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ABSTRACT
This thesis reports the development of electroanalytical methods applicable for detection of MRSA and
selected antibacterial drugs; vancomycin and ciprofloxacin. The detection techniques used to carryout
all electrochemical measurements involved Ag/AgCl (3 M KCl)) as reference electrode, platinum wire
as the counter electrode and the glassy carbon electrode (GCE) as the working electrode. Firstly, to carry
out the detection of vancomycin as single shot detection assay comprising of poly acrylic acid modied
copper tricarboxylic acid based metal organic framework was employed. Cyclic voltammetry was used
to carry out the highly sensitive detection of vancomycin. Ciprofloxacin was detected by modification
of the GCE by beta cyclodextrin modified silver nanoparticles (Ag-B-CD/GCE) and by modifying
another electrode with poly(phenol red)/reduced graphene oxide (rGO/PPR/GCE). Differential pulse
voltammetry (DPV) was used to carry out the detection of the drug in various analytes such as animal
blood serum, urine and domestic waste water samples. Finally, the electrode was modified with copper-
beta-cyclodextrin-graphene oxide composite conjugated with vancomycin to act as a thernostic tool for
detection and treatment of MRSA bacterial strains. DPV and impedance spectroscopy was used to carry
out optimization and further the detection of MRSA. The designed sensors provided good sensitivity
and low LOD for detection of the respective analytes with good specificity. Thus, the present study
demonstrates a promising and alternative approach for clinical analysis and quality control of

vancomycin and ciprofloxacin.
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CHAPTER ONE

1.1.Introduction

This chapter consist of a brief background to the study, indicating infectious diseases status with
various antibiotics therapies problems. The chapter further provides details on several strategies
remedies to detect drug of choice for methicillin-resistant Staphylococcus aureus (MRSA)
(vancomycin) and restricted drug (ciprofloxacin). Further, MRSA detection using nanomaterials based
electrochemical biosensors technique is discussed. Finally, chapter concludes by demonstrating the aims

and objectives of the study along with the novelty and the structure of following chapters.

1.2.Background

Bacterial resistance to the largely accessible anti-microbial drugs poses one of the most significant
risks to human health and can cause tremendous healthcare and economic burden [1]. In recent years,
antimicrobial resistance against antibiotics has become a serious health issue, posing a global threat.
The lack of development of new antibiotics for treating illnesses, as well as the appearance of multidrug-
resistant strains, have worsened the scenario. To date, only two new classes of antibiotics have appeared
in the last four decades In fact, it is estimated that by 2050 antibiotic resistance will have caused
approximately 300 million deaths, with an economic loss of $100 trillion, and according to the World
Health Organization antibiotic resistance is one of the major health problems of the century [2].
Medications such as penicillin and methicillin are commonly prescribed for anti-microbial therapy.
However, after a certain administration period, it was reported to result in anti-microbial drugs
resistance. Antibiotic resistance occurs when bacteria change in response to the use of these medicines.
These bacteria then infect humans and are harder to treat than non-resistant bacteria. Antimicrobial
resistance (AMR) is a broader term, encompassing resistance to drugs to treat infections caused by other
microbes as well, such as parasites (e.g. malaria), viruses (e.g. HIV) and fungi (e.g. Candida). AMR is
the ability of a microorganism (like bacteria, viruses, and some parasites) to stop an antimicrobial action
of antibiotics and antivirals against target organism. As a result, standard treatments become ineffective,
infections persist and may spread to others [3]. Figure 1 showed the mechanistic approach by which

microbes develop resistance to the most of the antimicrobials drugs.
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Figure 1. Mechanism of development of resistance by microbes to antimicrobials drugs.

1.3.  Staphylococcus aureus (S. aureus) and methicillin-resistant S. aureus (MRSA)

Staphylococcus aureus (S. aureus) has been key human pathogen and causes several serious
infection syndromes in both community-and healthcare-associated settings. S. aureus possesses a
remarkable number of factors of resistance and virulence with a unique ability to adapt and survive
under different host conditions, making it a dangerous pathogen [4]. It is responsible for a number of
human diseases, from mild skin infections to severe sepsis disease conditions, which further result in
multiple organ failure and other complications. For example, if the cutaneous and mucosal defense are
compromised due to chronic skin conditions, injuries or surgical intervention, S. aureus may enter the
underlying tissues or bloodstream and cause infections in other parts of the body [5]. One of the most
widely used and clinically important group of antibiotics as a treatment therapy is the f-lactam family
of antibiotics (penicillins, cephalosporins, carbapenems and monobactams) [6]. While Staphylococci
were normally resistant to penicillin G, in the 1950s there was a rapid resistance to the distribution of
penicillinase-encoding plasmids. The development of penicillinase has become a species-related trait of

most staphylococcal strains [7].

Further, methicillin is used as the therapy to combat the resistance due to f-lactamases. But
sadly after a few methicillin doses, S. aureus developed resistance [8]. Resistant strains of S. aureus,
including methicillin-resistant S. aureus (MRSA), have been identified by use of antibiotics [9]. MRSA
is one of the most successful modern pathogens that clinically causes life-threatening disorders like
sepsis and severe endocarditis [10]. In the last two decades, it has increased the burden on the healthcare
system globally, with high mortality rate 64%. High mortality rates associated with MRSA infections

are the result of the increase in drug-resistance via natural selection. With the ever-increasing number
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of MRSA patients reported, it imposes a serious economic burden on scarce healthcare resources
worldwide [11]. In Europe, data from the European Antimicrobial Resistance Surveillance System
(EARSS) reported that prevalence of HA-MRSA in acute care and long-term settings ranged between
1% and 24% with considerable intracountry and intercountry variation [12]. The average excess costs
per MRSA-positive patient ranged from 5,700 to 10,000 Euros [13]. World Health Organisation (WHO)
first global report on antibiotic resistance published in 2014 noted that in the African region, there exists
a major gap in monitoring and tracking antibiotic resistance, with data gathered in only limited number
of countries across the continent [14]. The WHO report also noted that in some parts of Africa as many
as 80% of S. aureus infections are resistant to methicillin (MRSA), rendering treatment with standard
antibiotics ineffective [15]. Figure 2 shows the various factors linked to transmission of MRSA in

hospitals and health-care worker.

HCW: PATIENT RATIO

. HANDWASHING PRODUCT
l HCW MOVING FROM OTHER WARD
B VIOUR COHORTING
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| HANDWASHING RATE

HOSPITAL TRANSFER
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Figure 2. Factors linked to transmission of MRSA in hospitals and health-care worker.

1.4 Mechanism of development of methicillin-resistance

The main challenge being depicted by methicillin-resistance (MR) is mediated by the acquisition of
the penicillin-binding protein 2A (PBP2A), which is encoded by the mecA gene. This resistance is due
to limited accessibility of the antibiotics to the active site. In contrast to the low accessibility of the
PBP2a active site to B-lactam antibiotics, the native peptidoglycan substrate is still able to access the
active site, believed to be a result of conformational changes brought about by allosteric binding of
peptidoglycan to the enzyme, resulting in effective peptidoglycan cross-linking and subsequent cell-

wall viability [16]. Mutations acquired by individual bacteria or horizontal gene transfer leads to the
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decrease in effectiveness of antibiotics and thus resistant traits proliferate. Resistance to -lactam
antibiotics predominantly occurs through one of two mechanisms: 1) the production of pB-lactamases,
which is the most common resistance mechanism in Gram-negative bacteria, or 2) the production of an

altered PBP with a lower affinity for most B-lactam antibiotics [17].

