly in aquatic habitats. These factors act synergistically in promoting Antimicrobial Resistance. Consequently, this existing problem

will possibly increase in the Post-COVID-19 Era.
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In general, 70% to 95% of the patients are administered either DOX or
amoxicillin (AMOX) (“Antibiotics used for treating COVID-19 patients
may result in increased resistance to drugs' benefits,” n.d.). Neil Powell
from Royal Cornwall Hospitals Trust states that “it was difficult for the
doctors to know whether the patients admitted with COVID-19 symp-
toms had an overlying bacterial infection or not.” This issue is more
challenging in the low and middle-income class (LMIC) due to the inad-
equacy of health care services.

Further, the standard guidelines include antibiotics like DOX, AMOX,
benzylpenicillin (BENPEN), clarithromycin (CLR), co-AMOX, metronida-
zole (MTZ), moxifloxacin (MOXI), ciprofloxacin (CIPRO), et cetera as the
first line of treatment for COVID-19 (Buckinghamshire Healthcare NHS,
n.d.). Another concern is SARS-CoV-2 infection in people already carrying
the AMR burden and have developed resistance. According to the Center
for Disease Control and Prevention (CDC), about two in every hundred
people carry methicillin-resistant Streptococcus aureus (“Healthcare
Settings | MRSA | CDC,” n.d.), and infection with ESBL/AmpC producing
bacteria is also persistent. CDC clearly states an increased susceptibility
of hospitalized COVID-19 patients to secondary infections by resistant
pathogens (approximately two hundred cases) (“CDC,” n.d.-a; “CDC,” n.
d.-b; “CDC,” n.d.-c). There is an increase in reported cases of aspergillosis,
antibiotic-resistant Acinetobacter, Candida MRSA bacteremia outbreak
during the pandemic (“CDC,” n.d.-a; “CDC,” n.d.-b; “CDC,” n.d.-c;
Srinivasan, 2021). The most commonly prescribed drugs for these infec-
tions are vancomycin (VAN) or teicoplanin (TEC) (Peng et al., 2013) and
meropenem (MERO), respectively (all three are broad-spectrum antibi-
otics). There is a rapid increase in antibiotic consumption globally;
AMOX, DOX -especially ceftriaxone and azithromycin has doubled;
(Giacomelli et al., 2021; Nestler et al., 2020; Srinivasan, 2021), and the
usage of broad-spectrum agents “did not escalate in few countries”
(“CDC,” n.d.-a; “CDC,” n.d.-b; “CDC,” n.d.-c; Srinivasan, 2021); but simul-
taneously we have evidence of an increase in the prescription of broad-
spectrum antibiotics (Alonso et al., 2020). It is essential to mention that
antibiotic usage varies geographically- the health care facilities with
higher COVID-19 inpatients consumed higher quantities of certain
antibiotics and vice versa. In nursing homes, the consumption of
azithromycin, ceftriaxone, and doxycycline increased but levofloxacin
and amoxicillin decreased. The usage trend of antibiotics in hospitals is
highly variable; CDC consolidated data from National Healthcare Safety
Network and Premier Healthcare Database comprising 710 and 716
hospitals, respectively. For azithromycin, in April 2020, there is an in-
crease of 65% and 44.6%, respectively, from both the data sources.
(“CDC” n.d.-a; “CDC,” n.d.-b; “CDC,” n.d.-c; Srinivasan, 2021). However,
there is a marked laxity in implementing antimicrobial stewardship
and a dearth of evidence to associate respiratory bacterial/fungal
coinfections (Rawson et al., 2020).

The ‘black fungus’ or mucormycosis is emerging as one of the early
side effects of the current COVID-19 treatment regime. The most probable
trigger for this aggressive fungal infection is the unfortunate crossover of
steroids therapy, reduced immunity, and dysglycemia (BBC News, 2021;
Narayanan et al., 2021). This infection is life-threatening in immunocom-
promised individuals and diabetic patients. Mucormycosis has been
declared an epidemic in Rajasthan, India (The Economic Times, 2021).
Also, cases of white and yellow fungal infections are being reported.
SARS-CoV-2 also affects audio-vestibular systems (Bhattacharjee, n.d.),
causing the multisystem inflammatory syndrome, autoimmune condi-
tions, severe weakness, et cetera. (“CDC,” n.d.-a; “CDC,” n.d.-b; “CDC,” n.
d.-c). These may be the first of many other severe complications that
the world will witness post-COVID-19 apart from the AMR crisis. As
quoted by prof. Mathew Upton from the University of Plymouth; “Mass
prescribing of antibiotics will lead to increased levels in the environment,
and we know that this can select for resistant bacteria.” Due to the ongo-
ing pandemic, it is challenging to establish controlled human infection
models and is still under consideration (Rapeport et al., 2021). Hence,
due to the absence of any study model or methodology, it is not easy
to understand the holistic effect of COVID-19 treatment regimes.
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3. Overuse of biocides and its side effects

