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Abstract

Antibiotics have been categorized as emerging pollutants due to their indiscriminate usage, continuous input and persis-
tence in various environmental matrices even at lower concentrations. Cephalosporins are the broad-spectrum antibiotics of
p-lactam family. Owing to its enormous production and consumption, it is reported as the second most prescribed antibiotic
classes in Europe. The cephalosporin wastewater contains toxic organic compounds, inorganic salts, and active pharmaceuti-
cal ingredients (API) which pose a potential threat to the organisms in the environment. Therefore, removal of cephalosporin
antibiotics from the environment has become mandatory as it contributes to increase in the level of chemical oxygen demand
(COD), causing toxicity of the effluent and production of cephalosporin-resistant microbes. So far, several processes have
been reported for degradation/removal of cephalosporins from the environment. A number of individual studies have been
published within the last decade covering the various aspects of antibiotics. However, a detailed compilation on cephalo-
sporin antibiotics as an emerging environmental contaminant is still lacking. Hence, the present review intends to highlight
the current ecological scenario with respect to distribution, toxicity, degradation, various remediation technologies, and the
regulatory aspects concerning cephalosporins. The latest successful technologies for cephalosporin degradation/removal
discussed in this review will help researchers for a better understanding of the nature and persistence of cephalosporins in
the environment along with the risks associated with their existence. The research thrust discussed in this review will also
evoke new technologies to be attempted by the future researchers to develop sustainable options to remediate cephalosporin-
contaminated environments.
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Introduction

Antibiotic pollution has posed a major global threat (Kumar
et al. 2019). The antibiotics and their metabolites in the
aquatic environment are exerting a negative impact on all
the organisms. The easy migration of antibiotics in drinking

< Adikesavan Selvi
seljeev@gmail.com

Bioremediation Laboratory, School of Bio Sciences
and Technology, VIT, Vellore, Tamilnadu 632014, India

Solar Energy Lab, Department of Chemistry, Thiruvalluvar
University, Serkadu, Vellore, Tamilnadu 632115, India

Environmental Molecular Microbiology Research
Laboratory, Department of Biotechnology, Thiruvalluvar
University, Serkadu, Vellore, Tamilnadu 632115, India

Department of Biotechnology, PSG College of Technology,
Coimbatore, Tamilnadu, India

water causes serious drug resistance which brings the envi-
ronmental risk in view of residual antibiotics released into
the ecosystem (Szymariska et al. 2019). Water and soil pol-
lution influence the structure and function of ecosystem
vitally (Dabrowska et al. 2018). The main sources of water
pollution with antibiotics are drug-manufacturing industry,
animal wastes from livestock farming and human wastes
from hospitals and domestic activities (Feier et al. 2018).
The trace amount of antibiotics in the aquatic system is a
great challenge for the assessment of water quality due to
their toxic effect on non-target organisms (Vasiliadou et al.
2018). Occurrence of antibiotics has been reported in hos-
pital wastewaters (Baranchesme and Munir 2018), WWTP
biosolids, surface waters and ground waters (Zhang et al.
2018a), drinking water, sediments and biota (Williams and
Kookana 2018). The possible strategies for remediation of
antibiotics include adsorption, hydrolysis, thermolysis, bio-
electrochemical methods, oxidation processes, photolysis,
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use of polyethylenimine cross-linked nanofiltration mem-
branes, microbial and enzymatic processes (Ahmed et al.
2015; Nigam et al. 2017; Kumar et al. 2019; Yan et al. 2019;
Dangi et al. 2018; Feier et al. 2018; Zhao et al. 2018).

Cephalosporin is a widely used class of p-lactam group
of antibiotics for the treatment and prevention of bacterial
diseases by disrupting the peptidoglycan layer synthesis in
the cell walls of both Gram-positive and Gram-negative bac-
teria (Magdaleno et al. 2015). In terms of quantity, cephalo-
sporin accounts for 50-70% of the total antibiotics used by
humans (Selvi et al. 2015a, b). Large-scale production and
consumption of cephalosporin antibiotics has been reported
worldwide (Mirzaei et al. 2018). Cephalosporin is consid-
ered as the second most prescribed antibiotic classes in
Europe (Estrada et al. 2012). In the year 2007, the emission
amount of cephalosporins was reported as 85.9 t in Turkey
(Turkdogan and Yetilmezsoy 2009).

The wastewater containing cephalosporin antibiotics
contains active pharmaceutical ingredients (API), inorganic
salts and toxic organic compounds, thus leading to a high
risk to biological survival in the environment (Yang et al.
2016; Guo and Chen 2015). Cephalosporin wastewater can
be treated by chemical processes (Serna-Galvis et al. 2017),
physio-chemical processes (Zavareh and Eghbalazar 2017),
biological processes (Sundararaman and Saravanane 2010)
and combined processes (Gadipelly et al. 2014). Recently,
the performance and microbial community of an expanded
granular sludge bed reactor for the treatment of cephalo-
sporin wastewater has also been reported by Li et al. (2019).
However, it has become a great challenge to remediate ceph-
alosporin wastewater effectively with an ensured bio-safety
measure.