MRSA strains also harbor other mobile genetic elements (MGEs), including plasmids,
pathogenicity islands, transposons, integrons and prophages, which comprise 15-25% of the genome.
MGEs carry the majority of the genes, through which strains of staphylococcal vary from each other,
such as resistance and virulence genes [18]. MGEs play a significant role in bacterial survival and
adaptability, as they encode many antibiotic resistance determinants and virulence factors, hence

understanding their composition will broaden our knowledge on their genetic determinants [19].
1.5 Approved antibiotic therapy for MRSA

Approved MRSA antibiotics are medically adjustable and it varies from condition of patient’s
clinical disease indication. Given the prevalence and importance of MRSA infections, the relative lack
of high quality randomized controlled trials (RCTs) to direct the treatment of all indications except acute
bacterial skin and skin structure infections (ABSSSIs) has been noted [20]. The number of therapeutic
choices has been declining over time, as Glycopeptide vancomycin is currently used as primary
treatment for MRSA. The increase in use of vancomycin has, unsurprisingly, caused resistance to appear
with a consequent decrease in its effectiveness in MRSA. Reports of strain resistance infections to the
newest available drugs (daptomycin, vancomycin, teicoplanin) and their rapid spread are of major
concern as they introduce new therapeutic and diagnostic challenges [21]. The latest clinical data for

antibiotics with MRSA activity are summarized in Table 1.
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Table 1. List of antibiotics effective against MRSA

Name of the antibiotics FDA-approved indications

Vancomycin Bacteraemia, pneumonia,
osteoarticular infection, ABSSSI

Daptomycin Bacteremia, ABSSSI

Linezolid Pneumonia, ABSSSI

Tedizolid ABSSSI

Ceftaroline Pneumonia (only for community-
acquired pneumonia — not MRSA
pneumonia)

Telavancin Pneumonia ABSSSI

Dalbavancin ABSSSI

Oritavancin ABSSSI

Delafloxacin ABSSSI

Atal Gill

Comments

It remains the first- line therapy for MRSA.

In activation of the drug is caused by lung surfactant and therefore
not recommended during pneumonia treatment. Can lead to
increased levels of creatine kinase.

Cause of prolonged therapy due to neurotoxicity and
myelosupression.

Lower incidence of thrombocytopenia and gastrointestinal side
effects compared to linezolid.

This drug shows side effect profile similar to other cephalosporins.

The drug caused high creatinine levels on clinical level in
ASSURE trail than standard therpy. The trail was discontinues for
bacteraemia.

Use the drug once a week. The trail was discontinues for
bacteraemia by sponsor.

Use the drug once a week.

Well tolerated, minimal effect on cytochrome P450 enzyme and
QTc interval.
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1.6. Relevance and importance of this study

A delay in initiation of appropriate therapy is associated with increased mortality. Therefore, an assay
to detect MRSA infection and its related drugs rapidly with high specificity and sensitivity is highly
desirable to initiate appropriate antibiotic therapy. MRSA detection strategies vary substantially in
terms of the duration, sensitivity, sophistication and the infrastructure requirements [33].
Additionally, the prescribed drugs in accumulate in the body and can lead to various toxic side effects
if not administered properly and in time. Further, the discharge of these drugs in the environment can
lead to emergence of novel drug resistant strains. This can further increase infection of new bacterial
strains, therefore making it necessary to detect drug in biological as well as in environmental matrices.
Earlier reported methodologies for the detection of more frequently prescribed medicine vancomycin,
restricted antibiotics i.e. ciprofloxacin and MRSA bacterial detection have a few constraints. These
techniques require large capital requirement for installation and instrumentation, trained professionals
and are time consuming. Therefore, to avoid such a financial burden and carry out the rapid detection
of MRSA, nanomaterial-based detection techniques have been developed. Nanomaterials such as
graphene, CNT’s, molecularly imprinted polymers, carbon black etc. have been used as transduction
element or detection element to carry out detection through electrochemical, fluorescence, optical
fibres and many others. These nanomaterials provide high sensitivity, specificity, easy and accessible
method for detection of analytes. Therefore, on basis of these characteristics, we employ novel
synthesized nanomaterials to carry out the electrochemical detection of vancomycin, ciprofloxacin
and MRSA bacterial strain. The integration of nanostructured materials on the surface of the working
electrode introduces diversity in the physical (electronic, photonic and catalytic) properties [34].
These variations can be exploited to optimize the performance of the working electrode. The
nanostructured particles also have a very high surface to volume ratio. The larger active surface area
allows more biomolecules to be immobilized at or near the electrode surface. This reduces the
distance for electron transfer between the biomolecule and the metal/metal oxide particles facilitating
the charge transfer to the electrodes. These nanomaterials can be conjugated Conducting polymers
are redox-active, can be modified to bind bio-molecules to itself as well as tuned as per requirement
[35]. The ease of fabrication and functionalization of organic molecule with nanoparticles
accompanied by their catalytic synergistic effect make them very useful for the development of
modified electrodes with specific detection of molecules of biological interest. Therefore,

electrochemical sensors based on novel nanomaterials and nanocomposites have been synthesized to
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provide a rapid, sensitive, inexpensive, and user-friendly analytical method for the detection of

MRSA, vancomycin and ciprofloxacin.

Novel nanocomposite materials were synthesized as a potential electrode modifier to carry out
detection. The present thesis focuses majorly on novel organo-metallic nanomaterials. These
materials were chosen due to their higher surface area and porous nature. Further, these nanomaterials
exhibit lower toxicity as compared to their inorganic counterparts due to the presence of organic
component. We used copper and silver nanoparticles for synthesizing the organo-metallic

nanomaterials due to their antibacterial nature and good electro catalytic properties.

The electrochemical studies were carried out using a potentiostat which provides the required
potential difference for the three electrode electrochemical cell. The system uses a reference electrode
(Ag/AgCl), a counter electrode (platinum wire) and working electrode (glassy carbon electrode)
which are supported by an electrolyte to provide a medium for the electron transportation. The
supporting electrolyte can act as a redox active couple which can provide an output response to detect
in a particular range of applied potential. Further, electrochemical techniques such as cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and electrical impedance spectroscopy
(EIS) have been employed to carry out the characterization of the nanomaterials modified electrode
and also the detection of analytes, which were vancomycin, ciprofloxacin and MRSA bacterial

strains.

1.7 Aim and Research Objectives

The current thesis focuses on synthesis of novel nanomaterials for electro-catalytic and
electrochemical bio-sensing applications. The characterization of the synthesized materials was
carried out. Further, their applicability was tested by electrochemical detection of vancomycin,

ciprofloxacin and MRSA bacterial strains.
Specific objectives of the studies are:

1. To synthesize and characterize poly(acrylic) acid modified HKUST-1 metal organic
framework (MOF) to carry out the detection of vancomycin.
2. To synthesize B-cyclodextrin modified by silver nanoparticles and its characterization follow

by the detection of ciprofloxacin.
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3. To synthesize and characterize P-cyclodextrin capped on copper nanoparticles via
hydrothermal route for detection of MRSA and check the MIC values of the composite
against MRSA.

4. To synthesize reduce graphene oxide (rGO)/poly(phenol red)/GCE and characterize the
electrode. Further, to carry out the detection of ciprofloxacin.

5. Finally, the prepared nanomaterials were used to detect the respective analytes in real samples

to check the practical applicability of the proposed methods.

1.8. Thesis Outline

The thesis is compiled in seven chapters. These seven chapters are presented as four experimental

manuscripts and one review article

e Chapter one briefs about the topic of thesis and give a short outline about the problems along
with the outline of the thesis.

e Chapter two consists of the literature review about the various biomarkers for MRSA along
with their detection techniques using novel nanomaterials.

e Chapter three involves a poly(acrylic) acid (PAA) modified copper benzene-1,3,5-
tricarboxylic acid (BTC) metal-organic framework (MOF) as a single shot assay for
electrochemical detection of vancomycin.

e Chapter four shows one pot synthesis of silver nanoparticles modified B-cyclodextrin for
highly sensitive detection of ciprofloxacin.

e Chapter five reports a beta cyclodextrin modified with copper nanoparticles for detection of
MRSA bacterial strains.

e Chapter six reports detection of ciprofloxacin using rGO/PPR/GCE electrode.

e Chapter seven provides the summary and concludes the major findings of the present work

along with future prospective.
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Abstract

Methicillin-resistant Staphylococeus aureus (MRSA) is responsible for a number of life-
threatening complications in humans. Mutations in the genetic sequence of 5. aureus due to
the presence of certain genes results in resistance against p-lactamases. Thus, there is an
urgent need for developing highly sensitive techniques for the early detection of MRSA to
counter the rise in resistant strains. This review (142 refs.) extensively covers literature reports
on nanomaterial-based optical and electrochemical sensors from the year 1983 to date, with
particularly emphasis on recent advances in electrochemical sensing (such as voltammetry and
impedimetric) and optical sensing (such as colorimetry and fluorometry) techniques. Among
the electrochemical methods, various nanomaterials were employed for the modification of
electrodes. Whereas, in optical assays, formats such as enzyme linked immunosorbent assay,
lateral flow assays or in optical fiber systems are common. In addition, novel sensing
platforms are reported by applying advanced nanomaterials which include gold nanoparticles,
nanotitania, graphene, graphene-oxide, cadmium telluride and related quantum dots,

nanocomposites, upconversion nanoparticles and bacteriophages. Finally, closing remarks and
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is responsible for a number of life-threatening
complications in humans. Mutations in the genetic sequence of S. aureus due to the presence of certain
genes results in resistance against -lactamases. Thus, there is an urgent need for developing highly
sensitive techniques for the early detection of MRSA to counter the rise in resistant strains. This
review (142 refs.) extensively covers literature reports on nanomaterial-based optical and
electrochemical sensors from the year 1983 to date, with particularly emphasis on recent advances in
electrochemical sensing (such as voltammetry and impedimetric) and optical sensing (such as
colorimetry and fluorometry) techniques. Among the electrochemical methods, various
nanomaterials were employed for the modification of electrodes. Whereas, in optical assays, formats
such as enzyme linked immunosorbent assay, lateral flow assays or in optical fiber systems are
common. In addition, novel sensing platforms are reported by applying advanced nanomaterials
which include gold nanoparticles, nanotitania, graphene, grapheneoxide, cadmium telluride and
related quantum dots, nanocomposites, upconversion nanoparticles and bacteriophages. Finally,

closing remarks and an outlook conclude the review.