Globally there is an increase in hygiene sensitivity which has spiked
the usage of different disinfectants and a broad spectrum of pharmaceu-
tical products to curb the spread of the virus. These pharmaceutical
products, including antibiotics, can be collectively referred to as Phar-
maceutical and Personal Care Products (PPCPs). The guidelines issued
by CDC for disinfecting and cleaning the facilities include a list of 573
products (“CDC,” n.d.-a; “CDC,” n.d.-b; “CDC,” n.d.-c) with these active
ingredients (isolated or combined form) hydrogen peroxide, quater-
nary ammonium compounds, isopropyl alcohol, dodecylbenzene
sulfonic acid, Et cetera; and they can disinfect in contact time of 1 min
(EPA, n.d.). Hypochlorous acid is 80 to 100 times more efficacious
than sodium hypochlorite (bleach) (“The science of chlorine-based dis-
infectant,” n.d.). The spraying of disinfectants in hospitals, residential
and commercial buildings, open areas, public transports, Et cetera., is
done regularly as a precautionary measure. Grignard Pure™ has
emerged as an efficient air treatment solution with 98% efficiency at a
concentration of 0.5 to 3 mg/m> (“GrignardPure,” n.d.) is used by air-
lines and other indoor spaces (Us-Epa, 2000). The sales data from
Reckitt Benckiser show a 50% increase in the sales of disinfectants in
the first quarter of 2020 and 20 times more production of hand sanitizer
(“CEO of Lysol maker: Sales are up as a result of coronavirus pandemic,”
n.d.) even though the Chinese Center for Disease Control and Preven-
tion, United States Environmental Protection Agency and World Health
Organization have successively released guidelines for the PPCP usage;
the lack of knowledge combined with panic can lead to its adverse effect
on health. A survey conducted by the School of Public Health, Iran,
reveals that 87% of the population uses the wrong ratios of water and
alcohol in homemade disinfectants, and 74.2% use the wrong proportion
of sodium hypochlorite (Dindarloo et al., 2020). Data published in April
2020 show an approximate usage of 2000 tons of disinfectant (chlorine-
based) in Wuhan, China alone (Zhang et al., 2020). This increase in con-
sumption of biocides or disinfectants is a concern as they can pollute
drinking water or can combine with sewage system- either direct runoff
or indirect sewage effluent- eventually ending up in the environment as
most of the Wastewater treatment plants are not equipped with appro-
priate pre-treatment techniques to completely remove PPCPs and can
remove only up to 20% to 80% of it (Hassan et al., 2020). Eventually, all
the PPCPs will end up in natural water bodies or soil, creating toxicity
and stress on the macrofauna and microfauna.

Overuse of disinfectants has associated side effects, both acute and
chronic. Few products contain non-volatile ‘active ingredients’ like
chlorhexidine digluconate, triclosan (TCS), mecetronium ethyl sulfate,
et cetera along with alcohol. These additional biocides fail to provide su-
perior bactericidal efficacy but are a potential risk, and its dermal expo-
sure must be avoided (Kampf et al., 2017) as it can cause itching,
redness, dryness, and sores. These volatile chemicals cause lung irrita-
tion, shortness of breath, cough, sneezing, et cetera, and if ingested,
cause abdominal pain, diarrhea, vomiting, and other gastrointestinal
issues; the most frequently reported side effects are throat irritation,
short attention span, headache, fatigue, Et cetera. (Dindarloo et al.,
2020). The overuse of sodium hypochlorite is a significant concern
due to its high oxidizing nature. It has a severe side effect spectrum
based upon the route and duration of exposure- the topical application
results in inflammation, inhalation in high dose leads to respiratory fail-
ure et cetera (Peck et al.,, 2011), the vapors cause a burning sensation in
the esophagus, and edema of the mucosa. In very high concentration,
it has the potential of causing tissue necrosis, rhabdomyolysis, the
superoxide and hydroxide radicals formed can damage renal epithe-
lium et cetera (Chatterjee, 2020). Triclosan causes oxidative stress,
mitochondrial toxicity, affects a wide array of signal cascades, Et
cetera that ultimately leads to cholestatic liver injury (Boas et al.,
2019). The enrichment, bioaccumulation, and biomagnification of
PPCPs need immediate focus as humans, the top predators, are at ex-
treme risk.
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4. Toxicity and cross-resistance between biocides and antibiotics

There is a lack of awareness that some biocides may have more risk
of promoting AMR than other anthropogenic factors. Biocides promote
antibiotic tolerance, decreased antibiotic sensitivity (Bataillon et al.,
2011), cross-resistance (Gonzalez et al., 2014) and co-resistance in
pathogenic bacterial strains by increasing HGT (Jutkina et al., 2018),
overexpression of efflux pumps (Jutkina et al., 2018; Sonbol et al.,
2019), et cetera (Table 1). Pathogens acclimatized to BZK develop
cross-resistance to ampicillin (AMP), AMOX, and erythromycin (ERY)
(Bataillon et al,, 2011; Lerma et al., 2015). Similarly, chlorohexidine ac-
climatized pathogens develop co-resistances to major antibiotics like
ceftazidime, sulfamethoxazole (SMX), imipenem, CTX, tetracycline
(TET), CIPRO, gentamycin, ERY (Cuenca et al., 2015; Gajadhar et al.,
2003; Kampf, 2018; Morita et al., 2003). Exposure of pathogens to triclo-
san reduced susceptibility to chloramphenicol, TET, AMP, et cetera
(Karatzas et al., 2007). Exposure to sodium hypochlorite assists in the
development of cross-resistance in pathogens against AMP, chloram-
phenicol, and TET (Gonzalez et al., 2014).