Within the last decade, a number of general review arti-
cles covering different aspects of various antibiotics such as
input sources, occurrence, fate, effects, detection and reme-
diation techniques, degradation, etc., have been published
(Kummerer 2009; Homem and Santos 2011; Gadipelly et al.
2014; Ahmed et al. 2015; Caracciolo et al. 2015; Feier et al.
2018; Williams and Kookana 2018; Al-Maadheed et al.
2019; Yan et al. 2019; Charuaud et al. 2019; Szymanska
et al. 2019; Kumar et al. 2019). Apart from clinical aspects,
there are no reviews on cephalosporins covering their envi-
ronmental existence, toxicity and remediation processes,
in particular. Therefore, the present review addresses the
current state of knowledge concerning the bioavailability,
ecological distribution, degradation, remediation processes
and toxicity of cephalosporin antibiotics, a specific class
of emerging pollutant in recent years. This review is com-
piled based on the information collected from various data-
bases such as Google scholar, Google books, ScienceDirect,
PubMed, Directory of Open Access Journals (DOAJ), Sci-
ence open Access, Web of Science, etc., We have compiled
almost more than a decade of research reports until March
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2019. Apart from the above said aspects, the regulatory
aspects concerning cephalosporins degradation/removal are
also included in this article. We believe that this article will
surely help future researchers for a better understanding of
the nature and persistence of cephalosporins in the environ-
ment along with the risks associated with their existence.

Usage

Cephalosporins are considered as a highly important class
of drugs that belongs to pB-lactam group of antibiotics.
According to United Kingdom’s National Health Scheme,
cephalosporins account for almost one-third of all antibiot-
ics prescribed by physicians (Talaro and Chess 2008). They
act as potent antimicrobial agents and their glory have been
maintained among medicinal chemists for over 60 years. Hu
and Zhu (2016) reported on Acremonium chrysogenum, a
filamentous fungus, as an important industrial microorgan-
ism. Cephalosporin C (CPC), one of the fungal metabolite is
a major resource for 7-amino cephalosporanic acid (7-ACA)
production. It is considered to be an industrially important
precursor/intermediate that can be used in the production of
many first-line cephalosporins antibiotics. Cephalosporins
have obvious advantages compared to first-discovered peni-
cillin, as they are more resistant to penicillinase and most
effective against several penicillin-resistant strains. More-
over, reports are less on incidence of antagonistic effects
of cephalosporins compared to penicillin antibiotics and
other anti-bacterial agents. Therefore, they exist as the most
widely used anti-bacterial drugs in clinical practice.

The clinical consumption and the production output of
cephalosporins are quite enormous owing to their strong
bactericidal action and broad anti-bacterial spectrum. The
production output of cephalosporins is reported to increase
very year due to the expanding market demand worldwide
(Adriaenssens et al. 2012). Cephalosporins are used for
treating acute pneumonia, respiratory and urinary tract
infections, bones and joints, skin, soft tissues, and blood-
stream-related infections. Cefotaxime and cefoperazone
are extensively used in pre- and post-operative chemo-
therapy related to abdominal, orthopaedic, cardiac, pelvic,
oesophageal, pulmonary and vascular surgery infections
(Gerald et al. 1990). The Indian pharmaceutical market has
ranked cephalosporins and combinations, broad-spectrum
penicillins and fluoroquinolones as the top three classes
of therapeutics. The global cephalosporin market was val-
ued at $77,764 million in 2016, and is estimated to reach
$199,754 million by 2023, growing at a CAGR (compound
annual growth rate) of 14.4% from 2017 to 2023 (Kaul and
Srivastava 2017). Orchid Chemicals and Pharmaceuticals
Ltd is the largest cephalosporin manufacturers in India
with 12% share in the cephalosporin market worldwide.
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AurobindoPharma also produces different cephalospor-
ins available in the market, including its first launch of
a fourth generation injectable broad-spectrum cephalo-
sporin antibiotic, cefpirome in India (Bhattacharyya and
Sen 2006). The oral cephalosporins in the Indian market
are available in various brands at cheaper price that makes
their prescription quite common among physicians as well
as economically viable option for the patients (Karve and
Paul 2016). In addition, massive usage of cephalosporin
antimicrobials in animal husbandry was also reported as
a major cause for selection and transmission of antibiotic
resistance that eventually enters into the food chain (Abra-
ham et al. 2015; Lalak et al. 2016).

Table 1 summarizes few examples of cephalosporin
antibiotics of different generations, their activity and
treatments for which they are being used. They act effec-
tively against Gram-negative bacteria, but show some
reduced activity against Gram-positive bacteria, and show
enhanced resistance to pf-lactamases. However, substitu-
tion of new molecules to the penam and cephem nuclei led
to the synthesis of semi-synthetic cephalosporin antibiot-
ics compounds with a higher activity against Gram-neg-
ative and -positive microorganisms (Garcia-Estrada and
Martin 2011). Cephalosporin antibiotics have the same
mechanism of action as other -lactam antibiotics, but are
less susceptible to f-lactamases (Fig. 1).

Classification

Extensive research on cephalosporin drug molecules has
produced four generations of cephalosporins, which are
categorized based on the time/period of their discovery
and antimicrobial properties (El-Shaboury et al. 2007).
Since the introduction of first cephalosporin in the year
1964, four generations of cephalosporins have been intro-
duced into clinical application in these 50 years of study
(Bryskier 2000; Hwu et al. 2003; Singh 2004; Macheboeuf
et al. 2007). Based on the comprehensive research study
of cephalosporin’s structure and activity relationship, fifth
generation of cephalosporins (ceftobiprole and ceftaro-
line) has been launched. Evaluation of human clinical tri-
als and safety concerns in terms of drug impurities (based
on ICH guidelines) are under study (Butler and Cooper
2011; Alsante et al. 2014).