Keywords: Methicillin-resistant Staphylococcus aureus (MRSA); Biosensors; Nanomaterials;

Electrochemical sensing; Luminescence-based techniques; Polymerase chain reaction (PCR),
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Introduction

Gram-positive Staphylococcus aureus (S. aureus) is the most commonly isolated bacterium known
for its serious pathogenic nature [1], is responsible for numerous diseases in humans from mild skin
infection to fatal sepsis resulting in multiple organ failure [2]. It is accountable for the high rate of
morbidity and mortality globally and is known to spread at an alarming rate, thus posing a challenging
task for healthcare professionals. It has been reported, that four out of five bacterial infections in
patients with implants are due to the staphylococci bacterial strains especially S. aureus and S.

epidermidis [3] and is estimated that ten million people will die by 2050 [4].

An era before, when the accessibility to antibiotics was not easy, infections caused by S. aureus
were often disastrous especially in patients who had undergone surgical interventions or prolonged
hospitalizations. Introduction of penicillin significantly developed the prognosis for patients with
severe staphylococcal infections. However, regular or overuse of penicillin in clinical practice led to
the development of resistance in bacteria owing to the production of B-lactamases [5]. The S.
aureus bacteria possess a special defensive mechanism to protect itself against the immune system of
the human body. This characteristic is due to the spread of unicellular organism, rapid and fast
proliferation, colonizes body forming surfaces, and persistent against stress conditions in tissues as

multicellular aggregates called the matrix [6].

To counter the resistance due to f-lactamases [5], methicillin was introduced for the treatment.
But in a few years’ time, methicillin-resistant forms of pathogenic Staphylococcus aureus (MRSA)
strains were isolated, which were resistant to all B-lactam antibiotics [5]. In a short span, MRSA
spread as an extensively nosocomial pathogen found mainly in hospitalized patients leading to
hospital-acquired infections. Currently, these resistant strains have been progressively isolated from

community-acquired infections as well. The emergence of methicillin-resistant forms of
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Staphylococcus aureus (MRSA) has further complicated the diagnosis and management of infection

in the medical world, resulting in a constant rise in mortality [7].

Key problems of resistance in hospitals and communities

MRSA is the most common microorganism linked with healthcare-associated infections [8], typically
confined to hospitals, nursing homes and poverty-stricken areas. Despite that, it does not affect the
hospital staff or the family members of the affected person by maintaining good hygiene and covering
wounds [9]. In spite of current advanced therapy, there has been a constant rise in the number of
multi-drug resistant cases reported either in hospitals or in hyper-virulent community-associated

MRSA (CA-MRSA), as presented in Figure 1.

In the past three decades, MRSA strains have been prominent in hospital settings and
hospital-acquired MRSA (HA-MRSA) has become a major cause of infection. Recent reports
indicate that MRSA developed resistance very quickly, creating many challenging problems in the
clinical world [10]. The major risk factors responsible for complicating the treatment of MRSA
infections are patients with chronic illness, elderly people and weak immunity [11]. The MRSA
infection spreads either by direct contact with uncovered wounds/ulcers containing pus cells or
infected invasive medical devices such as intravenous lines and catheters. These provide a gateway
for the bacteria leading to secondary infections like pneumonia, surgical site infections, bacteremia,
and other nosocomial infections. Thus, increasing the burden on the whole health system with a rise

in morbidity and mortality along with hospitalization overheads [12].

In the mid-1990s, new MRSA strains appeared in the community setting as community-
acquired (CA-MRSA), infecting healthy people including students, athletes and even military
personnel. The major risk factors included overuse or abuse of antibiotics, direct skin contact

especially in sports like wrestling and crowded places with poor sanitation [13]. On the other hand,
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in hospital settings, the infection spread to other patients with a history of recent discharge, dialysis,

chronic diseases, human immunodeficiency virus (HIV) infection, and by intravenous route of drug

administration [14]. CA-MRSA strains cause inflammation of the skin, severe necrotizing

pneumonia, furunculosis, and shock resulting in death. Researchers have suggested that CA-MRSA

strains have arisen from changed genetic backgrounds rather from the worldwide spread of a single

clone [15]. Thus, to counter the rapid spread of MRSA infection it is essential to detect the infection

at an early stage with the help of biomarkers to fill the gap between occurrence and treatment of

MRSA in patients.
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Fig. 1 Schematic presentation of transmission of MRSA in community and hospitals.
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Biomarkers for MRSA

Scientifically, biomarkers refer to the quantity that can be measured in a certain biological state or
disease conditions. According to WHO, a biomarker is described as any structure, process or
substance or their respective products that can be measured to predict or influence the onset of a

disease or an outcome [16].

In the case of MRSA bacterial strains, PBP2a protein is a major biomarker which is
responsible for developing resistance against methicillin antibiotics. This protein is produced by mecA
gene present as an element in staphylococcal cassette chromosome mec (SCCmec) [17] as shown in
Figure 2 and is known to produce resistance against drugs by facilitating the transpeptidase action,
which alters the bacterial cell wall structure, preventing drugs from disrupting the cell wall synthesis
[18]. The major bacterial strains with SCCmec I, II and III are known to be associated with HA-
MRSA while SCCmec IV and V strains are generally associated with CA-MRSA. In the case of
SCCmec IV and V strains, an additional Panton-Valentine leukocidin (PVL) gene element was found
which can be considered as a biomarker for the detection of CA-MRSA bacterial strains [19,20].
Another genetic element as a biomarker that has not been explored for the screening of MRSA is the
arginine catabolic mobile element (ACME) which is known to be present in MRSA but not in the
MSSA bacterial strains [21]. The ACME marker is generally associated with CA-MRSA bacterial
strain, particularly USA300 clone, which is extensively being studied by various researchers [22,23].
The USA300 clone is a SCCmec type IV strain which has a PVL-positive strain of bacteria [22].
ACME I element of ACME gene has been known to increase the virulence factor of bacterial strains
[24]. Sean et al. conducted a study and revealed that most of the strains that had both PVL and ACME
were a new polymorphed S. aureus pbp3 strains [25]. Furthermore, studies are being carried out on

the same and its role in the bacterial infection. Various biomarkers for MRSA are enlisted in Table 1.
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Fig 2. Schematic illustrates the structure of SCCmec. SCCmec is composed of two essential gene
complexes. One is mec-gene complex, encoding methicillin resistance (mecA gene) and its
regulators (mecl and mecR 1), and the other is ccr-gene complex that encodes the movement, of the
entire SCC element. Abbreviations: IR, inverted repeat; DR, direct repeat

Table 1 Genetic and protein-based biomarker currently used for MRSA detection

SSCmec I, II and III for HA-MRSA, SSCmec IV and V for CA-MRSA,

Genetic biomarkers mecA gene, PVL-gene, genomic DNA, ssDNA.

Protein biomarkers PBP2a (penicillin binding protein)

Conventional detection techniques for MRSA

There are different types of analytical techniques available for the quantitative or qualitative detection
of bacteria. Among these, the bacterial culture is one of the widely used technique but suffers from
several drawbacks involving time-consuming steps such as sample pre-enrichment, selective
enrichment, and bacterial colony isolation on selective agar plates. Further, these time-consuming
practices may also undesirably lead to false results in the absence of typical colonies. The bacterial
detection is also performed with other methods, e.g., immunological assays (ELISA, agglutination
test, etc.) and nucleic acid amplification (polymerase chain reaction (PCR), Colony-PCR, RT-PCR,

etc.) [26-30].