The antibiotic resistance due to commonly used biocides is studied in
a controlled environment and has minor relevance if used in small
quantities. However, lifestyle modifications due to pandemics are
changing the usage pattern of these disinfectants and have a realistic
potential to enhance AMR development. Thus, these findings need
immediate reviewing as MDR human pathogens like Salmonella spp.,
E. coli, Acinetobacter spp., Staphylococcus spp. have developed cross-
resistance (in laboratory settings) and can evolve and become XDR
which will be impossible to treat with the currently available antibiotics.

5. Heavy metals and antibiotics - a synergetic AMR surge

Studies prove the synergistic effect of heavy metals and antibiotics
on AMR development (Table 2). The nexus of effluents from different
domestic and healthcare sectors poses a considerable risk as higher
concentrations of PPCPs are reaching STPs along with the residual
metal-laden industrial effluents. Sludge dumping from WWTPs laden
with residual PPCPs and heavy metals in agricultural fields as manure
needs risk assessment. It has the potential of disseminating Antibiotic-
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Resistant Gene (ARG) between soil and crops and can ultimately result
in bioaccumulation and human health hazard. The soil contaminated
with oxytetracycline (OTC) and cadmium enhance the transfer of
human pathogens into leaf tissues (Guo et al., 2021). Pathogenic bacte-
ria like Mycobacterium and Legionella harbor a high copy number of ARG
tnpA in biofilm formed on polyvinyl chloride microplastic in the pres-
ence of copper, TET, and AMP (Zhao et al., 2021). Selective pressure of
heavy metals like copper and zinc increases ampicillin-resistant oppor-
tunistic pathogens like Pseudomonas, Aeromonas, Acinetobacter, Staphy-
lococcus (Wang et al., 2021a). P. putida harboring RP4 plasmid has the
potential risk of disseminating ARGs to a broad host range in soil (Fan
et al.,, 2019). Divalent cadmium at sub-inhibitory concentration shows
a significant increase in conjugation frequency of RP4 plasmid, which
contains ARGs between P. putida KT2442 and much freshwater micro-
bial community, thereby facilitating the ARG transfer to a broader
taxon (Pu et al.,, 2021). The linkage between antibiotic resistance and
metal tolerance and very high minimum inhibitory concentration
values for antibiotics like AMP >10,000 pg/ml, kanamycin 4800 pg/ml,
chloramphenicol 800 pg/ml is found in heterotrophic cultivable bacteria
isolated from Rozalia Gold mines, Slovakia (Timkova et al., 2020). In the
metal mining region of Xiangjiang River, China, heavy metals (Cu™2 and
Zn™2) have aggravated horizontal gene transfer of plasmids - especially
conjugative plasmids- in pathogenic bacteria like P. monteilli, Aeromonas
hydrophila, A. baumani, and Staphylococcus epidermis pertaining to in-
creased MDR bacteria in that river (Wang et al., 2021a, 2021b). E. coli
isolates from dairy wastewater in China with high iron, nickel, and arse-
nic concentrations show a multidrug-resistance pattern (C. Liu et al.,
2021; Y. Liu et al., 2021). Thus, the increase in the consumption of anti-
biotics will create a ripple effect, and an increase in the synergistic effect
of co-resistance of antibiotics and heavy metals will be inevitable in all
the possible nexuses.

6. Impact of the pandemic on plastisphere and AMR

The contagion of the virus requires collaborative protective mea-
sures like an increase in the use of disposable cutleries and packaging
materials in markets, restaurants, take-outs, et cetera (major contribu-
tors of Food-related Marine Macroplastic Litter) and plastic-based PPE

Table 1
The cross-resistance/cross-tolerance pattern observed on co-exposure of antibiotics and biocides.
Biocides Microorganisms Cross-resistance/cross tolerance pattern References
under experiment
Benzalkonium chloride E. coli Decreased susceptibility to cotrimoxazole. (Holdsworth and Law, 2013)

Expression of MdtM multi-drug efflux pump.

Pseudomonas spp.

Resistance to ampicillin, amoxicillin, erythromycin, and trimethoprim.
Induction of MexCD-Opr] multi-drug efflux pump.
High tolerance to chloramphenicol, tetracycline, ampicillin. Overexpression of

(Bataillon et al., 2011; Lerma et al.,
2015; Morita et al., 2003)
(Guo et al., 2014; Karatzas et al., 2007)

(Jutkina et al., 2018)

Salmonella

typhimurium AcrAB or AcrEF acriflavine efflux pump.
Chlorhexidine digluconate E. coli,S. aureus, S. Increase in HGT of MGE carrying ARGs.

haemolyticus

Pseudomonas spp.
polymyxin, and erythromycin.