Based on generation, cephalosporin antibiotics will
differ in their antimicrobial spectrum, metabolism,
B-lactamase stability, absorption, and side-effects. For
instance, first-generation cephalosporins have narrow or
limited spectrum than the third, fourth or fifth generation
that has broader spectrum activity (Page 2007).

Occurrence of cephalosporins in wastewater

Cephalosporin wastewater mainly contains residual
intermediates, organic solvents, other reactants, and less
amounts of unrecycled products, most of which are hetero-
cyclic macromolecular compounds (Lefebvre et al. 2014;
Kaya et al. 2017). It also contains a variety of toxic organic
compounds which pose a potential threat to the organisms
in the environment (Ng et al. 2014, 2015). The presence of
cephalosporin in aqueous matrices was found to contrib-
ute to a very high COD of the effluent which proportion-
ately increases the cost of the remediation. Cephalosporin
wastewater can be treated by physical, chemical, biological
and combined processes (Li et al. 2019).

Cephalosporin-manufacturing pharmaceutical industries
often suffer from improper treatment and disposal due to
the presence of cephalosporins at high concentration. There
are research reports on the occurrence of cephalosporins
in aqueous environments, viz., surface and ground water,
municipal and hospital wastewater (Saravanane and Sunda-
raraman 2009; Collado et al. 2013). The concentration of
cefdinir, a third-generation cephalosporin in a pharmaceuti-
cal wastewater was reported in the range of 125-175 mg/L
(Selvi et al. 2014). Likewise, ceftazidime, an important
third-generation cephalosporin, prescribed for treating
serious community-acquired and nosocomial infections in
humans, was found at a concentration of 5.0 pg/L of ceftazi-
dime in hospital wastewater after effluent treatment (Thai
et al. 2018). Yu et al. (2016) studied the distribution and
persistence of seven cephalosporins viz., cefradine (CF),
cefotaxime (CTX), cefoxitin (CFX), cephalexin (CEF), cef-
triaxone (CRO), cefazolin (CZO), and cefuroxime (CXM)
in the cephalosporin-producing wastewater. The mean
concentration of the seven cephalosporins was reported as
24.38 pg/L in cephalosporin-producing wastewater due to
their poor biodegradability (Yu et al. 2016).

A solid phase extraction and ultra-performance liq-
uid chromatography (UPLC)-tandem mass spectrometry
(MS) method were used for rapid and reliable detec-
tion for cephalosporins in the effluent. The average con-
centration of seven cephalosporins was in the range of
12.85-141.55 pg/L and 0.05-24.38 pg/L, respectively. The
quantification limit ranged from 27.5 to 131.8 ng/L with a
recovery percentage of 73% in influent and 102% in efflu-
ents. Despite the high cephalosporin removal efficiency
of 78.8-99.7%, the discharge of cephalosporin per day
was reported up to 1.9 kg. Employing high temperature
and light was found to accelerate the degradation rates of
the tested cephalosporins. Among the four tested cepha-
losporins, CXM showed high persistence in the effluent.
However, the degradation of cephalosporin in wastewater
was not possible under normal temperature.
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Fig. 1 Mode of action of cepha-
losporins
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Duan (2009) reported that effluent containing cepha-
losporin released from the production unit will be highly
bio-toxic and tough to degrade. This could possibly cause
a great threat to human beings and the environment. This
type of wastewater having varying pH contains high level
of complex components viz., soluble solids, colloidal solids,
organic substances, with high amount of suspended mat-
ter and biological toxic substances of non-biodegradable
and bacteriostatic antibiotics. Priya and Philip (2015) and
Li et al. (2015) stated that the biologically treated ceph-
alosporin-containing pharmaceutical effluent is a complex
industrial effluent generated by cephalosporin production
units. Therefore, being toxic and refractory, cephalosporin-
containing wastewater requires more advanced treatment
methods.

Toxicity of cephalosporins

Pharmaceutical compounds are designed to be biologi-
cally active even at low doses which may pose a significant
ecotoxicological threat to the aquatic organisms even at
environmental relevant concentrations (Caracciolo et al.
2015). The release of the cephalosporin antibiotics in the
environment is considered as most significant because of
the excretion of a huge percentage of unchanged antibiot-
ics as API that remains bioactive in soil-water ecosystems,
thus causing great harm to the human beings and the envi-
ronment (Khadka and Pokhrel 2013). Cojocel et al. (1988)
reported on the nephrotoxic potential of cephaloridine,
cephalothin, cefotiam, cefoperazone, cefoxitin, cefazolin
and cefotaxime, the derivatives of first, second, and third-
generation cephalosporins. Higher environmental toxicity
in aqueous environment created by photo-transformation
or photodegradation of cephalosporin antibiotics was
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reported by Wang and Lin (2012). Cephalosporin-resist-
ant microorganisms were reported to cause serious pub-
lic health problems leading to complications in treating
microbial infections and causes imbalances in microbial
ecosystem (Subbiah et al. 2012; Kronenberg et al. 2013;
Daoud et al. 2017). The toxic effect of 7-ACA, one of
the toxic, functional group of cephalosporins was stud-
ied with embryos of Zebra fishes. Their increased toxicity
showed variable abnormal phenotypes during the organo-
genesis process in aqueous medium. Phenotypical varia-
tions include, abnormal notochord development, cardio-
vascular, abdomen, cranial, nerve deformities and pigment
formation (Zhang et al. 2013, 2015). A similar study by
Zhang et al. (2010) also reported on toxic effects of C;
and C, substituents of cephalosporins, which are far more
toxic than 7-ACA. These functional groups were found to
exhibit toxic effects either independently or synergistically.