Traditional cell culturing
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Traditional cell culturing generally involves isolation of patients to prevent the spread of bacterial
infection and then collecting samples from isolated patients. The samples are collected from skin or
nasal cavity and from other inorganic surfaces such as metals or plastic, using regular fibre or nylon
swabs [31]. For clinical screening, E-swabs are employed for the collection of samples as they recover
more amount of sample from the subject as compared to traditional swabs. For example, the amount
of colony forming units of bacteria obtained from screening is 3.6 to 9 times higher with E-swabs as
compared to traditional swabs [32]. Further, the sample conditions of urine, blood, pus, sputum, and

bodily fluids can vary significantly on container size and mode of transport [33].

Until the late 1990’s, the utilization of oxacillin and methicillin chromogenic agars was
prominent in conventional techniques to distinguish MRSA and MSSA bacterial strains. Presently
cephamycin and cefoxitin agars are utilized for MRSA as they show better selectivity towards PBP2a
protein [34-38]. Kumar et al. reviewed the specificity and selectivity of commercially available
chromogenic agars towards MRSA bacterial strains and highlighted the positive and negative sides
of each agars [39]. To check the practical applicability of traditional swabbing a broad national cross-
sectional study, which screened more than 10 000 patients for MRSA, wherein the samples were
collected from nose, throat, axilla, perineum, and wound or device sites found that a nasal swab
identified only 66% of MRSA carriers using the traditional culturing technique [40]. Addition of
second and further swabs increased the detection rate, with nose and perineum swabs identifying 82%
of the cases. The axilla site had the minimum value for identifying carriers (8% detection rate as given
in Table 2). Thus, common screening methods should include a minimum of two swabs (a nasal swab
plus a perineal or throat swab) to detect infection. This illustrated the lack of effective extraction of

swabs for detection purposes and further complicates the detection process.

Table 2 Number of swabs testing positive for MRSA by anatomical site (detected on chromogenic
agar) and percentage positive compared with the gold standard* [40]
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s | P vy | L 05 s
Anatomical sites positive for | detection (versus gold

MRSA standard*) extra sites used (versus

(n=298) nasal alone)
E;Siile;;hmat *axillat 273 91.6 (87.9 to 94.3) 25.2(20.3 to 30.5)
Nasal + throat 228 76.5 (71.4 to 81.0) 10.1 (6.9 to 14.1)
Nasal alone 198 66.4 (60.9 to 71.6) -
Perineum alone 107 359 (30.7t0 41.5) -
Nasal + perineum 245 82.2 (77.5t0 86.1) 15.8 (11.8 t0 20.4)
Nasal + throat + perineum 269 90.3 (86.3 t0 93.4) 23.8 (19.1 t0 29.1)
Axilla alone 23 7.7(5.2t011.3) -
Nasal + axilla + perineum 250 83.9 (79.3 t0 87.6) 17.5 (13.3 t0 22.2)
Nasal + throat + axilla 234 78.5(73.5t0 82.8) 12.1 (8.6 to 16.3)
Throat alone 103 34.6 (29.4 t0 40.1) -
Nasal + axilla 205 68.8 (63.3 to 73.8) 2.4 (0.95t0 4.8)

*Gold standard was all anatomical swab sites combined, pooled in nutrient broth and cultured on

chromogenic agar.

Automated culturing

A big step forward in reducing diagnostic time was the automation of inoculation procedures
developed by Vista technology (Edmonton, Alberta, Canada) and the instrument was known as
Isoplater [41]. It is a fully automated system that allows for liquid handling to inoculating plates
saving up to 30 mins of hands-on time per 100 cultures, thus drastically reducing detection time.
Further such systems improved distribution and colony quality in comparison to manual streaking
[42]. Another automated inoculation technique developed by BD Kiestra Total Laboratory

Automation (TLA) known as walk away specimen processor unit (WASP) enables real-time
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monitoring of the samples and uses any one of three metal loops (1 pL, 10 pL, and 30 pL) with
magnetic beads in liquid samples for inoculation and streaking [43]. Further to check the
compatibility of automated systems with E-swabs, Faron et al. conducted a study by screening 57,000
subjects and concluded high compatibility with 100% sensitivity and specificity between 90.0% and
96.0% across all sites [44]. A recent review published by Rajendran et al. highlighted the advantages

of automated techniques for rapid MRSA detection [45].

Enzyme-linked immunoassay (ELISA)

The recent developments in non-labelled and labelled based optical immunoassays have been
exploited for the detection of MRSA. The various assays such as competitive, direct and sandwich
assays were utilized to detect secreted enterotoxins and/or complete MRSA cells [46]. Furthermore,
23 enterotoxins of staphylococcal origin have been identified with distinct serological existence [47].
A review by Wu et al. described various methods for the detection of S. aureus enterotoxins in clinical
media and food products [48]. The most commonly known staphylococcal enterotoxins (SE) are
labelled as SE-A and SE-B and were detected at 0.05 to 1 ng'mL" in the human urine sample and
buffer solutions [49]. Templeman et al. and Goldman et al. employed enzyme-linked immunosorbent
assay (ELISA) that rendered results in < 3 hours saving significant time and resources [50,51].
Primarily ELISA tests are performed to identify S. aureus and vancomycin resistance S. aureus
(VRSA) strains, if the results are negative then alternative tests are carried out to detect Panton-
Valentine Leukocidin (PVL-S) toxin and PBP2a protein [52], where PVL-S is generally associated
with CA-MRSA and not with nosocomial MRSA. However, the PVL-S is not multidrug resistant
gene element and act as carriage of type IV SCCmec gene [53]. In 2014, Poojary NS et al. reported a
highly sensitive detection technique for PVL-S using three monoclonal antibodies employing dot

ELISA test [54].
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Polymerase chain reaction (PCR) based techniques

The amplification of nucleic acid is done by PCR techniques along with simultaneous quantification
and identification of bacterial DNA and RNA. The sensitivity of traditional PCR was reported to
decrease during proteinous background with detection time of 24 to 48 hours [55]. On the other hand,
real-time PCR (RT-PCR) monitors PCR products in real time and is utilized for detection of resistant
bacteria [55]. Njihuis et al. applied two RT-PCR assays for screening 13,387 samples of MRSA and
obtained reliable results in 24 hours [56]. Another low-cost alternative to RT-PCR is multiplex-PCR
(M-PCR), which targets more than two sequences of MRSA and was recently utilized to differentiate
between methicillin-resistant coagulase-negative staphylococcus (MR-CoNS) isolates and MRSA by
the amplification of mecA, nuc and 16S RNA specimens [57]. Further, the sensitivity, accuracy and

selectivity of M-PCR are enhanced by the increase in the number of targets/biomarkers.

The screening of antibiotic resistance S. aureus strains is efficiently carried out using
traditional PCR technique, however, some studies have concluded that this method fails to detect
genetically distant SCCmec (CoNS) subtypes [58]. An alternative to traditional PCR technique is a
new technique called loop-mediated isothermal amplification (LAMP), which proceeds by the strand
displacement of Bst DNA polymerase and a set of primers which folds into a dumbbell-shaped DNA
structure that triggers cyclic isothermal amplification. Another technique, similar to the LAMP that
utilizes isothermal amplification is recombinase polymerase amplification (RPA). Shen et al. carried
out quantitative detection at a single molecular level for the nucleic acid sequences, utilizing a
microfluidic digital recombinase polymerase amplification (RPA) SlipChip for monitoring 1000 nL
scale reactions. In addition, the validation of results was carried out via counting amplified single

molecules of genomic bacterial strains [59].
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In spite of recent technology advances, it is still very challenging for early detection of MRSA
infection in patients. This was attributed to the fact that some patients are chronic carriers of MRSA
[60], hence, do not lose the infection easily and lead to further spread of infection in community and
hospitals. So, for effective screening, more efficient and rapid sensing techniques are required. Hence,
this challenging gap is addressed effectively by developing nanomaterial-based biosensors for rapid

and early detection of MRSA.