Reduced adsorption of biocide to the cell surface and induction of MexCD-Opr]

multi-drug efflux pump.

Co-resistance to ciprofloxacin, norfloxacin, tobramycin, gentamicin, ampicillin,

(Gajadhar et al., 2003; Morita et al.,
2003; Nagai et al., 2003; Tattawasart
et al., 1999)

(Cuenca et al., 2015)

A. baumannii Co-resistance to carbapenem, aminoglycoside, tetracycline, and ciprofloxacin.
Increased expression of multiple efflux pump genes.
Triclosan E. coli Enhance of efflux pump system.

(Jutkina et al., 2018; Sonbol et al., 2019)

Increase in HGT of MGE carrying ARGs.

Acinetobacter
Jjohnsonii
Pseudomonas spp.
trimethoprim.
Salmonella spp.

Decreased susceptibility with chloramphenicol.
Cross-tolerance with ampicillin, amoxicillin, erythromycin, imipenem, and

Reduced susceptibility to chloramphenicol, tetracycline, ampicillin et cetera.

(Lear et al., 2002)
(Lerma et al., 2015)

(Karatzas et al., 2007)

Overexpression of AcrAB acriflavine efflux pump.

Didecyldimethylammonium E. coli
chloride

Sodium hypochlorite Salmonella spp.

Decreased sensitivity to cotrimoxazole and amoxicillin.

Cross-resistance with class aminoglycosides and cephalosporins, amikacin,

(Bataillon et al., 2011)

(Gonzalez et al., 2014)

ampicillin, chloramphenicol, tetracycline, and teicoplanin.
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Table 2
Co-Resistance pattern on simultaneous exposure to heavy metals and antibiotics.
Heavy metals Antibiotics Source Microorganism Under Study Mechanism of co-resistance Reference
Cadmium NA. Water (Xinlin Pseudomonas putida Increase in frequency of HGT -conjugation- by increased (Puet al., 2021)
Bay, China) membrane permeability, increased catalase and superoxide
dismutase activity, and overexpression of trbBp? and trfAp®
genes.
Oxytetracycline  Soil and lettuce  Clostridium, Burkholderia, Increased expression of tetracycline resistance protein (Guo et al., 2021)
tissue (China) Salmonella (tetG, tetC, tetW), sulphonamide resistance gene sul2,
erythromycin resistance gene ermX, intl1¢
Copper N.A. Swine manure Firmicutes spp., Bacteroidetes Cu influenced the co-occurrence of MGEs and co-selection ~ (Zhang et al., 2020)
(Anaerobic spp., Actinobacteria spp. of ARGs; affected the microbial community.
Digester) High abundance of tetG, sull, sul2, ermQ, blacrx.y"
Copper and Zinc ~ Ampicillin Water Pseudomonas monteilii, Increase in HGT by conjugation and co-selection of ARGs (Wang et al.,, 2021a,
(Xiangjiang Aeromonas hydrophilla, and HRG. 2021b)
River, China) Acinetobacter baumannii,
Staphylococcus epidermidis
Ampicillin Domestic Mycobacterium Overexpression of transposase tnpA (Zhao et al., 2021)
Tetracycline sewage (China)  Legionella
Zinc Ampicillin Soil (Rozalia NA. Co-selection, co-resistance and cross-resistance (Timkova et al.,
Nickel Chloramphenicol Gold Mine, mechanism. 2020)
Lead Slovakia)
Copper
Zinc Tetracycline Soil (Scotland) NA. Abundance of ARGs tetM, tetW, blaoxa, blacrx-v, ermB, ermF  (Knapp et al., 2011)
Nickel B-Lactams
Lead Erythromycin
Copper
Cobalt
Chromium
Zinc Vancomycin Soil (Savannah Acidobacteriaceae, Abundance of MDR genes mdtB, vancomycin resistance (Thomas 4th et al.,
Nickel river, USA) Bradyrhizobium genes vanR, emrB and cusS. 2020)
Arsenic Mycobacterium Overexpression of efflux pumps.
Iron Streptomyces
Copper Verrumicrobium
Strontium Actinomadura
Cobalt
Iron -Lactams Water (Dawen E. coli Overexpression of aminoglycoside resistance genes (aadA  (C. Liu et al,, 2021;
Copper Tetracyclines river, China) and aacC2), blacrxw, tetA and tetB, and sul2 Y. Liu et al., 2021)
Zinc Quinolones
Nickel
Arsenic
Selenium
Lead
Mercury
Chromium Kanamycin Water E. coli Similar cross-resistance pattern observed. (Ram and Kumar,
Nickle Fluoroquinolone  (Sabarmati river, 2020)
Manganese and STP India)
Copper
Lead
Cobalt
Arsenic

¢ Mating pair formation gene.

b DNA transfer and replication gene.
¢ Class 1 Integrase is a site-specific recombination enzyme with recognition site of attl1 where gene cassettes get inserted.
4 Extended spectrum (3-lactamases encoding gene.