Another toxicity study on N-methylthiotetrazole (MTT)
ring, a C; substituent of cephalosporin was found to cause
vitamin K deficiency disorders such as haemorrhage and
hypo-prothrombinemia and inhibition of aldehyde dehydro-
genase (Antabuse-like effect). Likewise, the -COO group
at C,; position was found to cause platelet dysfunction
(Katukuri et al. 2016). Until today, various cephalosporin-
related safety concerns remain unresolved, due to lack of
understanding of the toxicity mechanism. Therefore, knowl-
edge on the detailed elucidation of mechanisms of toxicity,
finding the responsible genes or proteins coding for toxic-
ity, and screening the drug using novel biomarkers becomes
imperative. Han et al. (2018) conducted transcriptomics-
based systematic toxicity evaluation of cephalosporins in
zebrafish embryos. The results showed that the transcriptom-
ics can be a useful tool in determining the structure—toxicity
relationship of the drug, organ toxicity, and improving the
drug safety assessments.
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Recently, the toxic effect of a novel cephalosporin,
cefatrizine amidine sodium, and its potential impurities
were evaluated by Qian et al. (2018) in Zebra fish embryos.
The results of toxicity tests showed that structurally simi-
lar cephalosporins might have almost similar toxic effects.
Cephalosporins compounds with smaller TPSA (topologi-
cal polarity surface area) values are more likely to cause
severe toxic effects, which may be due to increased pas-
sive absorption capacity. Though the C; and C, substituents
were reported to be highly toxic, thiazole ring at C; position
and a-phenylglycine and 2-amino-5-thiazolyl groups at C,
position were found to be less toxic than the other func-
tional groups. However, toxic functional groups associated
with 7-ADCA were found to exert entirely different toxic
effects via different pathways. The toxic effects investiga-
tions were studied based on computational calculations and
structure—toxicity relationship. It was concluded that the
teratogenic effect observed in Zebra fish embryos was due
to the triazine ring at C; position of cefatrizine amidine.

Cephalosporin resistance

Antibiotic resistance is a significant and a serious public
health issue. Indiscriminate and inappropriate usage of
antibiotics in pets, livestock, and humans has resulted in
the development of ARB. The occurrence of ARB might
develop due to continuous and long-term exposure to envi-
ronments containing antibiotics low concentrations from
ng/L to pg/L in surface and wastewater (Kumar and Pal
2018). The following mechanisms were reported to cause
antibiotic resistance in bacteria, viz. (1) structural altera-
tions of the antimicrobial target, (2) complete or partial loss/
reduction of affinity towards antibiotics, (3) reduced antimi-
crobial dosages, (4) porin mutations leading to decreased
permeability or an exit increase by the pumping out by an
efflux transporter, (5) the presence of enzymes that partially
or totally destroys the antimicrobial agents, and (6) the
development of an alternative metabolic (evasion mecha-
nism) pathway involving precursors (Livermore 1995; Walsh
2000; Harbottle et al. 2006).

Resistance to pB-lactams is reported as one of the major
global health concern. The most common resistance mech-
anism is through expression of p-lactamases (Blas), a set
of enzymes that cleaves the f-lactam ring, due to which
the antibiotics lose its activity (Drawz and Bonomo 2010;
Lalak et al. 2016). Many bacteria of extended-spectrum
p-lactamase (ESBL) producers group were reported to
exhibit resistance to various antibiotics of f-lactam group
(Shaikh et al. 2015). Generally, a group of bacteria that are
resistant to third-generation cephalosporin derivatives, viz.,
cefotaxime and ceftazidime are termed as strong ESBL
producers. This may be due to the effective activity of the
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third-generation cephalosporins against the Gram-negative
bacterium. Their resistance is mainly attributed to various
types of ESBL produced by the bacterium and/or plasmid-
mediated AmpC p-lactamases (PABL). Ferjani et al. (2017)
reported on the incidence and distribution of both ESBL
and PABL in E. coli strains isolated from the intestinal
microflora of healthy Tunisian children. The GI tracts of the
healthy children served as an important reservoir for ESBL-
producing E. coli. They concluded on maintenance of the
hygienic school environment and sensible use of antibiotics
which will help in avoiding this serious clinical condition.
According to USFDA, new rules have been implemented
to use ceftiofur, a third-generation cephalosporin derivative
in food animals due to the increasing prevalence of third-
generation-resistant enteric bacteria (Subbiah et al. 2012).