Nanomaterials and their role

A nanomaterial is a combination of many nanoparticles which are less than 100 nm in at least one
dimension. The tunable morphology and properties of the nanomaterials make them useful in many
fields such as chemistry, electronics, biology and engineering etc. [61-67]. Recent advances in
nanotechnology have found its application in the healthcare sector, one such application is the
fabrication of nanomaterial based-biosensors, for early, rapid and accurate diagnosis of diseases. A
biosensor consists of four parts: bioreceptor, transducer, signal processor and interface display. A
number of samples such as cell cultures, body fluids and food samples have been used as an analyte
for detection using nanomaterial biosensors. The tailored nanomaterials provide better conducting,
optical and mechanical properties with higher surface areas which result in amplified signals, better
efficiency and higher compatibility with biomolecules. This makes them an excellent bioreceptor and
transducer for these biomaterials [68]. However, miniaturization and automation still pose a challenge
for the researchers. Huang and co-workers described the use of graphene oxide (GO) to selectively
adsorb single-stranded DNA from the mixture of single- and double-stranded material [69]. Table 3
shows various nanomaterial-based biosensors for detection of MRSA bacterial strains and its

respective biomarkers.

Table 3 Nanomaterials used in various electrochemical techniques for detection of MRSA
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Technique Nanoparticles LOD Detection Time for Ref.
target Detection
Cyclic Titania 1-10 ng - Protein 2a i [72]
Voltammetry nanotubes ul! (PBP2a)
Cyclic Gold and Genomic
Voltammetry magnetic 10pM DNA i [74]
. DNA nano- 10 ftM ssDNA and
Cyclie tetrahedron ssDNA and | genomic 4 hours [75]
Voltammetry robe 57 t™M DNA
P gDNA (eDNA)
7
SWV Gold agd 2)(1(?1 CFU | MRSA i [79]
magnetic ‘mL culture
Graphene Oxide
EIS (GO) 100 ft™M ssDNA - [98]
EIS ZnO and Ag 330CFU- | MRSA 50 mins [99]
mL culture
DPV Gold 23 pM mecA gene 2 hours [104]

Electrochemical sensors

Electrochemical sensors provide an insight about the system/reaction in a real-time and consists of a
chemically selective layer coupled with a transducer, which converts the obtained signal into an
electrochemical signal, further processed to a readable analytical output. The ease of using this setup
and minimal instrumentation requirement make them one of the most extensively used methods for
detection purposes [70]. Electrochemical sensor possesses other advantages such as quick response,
low interference and good selectivity. Various techniques that make up electrochemical sensors are
characterized on the basis of electrical magnitude which is provided to the electroactive layer
connected with the transducer. The different techniques used are: conductometric (variation in

conductance); potentiometric (varying membrane potential); amperometric or voltammetric
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(variation in current with fixed potential in the first case and current varying with applied voltage in

the latter) and impedimetric (variation in the impedance) [70].

Cyclic voltammetry (CV)

In cyclic voltammetry, technique potential is applied to the working electrode, which is swept across
electrode twice in both positive and negative directions with a constant rate of scan. This technique
measures the current as the output as a function of the potential. This technique also helps in the
determination of diffusion coefficients and area of modified electrodes for any reaction using the
Randles-Sevcik equation [71]. At low amplitude currents, noise interferes in the output signals
obtained during the analyte detection. This can be overcome by modification of the working electrode
by nanomaterials. Mandal et al. reported an electrochemical biosensor for the detection of PBP2a
protein using working electrode modified by titania nanotubes. These nanotubes were conjugated
with anti-PBP2a antibody as biorecognition element. This technique provided better sensitivity as
comparted to conventional ELISA-based techniques [72]. However, single probe-based detection
does not restrict background current in the absence of target [73]. Therefore, restrict the interference
of background currents in the output signal. Suye and co-workers developed a dual probe sandwich
system to detect MRSA DNA. Magnetic nanoparticles conjugated to a complementary DNA was
used as the first probe. For the second probe, gold nanoparticles (AuNps) were conjugated to another
complementary DNA sequence, which was further conjugated with ferrocene derivative. These
probes were then incubated with the target DNA sequence, forming a complex which was separated
by magnetic separation. Finally, the complex was then used for detection using cyclic voltammetry.
For amplification of the output signal L-proline dehydrogenase and L-proline were employed, which
on reaction provides electrons to the ferrocene derivative providing an enhanced oxidation peak, with
a limit of detection (LOD) at 10 pM [74]. To further increase the sensitivity of sandwich hybridization
method Liu and co-workers employed a multi labelled probe for enhancing the output signal. They
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synthesized a multiple signal probes (MSP) using seven biotin-labelled system to hybridize the target
gene or DNA. The detection of mecA gene and synthetic ssDNA by employing a sandwich like a
strategy was carried out. The probes consisted of a tetrahedral nanostructure-based capture probe
(TSP) which is deposited on a gold electrode through self-assembly, further modified with a mec4
specific capture probe. Meanwhile, biotinylated reporter probe is conjugated with the target gene to
produce detectable signal using polymerized streptavidin-HRP (horseradish peroxidase) conjugate.
After, hybridization of the target gene with the modified gold electrode, a detectable signal is obtained
in a solution of H,O, and TMB. The length of the detection probes used was 12-15 nucleotides and
the cyclic voltammetry technique was employed resulting in two well-defined redox peaks. The
proposed sandwich probe helped to achieve LOD at 57 fM [75]. Therefore, exploring novel probes
and sandwich systems that can provide an enhanced output signal should be targeted to achieve better

sensitivity and higher peak currents for CV based detection methods.

Square wave voltammetry (SWYV)

Square wave voltammetry (SWV) combines staircase potential with a square wave to a stationary
electrode forming a linear potential sweep voltammetry. SWV technique involves a reference
electrode at a constant potential with respect to which change in current at the working electrode is
measured linearly in time [76]. SWV is extensively used in electrochemistry for multiple reasons
such as significant time evolution between potential reversal, current sampling and high sensitivity
screening [77]. These properties help to work at nanomolar analyte concentrations, providing an
added advantage over CV. Although, SWV technique is widely used but kinetic studies limit its
application [78]. Adam along with his co-workers (2016) developed a sandwich of two nanoparticle-
based probes for the detection of MRSA. One of the probes was prepared by conjugating magnetic
nanoparticles with immunoglobulin G (IgG) and the second probe was conjugated AuNps with anti-
MRSA antibody. These probes were incubated with target MRSA bacterial strains resulting in a

liv
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sandwiched product that is the fixation of MRSA between the two probes. The sandwiched product
was purified and electrochemically detected using the adsorptive transfer stripping square wave
voltammetry (AdTS SWYV) technique with a LOD of 2X10’ colony forming units per milliliters
(CFU-mL™) for MRSA [79]. This was the first report where the detection of whole MRSA cell via an
electrochemical method was carried out but failed to provide high sensitivity. In addition, they also
demonstrated the affinity of IgG towards MRSA bacterial cells, which can be utilized by researchers

for their future research work.

Electrical impedance spectroscopy (EIS)

This technique involves measurement of change in impedance of working electrode and helps to study
surface characteristics of a material. This technique is majorly divided into electrochemical (EIS) and
dielectric impedance spectroscopy (DIS). In EIS mainly materials that exhibit ionic conduction are
analyzed; where as in DIS involves the analysis of dielectrics [80]. Some of the materials used are
glasses [81-83], polymers [84—86] and solid or liquid electrolytes [§7—89]. However, this technique
also has its uses in other fields such as fuel cells [90-92], solar cells [93,94] and batteries [95-97].
Wang et al. developed an electrochemical sensor for the detection of MRSA-DNA, wherein a glassy
carbon electrode (GCE) was modified by aminopropyl triethoxy silane (APTES), drop coated with
GO and later reduced electrochemically. The final electrode was prepared by conjugating ssDNA,
which is complementary to target DNA as shown in Figure 3. Prior and after hybridization,
electrodes’ EIS measurements were taken and the difference was recorded and noted, enabling
determination of target DNA with 100 fM LOD [98]. The obtained result was good with low LOD,
but there is chance of unwanted background currents or interfering agents leading to false signals due
to single probe system. To avoid the unwanted false signals a sandwich-based probe can be a good
alternative to carry out the detection. Later in 2017, Zhang and co-workers utilized vancomycin as

the sensing probe to detect the target bacteria. They fabricated a fluorine-doped tin oxide (FTO) based

Atal Gill UKZN-2020



electrode by coating zinc oxide nanorods (ZnO) with silver nanoparticles (AgNps). Finally,
vancomycin was conjugated to modified FTO electrode with the help of mercapto acetic acid (MPA)
by incubation of electrode in their respective solutions. The detection was carried out via electrical
impedance spectroscopic technique with a limit of detection found to be 330 CFU'mL™" [99]. As a
bioreceptor, vancomycin provided better result with higher sensitivity as compared to previous
reported electrochemical technique to detect MRSA cells. The only drawback of using vancomycin
as a bioreceptor is the lack of specificity. This can be attributed to the affinity of vancomycin towards
gram-positive bacteria due to its glycopeptide in nature [100]. So, a better alternative to vancomycin

is phages or aptamers which are highly specific and provide excellent results as well.