to an estimated 129 billion face masks and 65 billion gloves per month

(Prata et al., 2020). According to Thailand Environment Institute, plastic
waste has increased from 1500 tons to 6300 tons per day (“World
Economic Forum,” n.d.). The PPE market in 2016 valued 40.06 billion
and is estimated to reach 58.34 billion by 2022; further, estimated an-
nual growth of 20% in facial and surgical mask supply by 2025 is ex-
pected (“Personal Protective Equipment Market,” n.d.). A single-use
surgical mask is made of non-woven non-biodegradable polymers like
polystyrene, polycarbonate, polyethylene (PE), polypropylene, and
polyurethane, which impart hydrophobicity and prolongs the afterlife.
Plastics never fully degrade and somewhat shrink into smaller pieces
of less than five millimeters (<5 mm) called microplastics (MP).
Synthetic industries are the primary source of airborne MP. Polyamide
and polyvinylchloride (PVC) are the most abundant polymers in the
Rhine river (Gras et al., 2021). Detailed review by Kumar et al. (2021)
on the occurrence of MP in rivers across the globe concludes a
disturbing concentration of microplastics. 13.7 particles/L of polysty-
rene in Los Angeles River, USA; 25-340 particles/kg of MP in Yangtze

River, China; Wuhan rivers has 1660-8925 particles/m™>;
99.27-409.86 particles/kg in Ganga River, India et cetera. The increase
in PPE production is expected to increase microplastic concentration
and its ultimate return to terrestrial or aquatic ecosystems as fallout
(Chen et al., 2020). Due to the physicochemical properties of
microplastics like hydrophobic surface, buoyancy, et cetera, it is a stable
substrate and pristine ecological niche for microbes and enables ARG
exchange in any habitat- “the plastisphere.” The microbes hitching
ride on microplastics can travel across the globe, converging with
other species and giving impetus to AMR dissemination. The biofilm
study on the riverine microplastics from the Rhine river, Netherlands,
shows pathogenic bacteria like Pseudomonas spp., Acinetobacter spp.,
Arcobacter spp. harboring ARGs like sull (sulfonamide resistance
gene) and erm (erythromycin resistance methylase gene) (Gras et al.,
2021). The sediments from the Sabarmati River in India show a high
concentration of microplastics, and at that site, the highest antibiotic re-
sistance is present (Ram and Kumar, 2020). Bacterial species isolated
from the plastic surface from the coastline of Northern Ireland show
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high resistance of 98.1% to beta-lactams and other critically essential an-
tibiotics (Moore et al., 2020). (C. Liu et al., 2021; Y. Liu et al., 2021) re-
ports distinct ARG composition on biodegradable and non-
biodegradable microplastics due to selective enrichment. Profiling of
bacterial isolates from microplastics in the coastal lagoon in the north-
ern Gulf of Mexico show a similar abundance of ARGs, but different
resistome pattern on polyhydroxyalkanoate (PHA) (biodegradable)
with MDR gene abundance of 2.05 copies per 16S rRNA and polyethyl-
ene terephthalate (PET) (non-biodegradable) with 3.05copies per 16S
rRNA and most of the ARG hosts were human pathogens; thereby pos-
ing potential human health risk (Sun et al., 2021).

Apart from harboring microbes in aquatic habitats, microplastic is
the preferred substrate for growth than other organic surroundings.
Studies on microplastics in landfill leachate show a higher abundance
of Mobile Genetic Elements (MGEs) associated with ARGs. Microplastics
harbor distinct bacterial communities than the surrounding leachate,
and selective enrichment of ARGs and pathogens is on it than the sur-
rounding leachates (Shi et al., 2020). The emerging pollutants -MP
and PPCPs- are ubiquitous; and, the concentration of both is increasing
tremendously due to the pandemic. The triad formation of antibiotics,
bacteria, and microplastic will become much more facile, and the
plastisphere will emerge as a potential AMR depot between different
ecosystems. A detailed study by Wang et al. (20214, 2021b) compares
the adsorption capacity of three major antibiotics on different MPs
and their associated microbial community. Ampicillin has maximum
adsorption capacity followed by tetracycline and triclosan on PVC com-
pared to polyethylene, but microbes easily attach to the latter. Further,
the ARGs were higher in the system having MPs as compared to control.
Human pathogens like Legionella, Mycobacterium, Neisseria, and
Arcobacter concentrated on the MP compared to sewage. PPEs, dispos-
able cutleries, empty sanitizer pouches, soiled tissue papers, et cetera to-
gether are creating a massive trail of clinical waste in the environment.
The environmental impact of such clinical debris during this pandemic
era is far-reaching.