Oliveira et al. (2015) also reported on the clinical out-
comes and the risk factors of third-generation-resistant
Enterobacteriaceae present in samples collected from
patients upon hospital admission. Thai et al. (2016) devised
and synthesized a fluorogenic substrate of f-lactamases as
a probe, which was able to detect resistance to the third-
generation oxyimino-cephalosporin-derived antibiotics such
as cefotaxime and ceftazidime. In particular, the probe could
identify the ceftazidime resistance in bacteria that was not
detectable using conventional pH-sensing materials, indi-
cating the practical utility of the probe. Lalak et al. (2016)
reported on phenotypic and genotypic characterization of
commensal E. coli along with gut flora, producing cepha-
losporinases of healthy slaughter animals. The results con-
firmed the existence and possible spread of cephalosporin-
resistant E. coli in farm animals via IncX1 plasmids to other
bacterium including animal and human pathogens. The
genetic characterization studies too indicated the ecologi-
cal aspects of selection and distribution of cephalosporin-
resistance gene in E. coli isolated from food-producing farm
animals. Mo et al. (2016) too reported similar studies on
the incidence of cephalosporin-resistant E. coli in Norwe-
gian broiler flocks. Parent flocks (13.8%) and broiler flocks
(22.5%) were detected with cephalosporin-resistant E. coli.
Their findings also highlighted the high level of biosecu-
rity implementation with restricted entry to many people
into the hatchery during production cycles. Manageiro et al.
(2017) also reported on similar findings of diverse resistance
mechanisms in commensal E. coli strains collected from
turkeys, broilers and flocks. They highlighted on the resist-
ance mechanism involving genes such as, the mcr-1 gene
against colistin, a novel blaCTX-M-166-variant gene against
third-generation cephalosporins and the blaESAC, an unu-
sual gene found in food-producing farm animals. Recently,
Zhang et al. (2018a) studied the genetic basis of the resist-
ance mechanisms of the extended-spectrum cephalosporins
in fecal and clinical Enterobacteriaceae isolated from dogs
in Canada.
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Remediation of cephalosporins

Antibiotics have been detected globally in almost all envi-
ronmental matrices which infer on poor remediation by
conventional treatment methodologies. However, various
physico-chemical methods including few conventional
and advanced technologies are in practice to degrade
or remove antibiotics from pharmaceutical wastewa-
ters (Fig. 2). But, they do have certain limitations which
include high operating cost, intensive labour, inefficiency
of treating highly polluted wastewater and requirement of
expensive equipment for remediation processes (Homem
and Santos 2011). Thus, to overcome these limitations,
bioremediation can be a novel approach as a less expensive
and an eco-friendly alternative to the conventional treat-
ment methods reported so far. It is a promising method to
degrade active pharmaceutical ingredients with additional
safety compared to conventional methods (Dabrowska
etal. 2018).

Adsorption process is one of the most effective, eco-
nomical and efficient method for pollutant remediation.
It has numerous advantages, including cost effectiveness,
ease of operation, applicability in batch and continuous
processes both, possibility of regeneration and reusabil-
ity (Watkinson et al. 2007; Delgado et al. 2012). Reports
on cephalosporin adsorption using various adsorbents
like activated carbon, ion-exchange resins, dead biomass,
nanoparticles, etc., are available (Liu et al. 2011; Vasiliu
et al. 2011; Fakhri and Adami 2014; Selvi and Das 2015a).

However, these adsorbents encounter several drawbacks
such as high cost, limited success, sludge generation, pro-
duction of secondary (toxic) compounds, etc. The poten-
tial use of magnesium oxide (MgO) nanoparticles as an
adsorbent towards adsorption cefixime and cephalexin
was investigated (Fakhri and Adami 2014). They inves-
tigated on various adsorption parameters such as high
pH, decreased temperature, increased contact time and
adsorbent dosage which were found to favour maximum
cephalosporin removal. Guo and Chen (2015) reported
on a combined system of using freshwater green alga
(Chlorella pyrenoidosa) and activated sludge to remove
cephalexin, cefradine, cefixime and ceftazidime. The
total removal rates were found to be 94.9, 89.9, 100, and
89.7%, respectively. Similarly, Guo et al. (2016) evaluated
the applicability of lipid-accumulating microalgae strains,
namely, Chlorella sp. Cha-01, Mychonastes sp. YL-02,
and Chlamydomonas sp. Tai-03 to remove 7-ACA from
wastewater with simultaneous production of biofuel. They
reported on three main mechanisms such as adsorption,
hydrolysis and photolysis reactions which were responsi-
ble for 7-ACA removal. This demonstration was consid-
ered promising for the dual purpose of antibiotic remedia-
tion and biofuel production.

Cai et al. (2017) reported on the performance of a physi-
cal treatment using microwave (MW) for disintegration and
degradation of cephalosporin mycelial drug and residual
cephalosporin antibiotics. This result showed effective disin-
tegration of the mycelial drug and almost complete (99.9%)
degradation of the residual cephalosporins, which suggested

Fig.2 Various conventional
and advanced technologies

CONVENTIONAL TECHNOLOGIES

ADVANCED TECHNOLOGIES

employed for antibiotic reme-
diation

Coagulation /flocculation/ sedimentation

Application of granular sludge hed (EGSB) reactor
(Li et al. 2019)

Ozonation

Electrochemical oxidation

| Useof Ag-CsPhBr3/CN composite (Zhao et al. 2019)

Photo-Fenton

= Sonochemical degradation (Serna-Galvis et al. 2019)

Adsorption on activated carbon and hentonite

Semiconductor photocatalysis

Photocatalytic degradation using phosphors based
structured catalyst (NTZsP_PS) (Sacco etal. 2019)

Removal using metallic iron

”

| | Electrocatalytic oxidation of La;03-Cu0y/CNTs electrode

Fenton

Chlorination

Reverse osmosis

(Duan etal. 2019)

Use of single chamher microbial fuel cell (Zhang et al.
2018)

Nanofiltration

Use of polyethylenimine (PEI) cross-linked nanofiltration

Anaerobic process

i

(NF) membranes (Zhao et al. 2018)
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the effective utilization of this method for practical applica-
tions. Another novel treatment method of oxidation-driven
sonoelectro-chemical catalysis process using a nano-coated
electrode was reported to treat non-biodegradable and toxic
cephalosporin-containing pharmaceutical wastewater effec-
tively (Yang et al. 2014).