Electrochemical

reduction of GO :
Probe DNA

APTES mﬁng: GO coating :

GCE GCE/APTES GCE/APTES/GO GCE/APTES/IGO/ Probe DNA

Target DNA

Response Electrochemical reaction GCE/APTES/rGO/dsDNA

Fig 3. Schematic of the fabrication of the electrochemical biosensor.

Differential pulse voltammetry (DPV)

This voltammetry technique is a derivative of the staircase voltammetry. This involves a series of

voltage pulses superimposed on potential linear sweep [101-103]. As potential changes, current is
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measured along with plotting the difference. This measurement is used to study the redox properties
of analytes with very low concentration values. This is achieved due to low charging currents which
provide high sensitivity. Also, due to the extraction of only faradaic current, reactions at the working
electrode are analyzed effectively. Liu et al. also utilized single probe system to carry out the detection
of mecA gene. Where working electrode was modified with au-nps conjugated with a capture probe
and an alkaline phosphatase to produce electrochemical signal [ 104]. The use of single probe resulted
in 30 mins incubation time of working electrode in target gene solution to achieve hybridization. The
incubation time can be reduced by using a multi-probe which would aid in faster hybridization of

gene and yielding faster results.

Table 1 compiles the LOD, detection time, technique used and nano-material utilized to carry out the
detection of MRSA via electrochemical techniques. It is clear from the table that sandwich probe-
based detection provided better LODs. Further, IgG and vancomycin were used as biorecognition
elements for detection of whole MRSA cells and it can be concluded that vancomycin was a better

bioreceptor as it provided lower sensitivity.

Luminescence-based sensors

Fluorescence

Fluorescence is a phenomenon involving emission of light upon absorption of light of any wavelength
or electromagnetic radiation. Generally, light emitted during fluorescence has a longer wavelength
than absorbed light. The high sensitivity and selectivity of the photo- or chemifluorescence is
imparted to the electronic excitation is due to luminophore or fluorophore selected, resulting in
tailored wavelengths for excitation and emission [105-107]. A nanolanterns based chips [108] and
cadmium telluride quantum dots (CdTe QDs) [109] conjugated with PCR amplified products for

fluorescence-based detection of bacterial gene were carried out. The amplification of genes via PCR
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is tedious and requires a trained professional to carry out the task. However, after hybridization the
fluorescent signal obtained from nanolanterns was not quantified, whereas major advantage of
cadmium telluride quantum dots (CdTe QDs) was single wavelength excitation of these quantum dots
using 250 nm radiation. The output signal for quantum dots was quantified and LOD at 10> CFU-mL"
"'was achieved. Quantum dots provided better fluorescent response for the detection of MRSA gene

as compared to nanolanterns.

A visual detection technique was developed by Chan et al. for carrying out the detection of MRSA
utilizing human serum albumin (HSA) as the sensing probe. In this study, gold nanocomposites
(AuNCs) were synthesized and further conjugated with HSA to test the binding affinity of HSA
towards MRSA bacterial strains. HSA is a known to be a carrier protein and which has proven to
show a binding affinity towards various ions and species as a reducing group or chelating group.
AuNCs synthesized using HSA are known to show a special affinity towards S. aureus and MRSA
bacterial strains and hence making them a suitable probe for sensing of these bacterial strains. The
aptamer sequence of HSA that was binding to MRSA bacterial strains was not found, which is still
needed to be explored [110]. In another example, Chen and group synthesized silica nanoparticles
based nanoprobe for specific binding and detection of bacterial strains. They created an activatable
theranostic nanoprobe for sensitive near-infrared fluorescence (NIRF) imaging and photothermal
therapy (PTT) of MRSA infections. This was based on poly (allylamine) coated silica-cypate
(Si02/PAH-cy) nanosystems modified with polyethylene glycol and vancomycin-conjugated
poly(acrylic acid) molecules (PAAPEG-Van). Generally, obtained nanoprobes (SiO2-Cy-Van) are
nonfluorescent in aqueous environments due to the aggregation of hydrophobic cypate (cy)
fluorophores on silica nanoparticles to induce ground-state quenching. Yet in presence of MRSA,
interactions between Van and MRSA were stronger than binding between PAH and silica

nanoparticles. Activated fluorescence was found after incubation with MRSA cultures (10" CFU) for
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4 hours [111]. The use of vancomycin for the detection of MRSA reduces its specificity, however,

vancomycin is a good bioreceptor for whole MRSA cells which provide good sensitivity. [100].

Fluorescence based detection is considered better than electrochemical methods due to the

visible response that can be attained using this technique. However, it is not able to match the low

detection limits that electrochemical techniques can achieve. Therefore, using other optical methods

and novel fluorescent nanomaterials can help in enhancing the response even at lower concentrations

as shown in table 4.

Table 4 Nanomaterials used in various luminescence-based techniques for detection of MRSA

Technique Nanoparticles LOD Detection Time for Ref.
target Detection
Fluorescence Nanolanterns - DNA - [108]
Fluorescence CdTe QDs 10°CFU'mL" | mecA gene - [109]
Fluorescence . 6 o
(Naked eye) Gold composite | 10°cells'mL mecA 2 hours [110]
MRSA
Fluorescence Silica 10’CFU'mL" S . Immediate [111]
bacteria
NaYF4:Yb, Er
LRET UCNS, 0.18 nM MRSA DNA - [113]
0.5-40
FRET GO nmol-L- mecA gene - [115]
FRET GO 30 CFU'mL™ 16 rDNA - [116]
Gold MRSA
SERS nanopopcorn 10 CFU'mL"! bacterial - [120]
and GO strains
Gold Genomic
lorimetri 1 - 12
Colorimetric nanoparticles 66 pg/u DNA [123]
lix
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Gold
SPR nanoparticles - MRSA cells - [124]
and rods
PCR- ~100 ng
Colorimetric Gold target DNA mecA gene ) [125]
PCR- Gold S00mg and 30|\ ipSA and
. . . ng - [126]
Colorimetric nanopartilces . mecA gene
respectively
Nano magnetic MRSA
Colorimetric 8 - bacterial 1 min. [127]
beads .
strains
3 . -
SPR Bacteriophages 10 CFIU mL MRSA 20 mins [129]
culture
Lamp 10 copies-
LAMP-SPR amplicons and mIf)' | mecA gene 1 hour [130]
gold
Polystyrene
RT-PCR beads and ~0.5 pM PVL gene 2 hours [132]
metallic nps

Luminescence resonance energy transfer (LRET)

Luminescence resonance energy transfer (LRET) is majorly employed for luminescence-based
applications such as in medical diagnostics, sensing properties, DNA analysis, and optical imaging.
LRET phenomenon involves energy transfer between two molecules, which helps in understanding
certain biological systems and application in thin film devices and optoelectronics which helped gain
it a sizeable interest of researchers in various fields [112]. A variety of new nano-chemical sensors
and biosensors based on LRET phenomenon have been developed. Liu et al. prepared up-conversion
nanoparticles (UCNs) based on LRET to detect MRSA DNA sequence [113]. However, major

disadvantage of LRET or FRET systems is that with the change in distance between donor and