7. Pre-COVID-19 levels of PPCPs in natural water bodies

The increase in antibiotic and disinfectant usage has put the WWTPs
under pressure to deal with this sudden surge in effluents, ultimately in-
creasing the residual PPCPs-particularly antibiotics in the potential
water bodies (Anh et al., 2021; Russell and Yost, 2021; Wang et al.,
2020). The pre-COVID-19 studies on the Asian river systems give
disturbing results. Hai river system in northern China has exceptionally
high levels of thirteen antibiotics and is declared as priority contami-
nants, primarily oxytetracycline (361,000 ng/L) and chlortetracycline
(CTC) (68,900 ng/L) (Chen et al., 2018). The Han water system in
South Korea has a significant concentration of various antibiotics like
CLR 72 ng/L, carbamazepine (CBZ) 29 ng/L, and sulfamethoxazole
(SMX) 3 ng/L (Im et al., 2020). The studies on the urban canals of
Hanoi city, Vietnam, show a high concentration of SMX, AMOX, and
erythromycin (>1000 ng/L) (Tran et al., 2019). The tropical rivers of
the southwestern Indian river have a significant concentration of SMX
(up to 2 ng/L) and trimethoprim (TMP) (up to 8 ng/L) in the river and
sources of drinking water (Joshua et al., 2020). These antibiotics will un-
doubtedly rise further because the effluents from hospitals will indi-
rectly reach water bodies. After all, COVID-19 patients receive
cotrimoxazole (a combination of TMP and SMX in a 1:5 ratio) (Arafat,
2020). The stress induced by the high concentration of antibiotics causes
altered gene expression in aquatic microbiota and assists in resistant
species' evolution. Thus, in this present scenario, the over-prescription
of antibiotics is emerging as a significant environmental concern.

8. Fate of PPCPs

PPCPs have complex persistence patterns in nature due to their
physicochemical properties and environmental factors. All PPCPs are
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not persistent, but their prolonged usage and release in the environ-
ment make them “pseudo-persistent” with a more significant environ-
mental threat. Most antibiotics get metabolized only up to 30% to 80%
in the body, and the rest gets excreted. The over-prescription of
AMOX has a severe threat as the pharmacokinetics data reveal that ap-
proximately 60% of the orally administered dose gets excreted in the
urine in unchanged form (“Amoxil (Amoxicillin): Uses, Dosage, Side
Effects, Interactions, Warning,” n.d.). Conclusive studies show higher
antibiotic residues in urban rivers, contributed by antibiotics from the
domestic sewage effluent than veterinary medicine in livestock waste-
water (Im et al., 2020; Murata et al., 2011); and the former has a very
high potential of AMR selection. After coming into the environment, an-
tibiotics undergo various degradation pathways to form products with
lower antibacterial properties. However, the latter has a higher toxicity
than parent compounds and can persist in either aqueous medium or
solid medium, depending on its solubility. Carbamazepine and diaze-
pam are highly persistent drugs with a dissipation time of around
300 days, while ivermectin- one of the most commonly used drugs for
COVID-19 treatment - is moderately persistent -approximately up to
50 days (Loffler et al., 2005). Tetracycline has low solubility in aqueous
media, but it is predominant in soil and sediments. The swine manure
has a very high concentration of TET, and if mixed with soil, its concen-
tration reaches several nanograms (Lehmann and Bloem, 2021). The
conventional methods of WWTPs are not efficient enough to completely
remove PPCPs, and as a result, the residual or transformed PPCP prod-
ucts end up in environmental settings like aquatic environment receiv-
ing treated water from STPs, on soil via the organic manures from farms,
leach deep inside soil from the landfills and sludge.

9. Challenges to curb medical waste

Pandemic is affecting the normal functioning of solid-waste man-
agement and disposal. Ministry of Ecology and Environment, China, es-
timates 240 tons of waste generated daily during the pandemic
compared to 40 tons per day before the pandemic in Wuhan. Similarly,
United States is generating a year's medical waste in just two months
due to COVID-19 (“World Economic Forum,” n.d.). Therefore, improper
bio-medical waste handling is a serious concern.

Moreover, contagious diseases like hepatitis and HIV have a high
transmission rate from patients to health care workers due to improper
biowaste handling (“Health-care waste,” n.d.). A similar pattern of con-
tagion holds true for novel coronavirus. In addition, the traditional
waste handling methods like open burning or incineration release
toxic dioxins, furans, and particulate matter in the atmosphere - some
of them being potent carcinogens pose a significant concern.

Liquid waste management is dealing with a similar obstacle. The in-
crease in antibiotic consumption leads to an increase in antibiotic resi-
due in the wastewater reaching the WWTP. As a result, more residual
PPCPs are reaching the river bodies, especially from the WWTPs receiv-
ing effluents from big cities with major hospitals and other health cen-
ters. At a suboptimal concentration of antibiotics, the microbiota of the
waterbody comes under stress, affecting the non-target organisms too.
The increasing PPCP concentrations in the rivers or coastal waters is del-
eterious for the microbiota, and they are already present in surface wa-
ters, groundwaters, sediments, and wetlands up to high concentrations
like 1 mg/L (Chen et al., 2021).