Recently, a new practical procedure was reported to
remove antibiotic contamination, particularly cephalospor-
ins using mushrooms (Dabrowska et al. 2018). The fruit-
ing bodies and their mycelia of two edible mushrooms viz.
Imleria badia and Lentinula edodes from liquid in vitro
cultures were chosen. The study was conducted at differ-
ent time intervals by testing the possibility and speed of
antibiotic myco-remediation using cefuroxime axetil in dif-
ferent doses. The degraded products in biomass were iden-
tified using UPLC/MS analysis and a probable degradation
pathway also proposed 1. badia and L. edodes mycelia took
short time duration to remove the cefuroxime axetil from
the medium. It was concluded that myco-remediation can be
used as an alternative tool for remediation of cephalosporins
contamination.

Zhang et al. (2018b) reported the application of the sin-
gle-chamber microbial fuel cell (MFC) for the treatment of
cefazolin sodium (CFZS)-contaminated wastewater. The
single-chamber MFCs having graphite-felt bioanode and
an activated carbon air—cathode showed high removal of
CFZS. MFC with thick CFZS-acclimatized anodic bio-
films exhibited CFZS high tolerance up to 450 mg/L. The
duration of CFZS acclimatization and thickness of biofilms
were important for the development of high-CFZS tolerance.
The removal rate of 1.2-6.8 mg/L/h for CFZS was gener-
ated using single-cell MFC without any change of existing
electricity production. Therefore, the use of single-chamber
MEC could serve as a promising bio-electrochemical system
for the remediation of CFZS from wastewaters in a cost-
effective manner.

Removal of cephalosporin antibiotic (cefadroxil) was
performed using polyethylenimine (PEI) cross-linked nano-
filtration (NF) membranes (Zhao et al. 2018). Such mem-
branes were prepared by cross-linking modification of P84
co-polyimide precursor membranes using polyethylenimine
(PEI) with various molecular weights. This work provided a
concept of separation behaviour of a positively charged NF
membrane for removal of antibiotics at various pH.

A pilot-scale expanded granular sludge bed (EGSB) reac-
tor having diameter 0.5 m, height 4.9 m and effective volume
0.92 m* was designed and used for the treatment of cepha-
losporin-contaminated wastewater (Li et al. 2019). Methano
bacterium and Methanom assiliicoccus were predominant
archaea in the granular sludge for each of the organic loading
rates (OLR). This work was mainly focused on the microbial
research of cephalosporin wastewater. The biogas produc-
tion, microbial community at different OLRs and reactor’s
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treatment performance were studied. The ESGB reactor
showed better performance after 414 d of operation with
the COD removal efficiency of 72%. Among the three path-
ways, hydrogenotrophic and methylotrophic pathways were
the main methanogenic types, and acetoclastic pathway was
reported as the secondary type.

Degradation of cephalosporins

Few studies have been reported on the use of bacteria viz., P.
putida and P. fluorescens (Krishnan et al. 2012), Bacteroids
sp. and Bacillus sp. (Wagner et al. 2011) and mixed bacte-
rial population (Alexy et al. 2004) as a remediation agent
for cephalosporin derivatives degradation. Wang and Lin
(2012) reported on photodegradation of cefazolin (CFZ),
cephapirin (CFP), cephalexin (CFX) and cephradine (CFD).
Jiang et al. (2010) demonstrated direct photolysis of cefra-
dine, cefepime and cefuroxime by as a primary process to
eliminate cephalosporin present in the surface lake water,
and biodegradation to eliminate cephalosporins in the sedi-
ment. Biodegradation studies based on the performance of
Ustilago sp. SMNO3, and Candida sp. SMNO04, two novel
yeast strains isolated from cephalosporin-containing phar-
maceutical effluent was also reported for degradation of cef-
dinir (Selvi et al. 2014, 2015a). They reported as 81% and
84% of cefdinir degradation within 6 d by both the isolates
individually. Experiments were carried out under optimized
parameters (pH, shaking speed, temperature, an inoculum
dosage and an initial cefdinir concentration) using both
conventional and RSM-based approaches. Six novel inter-
mediates of cefdinir degradation with possible pathways of
degradation were proposed (Fig. 3). Opening or deactivating
of the p-lactam ring was regarded as one of the important
steps in B-lactam antibiotic degradation. An additional study
on the involvement of yeast enzymes in cefdinir degradation
was also reported.

A case study was conducted in the cephalosporin-man-
ufacturing drug company in Chennai, Tamil Nadu, India.
Biotransformation of cephalosporin was demonstrated using
cephalosporin-degrading cultures as an inoculum source in
an anaerobic fluidized bed reactor. The reactor was operated
in a continuous mode with a periodic addition (bioaugmen-
tation) of acclimatized cells from an off-line enriched-reac-
tor, till a maximum removal efficiency of 81% was achieved
with a maximum cephalosporin concentration of 175 mg/L
at 3 h, hydraulic retention time (Saravanane and Lavanya
2006). They concluded on implementation of biotransforma-
tion process as a potential, cost-effective and eco-friendly
alternative for cephalosporin removal from the environment.