Atal Gill UKZN-2020



acceptor which leads to decrease in the efficiency. This was overcome by conjugating UCNs (energy
donors) with oligonucleotides and TAMRA (a dye) was conjugated with nanoparticles, as the energy
acceptor. No spectral overlap is observed due to the difference in the excitation wavelength of
TAMRA and the UCNs. Therefore, upon the interaction with target DNA sequence, an effective
LRET signal was observed with limit of detection at 0.18 nM. While, UCNs provide low LODs and
act as a very good energy donor to carry out LRET, synthesis of desired UCNSs is a complex procedure
and requires the use of costly precursors. UCNs are generally synthesized using heavy metals which
are expensive and involve complex synthesis procedures, which can be overcome by using other
cheap alternative dyes or fluorescent nanomaterials such as quantum dots and GO [114]. A similar
fluorescence energy transfer method was used by Chen and group using economical materials and
achieved a comparable detection limit. They fabricated a GO-based sensing platform which followed
the principle of strain displacement polymerization and synchronous fluorescent signal amplification
for the detection of mecA gene. A probe labelled with FAM (carboxy-fluorescein fluorophore) over
GO was prepared. The probes consisted of 2 regions, one made up of a complementary probe which
would bind with the target gene and the other region was a primer which was responsible for
amplification of fluorescent signals after the SYBR Green I dsDNA is formed as depicted in Figure
4. The fluorescent emission peaks were recorded at 514 nm for SYBR Green I. FAM also emitted
light of the same wavelength, resulting in the amplification of the fluorescent signal with a clear
response. The range of concentration of target DNA for which the fluorescent signal was obtained at
0.5-40 nmol'L™" [115]. Another system prepared by Ning et al. provided better selectivity,
repeatability and removed any interference caused due to other DNAs that may be present in the
system. This experimental bioassay study was carried out using FAM labelled probe with two sections
over GO for FRET based detection of 16 rRNA of MRSA bacterial strain. They employed
deoxyribonuclease I (DNase I) for amplification of output signal and recycling target sequence. The
FAM labelled probe is attached to the GO by =m-stacking, quenching its fluorescence. After
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introduction of the target sequence, cleavage of FAM took place producing a target induced

fluorescence signal. This signal was recorded using fluorescence spectroscopy and a detection limit

of 30 CFU'mL ™" with high selectivity [116]. This technique provided a unique method to recycle the

target sequence using DNase I leading to improved output signals and better repeatability. The only

shortcoming of the procedure was the digestion time taken by DNase I and quenching time, which

would delay the results for an hour.

LRET or FRET is a better technique as compared to fluorescence which provides better LODs

and brighter output response. Even single molecule can be detected using this technique leading to

lower consumption of sample reducing the amount of DNA or RNA required to extract and lowering

the overall cost by reducing associated extraction process of the target molecules from cells for

detection.
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Fig 4. Schematic presentation of fluorescence resonance energy transfer process between the dye
and GO

Surface-enhanced Raman spectroscopy (SERS)

Surface-enhanced Raman spectroscopy is a surface-sensitive technique that enhances Raman
scattering of light by molecules adsorbed on rough metal surfaces or by nanostructures such as
plasmonic-magnetic silica nanotubes [117]. The signal enhancement factor can be as much as 10'° to
10" [118], which means this technique detected even a single molecule [119]. However, the
mechanism of this technique is still not clear. It is assumed to be on the basis of either of the two
theories one being electromagnetic theory and other chemical theory. The major disadvantage of this
method is the requirement of labelling probe to be attach to target, which can block the reactive
binding sites. To remove the interference caused by labelling probe Ray and group developed a novel
SERS probe. This probe was synthesized by a four-step process based on gold nano popcorn attached
to GO. This hybrid probe provided good affinity and high surface area for the attachment of
complementary DNA or aptamer and removed the requirement of labelling probe to carry out

detection. An aptamer known as APTSEB!

was chosen and immobilized on the GO hybrid for selective
detection of the bacteria. Figure 5 shows the chemical (CM) enhancement in the signal by GO and
the electrochemical (EM) signal enhancement due to gold nano popcorn. To study SERS signal
capabilities of the prepared GO-based hybrids, Rh6G a Raman active dye was used for enhancing
signals at various concentrations to study emitted SERS data and optimize the hybrid. To test the
hybrid SERS probe a selective and a label-free bacterial detection was carried out for the sensing of
MRSA [120]. SERS is a very effective technique with an inherent property of detection at molecular

levels. Further, optofluidic devices have been fabricated as a lab-on-a-chip sensor utilizing SERS as

a detection technique [121], providing a wide scope to explore in this field for the researchers.
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670 nm Laser

EM Enhancement

CM Enhancement

Fig 5. Schematic presentation of enhancements in the signals due to the bacterial and
nanocomposite interactions for detection.

Colorimetric sensing

Colorimetric Sensing is used to determining the concentration of a certain analyte in a particular
solution by a color indicator. This method can be used for all types of compounds either organic or
inorganic in nature [ 122], with or without enzyme platform. Colorimetric detection method generally
provides high detection limits due to base mismatches, insertions or deletions in the assays. However,
Storhoff et al. countered this by utilizing snap freeze hybridization technique to achieve picomolar
concentration of probes and femtomolar concentrations of the target sequence to carry out the
detection process. They used two oligonucleotides complementary to the target sequence of the mec4
gene as the sensing probes [123], without any amplification of the target gene sequence. The

oligonucleotides were conjugated to two AuNps of different sizes having different absorption bands.
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The hybridized DNA-AuNp probes immobilized on a glass slide and illuminated by white light. The
change in the color indicated the detection of target DNA. Negative test control studies were also
carried out successfully using the methicillin-susceptible S. aureus. Testing of clinical samples was
also carried out and acceptable results were obtained. Another technique utilized AuNps and nanorods
conjugated with target specific aptamer for detection of MRSA via surface plasmon resonance [124].
The aptamer makes for a robust sensor and is a cheaper alternative for other bioreceptors. The
attachment of aptamer was carried out by “Cell-SELEX” method, which is the laborious process
involved and unpredictable efficiencies they provide for the sensing platform. To carry out efficient
attachment a sulphide terminated group can be attached to the aptamer which will easily conjugate
with gold nanoparticles through gold-sulphur interactions.

Later, nanomaterials were introduced in PCR assays to provide an enhanced colorimetric
response. Eldin and group carried out the specific detection of the mecA gene using AuNps conjugated
with complementary ssDNA strands for the detection [125]. However, in this case, probes were
amplified for better sensitivity using the PCR technique and was found compatible with the target
gene sequence. This method produced visible color changes, which was confirmed using UV-
spectroscopy and provided high sensitivity of 90.9% at 10ul of DNA target per 200ul of the total
volume of the reaction mixture. A similar PCR-based colorimetric assay was developed by Leung
and co-workers [126]. They used AuNps conjugated with mecd and 23rRNA specific
oligonucleotides as sensing probes. However, they used AuNps to make a PCR-based colorimetric
assay for detection of mecA gene and 23rRNA. This assay used two nanoparticle probes hybridized
with mecA and 23rRNA genes to bring about observable color change with just 1.39% error compared
to other conventional methods. Further, this method presented good results when clinical samples
such as urine, blood samples and other samples from wounds, pus and other bodily fluids were used.
However, there were no major advancements observed in the sensitivity of the later assay. Further,

aforementioned methods involved amplification of products via PCR leading to longer detection time
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and complicate the procedure. PCR is a sensitive and reliable technique with long procedure and
requires preparation of target specific primers to carry out detection. Therefore, researcher have
moved to other techniques to carry out rapid detection with similar or even better sensitivity.

Recently, a novel paper-based visual sensing platform was fabricated by Zourob and co-
workers [127]. This was carried by using special magnetic bead complex for detection of proteolytic
activity of MRSA proteases. A gold coating was put on top of the paper support which is not a robust
platform and has to be handled very carefully. A self-assembled monolayer of a peptide probe was
formed over the gold coating via gold-sulphur interactions. The sensing peptide probe was also
conjugated to nanomagnetic bead by N-terminal interaction and the mechanism was based on a
sandwich structure formed between nanobeads and a gold layer on the paper. On the back of the paper
was placed an external magnet, which promotes breaking of peptide-magnetic nanobead complexes,
detecting the MRSA bacterial strains. The paper-based method was an inexpensive technique with
high sensitivity capable of visual detection of MRSA. The similar technique can be utilized by
researchers to fabricate the sensor over a more robust surface such as plastic sheets.