Removing antibiotics from wastewater treatment plants is always
challenging because the traditional secondary biological treatment
methods like activated sludge treatment, anoxic/oxic oxidation ditch,
and trickling filters involving hydrolysis, biodegradation, and adsorp-
tion have low removal efficiency of antibiotics. The different classes of
antibiotics have different removal efficiency attributed to their physio-
chemical properties, chemical lattice, treatment process, and opera-
tional conditions (pH, temperature, SRT, HRT). According to the study
by Wang et al. (2019) on the prevalence of antibiotics in WWTPs for
19 years, the removal efficiency of the various secondary biological
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treatment process for major antibiotics is as follows-azithromycin 3%-
90%, ciprofloxacin 26%-100%, sulfamethoxazole 20%-100%, and tetracy-
cline 69.1%. Antibiotics of class quinolones, lincomycins, and lactams
have 73% to 77% removal efficiency. On the other hand, the antibiotics
with a high potential to resist biodegradation belonging to class
macrolides, sulfonamides, and TMP have a poor removal efficiency of
59.3%, 52.6%, and 55%, respectively. Another set of data of antibiotic re-
moval by WWTP show these removal rates- tetracycline-100%,
chlortetracycline-85.9%, oxytetracycline-87.9%, sulfadiazine-76.2%,
sulfamethoxazole-75%, sulfamethazine-71.7%, sulfamerazine-54.7%,
and trimethoprime-58% (Li et al., 2016). It concludes that antibiotics
cannot be removed entirely by the conventional wastewater treatment
processes, and the recent increase in PPCP in wastewater increases the
load on already compromised WWTPs. Hence, there is an immediate
need to address this issue of the antibiotic surge; and to minimize its po-
tential risk to the environment, novel technologies need to be imple-
mented to remove residual PPCPs in WWTP before releasing its
effluents in water bodies.

10. Novel remediation techniques to reduce PPCP load in WWTP

The contemporary techniques used in WWTPs are insufficient to
eradicate the residual PPCPs; consequently, their concentration is
ever-increasing in the natural water bodies. Conventional biogas di-
gester used in WWTPs cannot reduce PPCP concentration below harm-
ful limits at a higher influx rate (HongMei et al., 2016); hence, it is
coupled with different processes to enhance performance. Anaerobic di-
gestion has a removal efficiency of 73%, manure composting 84.7%, and
constructed wetland 90% for veterinary antibiotics (Gaballah et al.,
2021). Aerobic/anoxic and sequential anaerobic + aerobic/anoxic pro-
cess successfully reduces triclosan and its metabolites from sludge
(Abbott and Eskicioglu, 2020). In-situ advanced anaerobic digestion en-
hanced with zero-valent iron powder has a removal efficiency of 97.39%
for sulfamethoxazole (F. Zhou et al., 2020; H. Zhou et al., 2020). The
combined anaerobic and aerobic biological processes give removal effi-
ciency of 92% for antibiotics (Han et al.,, 2019). The anaerobic/anoxic/
oxic process combined with membrane bioreactor has a removal effi-
ciency of 87% for a wide range of PPCPs (Meng et al., 2021). 100% re-
moval efficiency is necessary as residual antibiotics pose a higher
hazard to the biome. Also, these techniques impart contamination to
the surrounding environment. The antibiotics can leach into the soil,
and if it comes in contact with the groundwater reservoir, it can pose
a severe health hazard. Hence novel hybrid techniques with better re-
moval efficiency are the need of the hour.

The tertiary treatment like the advanced oxidation process (AOPs),
is efficient to treat PPCPs and other toxic products like dyes, pesticides,
explosives, and many more. The significant advantage of this method is
that it has a high reaction rate and a nonselective mechanism that treats
a broad range of organics simultaneously, thereby reducing the toxicity
and completely mineralizes organic contaminants (Ameta et al., n.d.).
Hybrid technology using metal-organic frameworks as an adsorbent
for PPCPs in wastewater is promising as it degraded oxytetracycline
into harmless end products (Wang et al., 2016). The photo-Fenton
process has 50% removal efficiency in 90 min for ciprofloxacin and flu-
oxetine in anaerobic pre-treated hospital effluent (Perini et al., 2017);
and ofloxacin up to 98.1% in just 2 h in the presence of a catalyst (Du
et al.,, 2020). The ozonation process can remove the mixture of eight
antibiotics below their detection limit (Iakovides et al., 2019). Electro-
chemical advanced oxidation process alone or coupled with membrane
filtration has a removal rate of 98% for carbamazepine (Ganzenko et al.,
2021). The catalytic oxidation process using sludge-derived carbon
(a potential low-cost catalyst) has a removal rate of 92.6% in just
260 min for oxytetracycline (Liu et al., 2019). These methods show
promising results and can be used to pre-treat sanitary waste with
high PPCP load like health care facilities and pharmaceutical industries
before they reach WWTP.
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11. Risk assessment studies

More than four thousand PPCPs are available on the market for var-
ious purposes; they can get dissipated in the environment by
transforming into non-extractable residues that can be bioaccumulated
and enter the food web. The impact of PPCPs on non-targeted species
poses an ecological threat. Bioaccumulation factor in algal samples for
triclosan (TCS) and its metabolites triclocarban and methyl triclosan is
in the range of 700 to 2700 (Ebele et al., 2017). The expected global
medicine usage in 2020 was 4.5 trillion doses, increasing 24% from
2015 (Pennente et al., 2015). However, this was the conjecture before
COVID-19. The five-year compound annual growth rate (CGAR) to
2025 is projected to change from 4.5% to 4.6% due to pandemic
(“IQVIA,” n.d.). The current PPCP usage data is challenging to obtain
due to insufficient resources, self-medication, and non-prescription
drug sales.