Cephalosporin-containing wastewater was processed
by various bio-chemical-based treatment methods such
as Sequencing Batch Reactor Activated Sludge Process
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Fig.3 Three different degradation pathways of cefdinir, a third-generation cephalosporin by the yeast isolates (Selvi et al. 2014, 2015a, b)

(SBR), Up-flow Anaerobic Sludge Bed (UASB), bio-
logical activated carbon process (BAC), and hydrolytic
acidification. Among all the treatments, hydrolytic acidi-
fication was found to enhance the biodegradability char-
acteristics of the effluent effectively. Similarly, the BAC
process involving aerobic microbes efficiently eliminated
the chroma to 40 and COD to less than 100 mg/L, thus
confining the permissible discharge limit standards of
“Integrated wastewater discharge standards” (Duan 2009).
According to Collado et al. (2013), conventional biologi-
cal based wastewater remediation is the main technology
used for treating cephalosporin-containing pharmaceutical
effluent. However, Yang et al. (2016) reported that biologi-
cal treatments cannot treat cephalosporin pharmaceutical
effluent up to permissible levels of discharge standards
(GB 21903-2008) in China. A batch mode study on cef-
dinir degradation in real pharmaceutical wastewater was
demonstrated using immobilized and yeast biofilm of Can-
dida sp. SMNO04 on various single and hybrid matrices.
Maximum degradation of 96.6 and 92.2% was noted within

48 h. Similar degradation involving continuous-flow col-
umn studies were also reported (Selvi et al. 2015b).

A novel nano-bio hybrid system for enhanced cephalo-
sporin degradation by combining yeast species and nano-
particles was also reported (Selvi and Das 2015b, 2016). An
integrated system of n-MgO (magnesium oxide nanoparti-
cles) and n-Fe® (zero-valent iron nanoparticles) coated on
Candida sp. SMNO04 was used for cefdinir-enhanced deg-
radation. An optimized concentration of nanoparticles was
used for coating the yeast. This integrated nano-bio system
was found to show 88% cefdinir degradation within 2.5 d.

Antibiotics undergo degradation by various mechanisms,
namely, hydrolysis, group transfer and redox mechanisms
(Wright 2005). Of these, hydrolysis is a clinically impor-
tant degradation mode and mostly applied to many antibi-
otic compounds particularly f-lactam antibiotics. The role of
degradative enzymes, identification of the degraded products
and the knowledge of degradation kinetics are very crucial
in understanding the complete degradation mechanisms of
cephalosporin antibiotics. This information also assists in
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designing scaling up processes. -Lactamase enzyme plays
an important role in hydrolysis of cephalosporin antibiot-
ics (Brites et al. 2013). Various other researchers have also
reported on the role of f-lactamases enzyme towards cepha-
losporin degradation (Wagner et al. 2011; Popa et al. 2014).
Other enzymes, namely, Cyt P450, manganese peroxidase,
NADPH reductase and amylase were reported to catalyze
wide range of reactions of drug metabolism and also in
the synthesis of fine chemicals (Urlacher and Eiben 2006;
Yalchin and Corbaci 2013). Involvement of the activities
of degradative enzymes, namely, ESBL, NADPH reduc-
tase, Cyt P450, amylase, laccase and manganese peroxidase
were studied during cefdinir degradation (Selvi et al. 2015a).
Among all, ESBL was found to be responsible for the open-
ing of the PB-lactam ring, one of the important steps in the
cefdinir degradation process.

Sonochemical degradation of cephalosporins (cephalexin
and cephadroxyl) along with other classes of antibiotics has
been reported (Serna-Galvis et al. 2019). This study showed
that the application of ultrasonic waves caused degradation
of antibiotics from diverse classes of antibiotics and the pro-
cess of sonodegradation is strongly dependent on the chemi-
cal structure of the pollutant. The elucidation of primary
transformation products of cephalosporins indicated that
sonogenerated hydroxyl radical attacked p-lactam ring and
modified the cephalosporin cores from f-lactam antibiotics.

Zhao et al. (2019) reported the use of Ag—CsPbBr;/CN
composite to degrade 7-aminocephalosporanic acid (7-ACA)
under visible light irradiation. The 7% Ag—CsPbBr;/CN
catalyst showed superior photocatalytic activity with an
approximate degradation of 92.79%, thus breaking down
7-ACA to CO,, H,O and other small molecules within
140 min. A possible mechanism for 7-ACA degradation over
Ag—CsPbBr;/CN composite was proposed based on vari-
ous tests such as adsorption test, Brunauer—-Emmett-Teller
(BET) measurement, UV-Vis diffuse reflectance spectra
(DRS), photoluminescence spectra (PL), transient photocur-
rent response and electrochemical impedance spectroscopy
(EIS) measurement. In addition, a hypothetical pathway for
7-ACA degradation was proposed based on the liquid chro-
matography—mass spectroscopy (LC-MS) analysis for better
understanding of the degradation process. This study opened
up a new insight for the use of Ag—CsPbBr; as an effective
photocatalyst to degrade cephalosporin antibiotics.

Photocatalytic degradation of ceftriaxone, a third-gener-
ation -lactam antibiotic was reported under UV and solar
light irradiation in the presence of phosphor-based struc-
tured catalyst—(Nitrogen-doped TiO, coupled with ZnS
blue phosphors) immobilized on macroscopic polystyrene
(NTZsP_PS) (Sacco et al. 2019). The photocatalytic activ-
ity was tested both in a laboratory condition using UV light
and in outdoor experiments under natural sunlight. Ceftri-
axone was removed successfully (100%) with structured
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photocatalysts NTZsP_PS under UV irradiation and showed
good stability after several reuse cycles both in distilled
water and real wastewater. Under the natural sunlight con-
dition, it was found that less than 2 kJ/L of Qj;,,, was suf-
ficient to totally degrade ceftriaxone. Based on the results,
it was concluded that photocatalytic technology based on
a phosphor-structured photocatalyst can be considered as
a valuable process for the degradation of antibiotics from
water and wastewater.

The application of La,0;—CuO,/CNTs electrode with
excellent electrocatalytic oxidation ability was tested for
removal of ceftazidime from aqueous solution (Duan et al.
2019). The electrode was synthesized by solvo-thermal
method and calcination in nitrogen atmosphere. The deg-
radation of ceftazidime was studied by modified electrode
through optimization of five parameters viz. pH, electrolyte
concentration, current density, electrode space, and vol-
ume of solution. La,0;—CuO,/CNTs electrodes exhibited
good recycling and reuse features with 90% electrochemi-
cal degradation efficiency towards 1 mg/L of ceftazidime
within 30 min. The degraded products and routes of ceftazi-
dime degradation were deduced by LC-MS analysis using
modified electrode. The results confirmed the efficiency of
La,0;—CuO,/CNTs electrode towards degradation of cef-
tazidime into smaller organic molecules. Serna-Galvis et al.
(2017) also reported on electrochemical treatment using of
three different antibiotic classes (cephalosporins penicillins,
and fluoroquinolones) Ti/IrO, anode and a Zr cathode. At
the end of the process, more than 90% of the initial concen-
tration of antibiotics was found to be decreased and they too
elucidated electro-generated active chlorine was the main
degradation route of antibiotics.

Regulatory aspect

There is widespread concern regarding the environmental
emission of antibiotics through pharmaceutical wastewater,
hospital effluent, animal husbandry, etc., which promotes
the development of antibiotic resistance and constitutes a
major threat to the public health. Another important issue
associated with antibiotic occurrence can be the cause of the
disappearance or inhibition of organic matter and chemical
degrading microorganisms in soil, water and sewage treat-
ment plants. Governments are now recognizing that anti-
biotic resistance is a priority health concern and ought to
be regulated (Caracciolo et al. 2015). Occurrence of deaths
due to antibiotic resistance has been reported as 58,000 in
India, 25,000 in EU and 23,000 in USA (Laxminarayan et al.
2013). The minimization of overuse of antibiotic has been
suggested by the Centre for Disease Dynamics, Economics
& Policy report (CDDEP 2015). In the USA, the national
action plan has been made to prevent the occurrence of
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antibiotic-resistance bacteria (House 2015). Consequently,
the European Union (EU) also recommends the prudent use
of antibiotics both in human and veterinaries by setting Max-
imum Residue Limits (MRL) of antibiotics, thus, controlling
the emerging antibiotic resistance being passed into the food
chain (EFSA European food safety authority and antimicro-
bial resistance 2011). Southeast Asian countries also started
working in the same direction and have presented various
strategies in controlling antibiotic resistance (WHO World
Health Organization 2015). Moreover, European Food
Safety Authority (EFSA) in association with the European
Centre for Disease control (ECDC) and European Medi-
cines Agency (EMEA) is also working together to combat
the issues of antibiotic resistance. ECDC is organizing the
European Antibiotic Awareness Day on 18th November of
every year to promote awareness on antibiotic resistance and
its associated public threat (EFSA 2011). Though, antibiotic
ban is used as defensive attempt, it will not be a right solu-
tion, as it could lead to serious public health consequences
(Phillip et al. 2004). Therefore, legislation should be set
considering the negative impact of antibiotic banning too.

Conclusion

Antibiotics are the emerging pollutants of global concern
due to the development of antibiotic resistance. They have
been detected worldwide in environmental matrices indi-
cating their ineffective removal from water and wastewater.
Cephalosporins make up the largest share of human and ani-
mal use antibiotics in most of the countries and account for
approximately 50-70% usage. Pharmaceutical compounds
like cephalosporins with high availability and concentra-
tion can be scrutinized for their prospective application to
serve as primary indicators of the overall pharmaceutical
load. Despite several reports on the antibiotic degradation/
removal, there is a research thrust to develop more novel
strategies towards successful cephalosporin remediation. To
the best of our knowledge, there is a lack of review papers
describing the literature updates on cephalosporin antibiot-
ics as an environmental contaminant. Therefore, this arti-
cle summarizes the updated information on cephalosporin
antibiotics, their usage, persistence, detection, remediation,
and degradation pathways until today. We strongly believe
that the proposed article will enrich the existing literature
base and will be helpful for the researchers to remediate
cephalosporins from the ecosystem. Currently, the potential
impacts of the transformation products of cephalosporins
on human and animal health are largely unknown and need
to be deeply investigated. There is a scientific gap on the
occurrence and fate of cephalosporins in natural waters and
tap water which need to be studied. Above all, implication
of strict environmental standards by regulatory agencies

and responsible mode of discharge by potential antibiotic
sources will surely combat the threat of antibiotic pollution
and transmission of antibiotic resistance, thus by controlling
possible ecological risks.
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