Risk assessment studies of 66 PPCPs in Tejo estuary, Portugal, show
Risk Quotient (RQ) for the accumulated mixture of 16 pharmaceutical
residues over 380 folds higher than the no-risk threshold driven mainly
by antibiotics (Fonseca et al., 2021). The risk assessment studies on the
Han water system in South Korea show RQ of more than one for aquatic
organisms; clarithromycin (CLR) and sulfamethoxazole (SMX) are the
potential threats (Im et al., 2020). The risk assessment studies on the
Tama river system in Japan have Hazard Quotient (HQ) for five PPCPs
more than one, and three of those PPCPs (AZI, CLR, and TCS) pose a po-
tential ecological risk (Mano and Okamoto, 2016). Another study shows
a high concentration of SMX and other PPCPs in the Cau river, Vietnam,
and the risk assessment studies conclude moderate risk on the aquatic
organism (Ngo et al,, 2021). Finally, risk assessment studies on the over-
use of amoxicillin (AMOX) and doxycycline (DOX)- (most prescribed
antibiotics for COVID-19) the PEC: PNEC ratio of <1 for DOX and up to
5.70 for AMOX in two different settings in the United Kingdom; and
the data for AMOX indicates a potential environmental concern for se-
lection for AMR (Comber et al., 2020). However, such risk-assessment
modeling is complicated in LMIC due to the unavailability of data.
Nevertheless, such studies can assist in making new policies for antibi-
otic stewardship and help select the location of emergency hospitals
in the future to minimize the damage to the environment.

12. COVID-19 and human behavior

As quoted by Desmond Tutu- “A time of crisis is not just a time of
anxiety and worry. It gives a chance, an opportunity, to choose well or
to choose badly”. COVID-19 shows various colors of humanity and has
affected all the echelons in psychological and emotional ways. There
is an increase in medicine hoarding, counter drug selling, black
marketeering of drugs, et cetera. There is an immediate need to increase
awareness among the masses regarding the judicious use of antibiotics
and other biocides. The increase in unprescribed drug sales, over-
prescription of antibiotics by health care workers, increase in self-
medication rather than facing the isolation of COVID ward, google
doctors and WhatsApp clinics, fake news, circulation of unresearched
treatment methods, superstitions et cetera are playing an active role in
the global AMR surge.

13. Conclusion

Drug resistance can develop in almost any type of microbe- viruses,
fungi, bacteria, or protozoa- and the ability to treat such infections gets
hampered to an immense extent. AMR recommendations from Food
and Agriculture Organization, World Organization for Animal Health,
and the World Health Organization state that the SUPERBUG PROBLEM
needs to be solved by prudent antibiotic usage combined with improv-
ing the living standards and raising awareness among the masses. If not
taken care of - the next pandemic might be worse than COVID-19. The
increase in AMR post-COVID-19 is undeniable, and it is surmised that
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there will be an acute inadequacy of antibiotics available as the fre-
quency of multidrug-resistant and extensively drug-resistant cases will
escalate (“Scientists around the world are already fighting the next
pandemic,” n.d.). The worldwide disruption in health services during
this pandemic interferes with the treatments for chronic diseases like
tuberculosis and hepatitis C (Barocas et al.,, 2021) which has the poten-
tial of causing novel resistance patterns and require aggressive efforts
for treatment. Similarly, the vaccination services hampered due to the
pandemic can increase the risk of other diseases, and ultimately overuse
of antibiotics is speculated. The increase in AMR in environmental
settings bears the pragmatic potential to introduce novel resistance
patterns in human pathogens against the “now effective” antibiotics,
entering the food web, and ultimately emerging as “superbug.”

Immediate attention is needed to evaluate the worldwide evolution
of AMR in the COVID-19 era with a particular focus on low to middle-
income countries where data on resistance patterns are scarce, the
transmission of infectious pathogens is optimal, and treatment re-
sources are suboptimal (Lucien et al., 2021). The potential impact of
COVID-19 related prescription of antibiotics on the global AMR burden
and its associated toxicity on the environment needs to be addressed.
There should be social awareness camps to educate the masses over
the use and misuse of PPCPs. There is an immediate need to formulate
new and dynamic policies on water quality parameters entering the en-
vironment, focusing on emerging contaminants like antibiotics. The
wastewater with a very high concentration of antibiotics emerging
from healthcare settings and pharmaceutical companies needs to be
monitored and pre-treated to lower the contamination level before
reaching the WWTPs. Further, the WWTPs need to be upgraded by
novel techniques that thoroughly remove residual antibiotics before
releasing their effluents in rivers. This pandemic is creating a domino
effect - the unforeseen overload on front line health workers leading
to the over-prescription of antibiotics as the antimicrobial stewardship
crashed on a global level, and last but not at all the least- if not immedi-
ately addressed, the global AMR surge will be inevitable, and the world
will not escape from its aftermath.
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