Surface plasmon resonance (SPR) based on colorimetric sensing

This technique uses the incident light on a metallic material which provides resonant oscillation of
the electrons present on the metal surface, which is responsible for the conduction at the interface
present in the positive and negative permittivity of the material. This is the standard tool for
adsorption measurement of the metallic nanoparticles. SPR is one of the fundamental principles used
for the fabrication of biosensors and other lab-on-a-chip devices [128]. Tawil and coworkers utilized
gold thin film to produce a recordable SPR signal for the detection of MRSA. They prepared novel
phage self-assembled and immobilized on the gold surface to carry out highly specific detection of
MRSA. The phage displayed good selectivity in presence of other bacterial strains and also inhibited

any further growth of MRSA. Finally, the detection was carried out using SPR [129]. This method
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provided low sensitivity which may be due to limited amount of phage immobilized on the gold
surface or due to the improper immobilization. To improve the sensitivity of the SPR based detection,
novel amplified detection probes using LAMP were employed. Nawattanapaiboon et al. used LAMP
amplified products conjugated with AuNps were used as the detection probes for MRSA bacterial
DNA. The detection was carried out using surface plasmon resonance of AuNps conjugates, before
and after hybridization with the target DNA [130]. The AuNps provide a larger surface area and more

number to bioreceptor sites as compared to gold thin films leading to better LOD.

Polymerase chain reaction (PCR) based sensing

Polymerase chain reaction (PCR) is used to amplify a single copy or a few copies of a segment
of DNA across several orders of magnitude, generating thousands to millions of copies of a
particular DNA sequence. In addition to its many applications in molecular biology, PCR plays a
critical role in the identification of medically important sequences and can be applied for developing
important diagnostic tools [131]. Weissleder and co-workers extracted bacterial RNA from the
clinical specimen as a target for detection [132]. The 16S rRNA region was amplified using an
asymmetric reverse transcription-PCR technique. For the detection of this target RNA sequence,
Magneto-DNA assay, a sandwich hybridization technique, consisting of two sensing probes was
employed. The first probe consisted of a single-stranded DNAs conjugated with polymeric
(polystyrene beads) microspheres, while the second probe contained magnetic nanoparticles
conjugated with the ssSDNA as detection probes. Later these probes were incubated with the target
genes, to form a sandwich complex and were confirmed by micro-NMR studies. Finally, the magneto-
DNA assay was used for the detection of mRNA of mecA gene, as well as for PVL gene of MRSA
strain. Rajamani et al. carried out detection of mecA gene using five clinical samples from different
sites using PCR [133]. They employed the disc diffusion method for testing susceptibility using the

methicillin strip to confirm the MRSA. After detecting MRSA, chia seed extract and silver
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nanoparticles were used for treatment of MRSA and chia seeds displayed better medicinal activity as

compared to silver nanoparticles.

Other techniques

Many different techniques were developed by researcher all around the world. One such technique
reported by Hiremath et al. to detect MRSA cells. They synthesized a custom-made lytic phage as
bioreceptor element of a biosensor for the detection by magneto-elastic (ME) strip [134], which
removes the need of any amplification and detects the whole MRSA cell. A ME strip was coated with
chromium, followed by a consecutive layer of gold, which was responsible for preventing corrosion
and better immobilization of phages on the surface. The immobilization of phages on ME strip was
an issue which can be overcome by modification of the capsid head of phage by specific functional
group that will go and bind to ME platform. After immobilization of phages, incubation with bovine
serum albumin (BSA) was carried out to block all unwanted binding sites. Finally, the prepared ME

strip was tested for MRSA detection and the LOD was observed at 3 log CFU'mL".

Optical fibre-based biosensor was fabricated for highly selective detection of PBP2a protein
detection. The signal produced by these sensors is proportional to concentration of the chemical or
biological element that interacts with the bioreceptor inside the fibres. The signals observed are in the
form of variations produced in refractive index. Utilizing this technique, Inzana and co-workers
fabricated a nano-scaled self-assembled film of antibodies complementary to protein2a (PBP2a),
inside an optical fibre made of the long-period grating (LPG) [135]. LPG was coated with a film poly-
allylamine hydrochloride and in poly-1-[p-(3'-carboxy-4'-hydroxyphenylazo) benzene sulfonamido-
1,2-ethandiyl (PCBS) with free carboxyl groups at the end. lonic self-assembled multilayer (ISAM)
of monoclonal antibodies (MAb) specific to PBP2a were deposited on the LPG. The detection was

carried out by recording attenuation of light transmitted through the optic fibre after exposure to
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MRSA. In this system, MRSA attenuated from 11.7-73.5% light transmitted through LPG tube,
whereas any attenuation below 6.3% was recognized as the minimum cut-off value for the sensor.
The problems of proposed optical fibre was hour long detection time, prone to interference producing

small unwanted signals and ISAM layers are not reusable and require to be coated after single use.

A novel technique for amplification of target gene sequence LAMP has been utilized. These
LAMP products act as a good bioreceptor, leading to increase in the sensitivity of sensor. Utilizing
LAMP products Kong and coworkers carried out the detection of Panton-Valentine Leukocidin
(PVL) gene using resistive pulse sensing (RPS) technique [136]. The amplified products were called
lamplicons which were incubated with two gold nanoparticle probes and coupled via biotin-avidin
coupling. These coupled particles were put in the RPS setup with a tunable pore membrane which
produced a measurable resistive pulse when the nano-assembly passed through the pore. This process
achieved a detection limit of as low as 530 copies of the DNA and the process is quantitative, was
completed in 2 hours. Lee and co-workers made a microfluidics based diagnostic assay with sensing
probes attached to magnetic beads in the microfluidic channel for the detection of target DNA from
MRSA bacterial strains [137]. The microfluidic system had an inbuilt system for hybridization and
amplifications of the final product. The hybridization of target DNA from clinical samples takes place
with the sensing probe, which is separated and transferred for the amplification of product using
LAMP technique. The final obtained LAMP products are quantitatively detected using spectroscopy.

This method achieved LOD at 10 fg'mL"', which was 1000 times higher than the conventional PCR.

The table (5) enlists LOD, detection time, technique used and nano-material used in the novel
systems developed for improving the output response. The systems using LAMP amplified products
or other oligonucleotide-based detection can be made compatible for the detection of whole bacterial
cells. This can be done by employing the appropriate biorecognition such as bacteriophage or other

cell specific aptamers, which would reduce the work required to be carried out for amplification and
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isolation of genes. Therefore, leading to direct detection of MRSA bacterial cells from the swabs

taken from patients to perform on spot detection.

Table 5 Novel techniques and methods developed for detection of MRSA using nanomaterials

30 mins
M to- 1 FU- MRSA
agneto Phage 3 log CFU 5 (immobilization |  [134]
elastic mL culture .
time)
10* CFU- Protein 2a
. 1 .
Optical fibre ISAM L (PBP2a) 50 mins [135]
530 copies of
2
RPS Gold DNA DNA 2 hours [136]
Micro fluidic Magnetic 10 fgrmL-1 DNA - [137]
system beads
Nano-collidal 2 CFU per
LFI- strip’ gold-based 100g pork mecA 3 mins [139]
assay product
Streptavidin-
LFB* coated 100 fg DNA mecA 85 mins [140]
polymer per reaction
nanoparticles
500 ng or 10*
ClearRead’ Gom and DNA mecA gene 30 mins [141]
Silver
molecules

Point-of-care devices as an alternative to laboratory tests have been providing enticing results
in theory and as a proof of concept at academic level [138]. One such paper-based devices that have

caught interest of the researchers is the lateral flow immunoassay technology. A novel nano-colloidal

L ISAM- lonic Self-assembled Multilayer

2 RPS- Resistive Pulse Sensing

3 LFI- Lateral Flow Immunoassay

4 LFB- Lateral Flow Biosensor

5 ClearRead- a point-of-care diagnostic system used to carry out genomic detection at clinical level.
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gold-based lateral flow immunoassay (LFI) strip was developed by Lu and co-workers to carry out
detection of mecA gene [139]. Firstly, PCR amplification of the mecA gene was carried out with help
of a pair of chemically labelled primers with fluorescein isothiocyanate (FITC). The conjugated
colloidal-AuNPs labelled with anti-FITC polyclonal antibody was sprayed onto (Lateral flow
immunoassay) LFI strip. Further, the amplified genes were used in a nano-colloidal gold-based assay
in the LFI strip for detecting the extracted DNA. The detection has to be carried out very precisely to
counter the issue of high precision which causes variations in the sensitivity even if a minor change
occurs in the volume of the sample introduced to the strip. These challenges were addressed by Wang
et al. and fabricated a reusable strip-based biosensor that could be used up to three times. The
disposable lateral flow biosensor (LFB) was employed by to carry out the detection of MRSA (mecA)
and S. aureus (nuc) bacterial strains [140]. They used multiple cross displacement amplification
(MCDA) to amplify the gene specific sensor probes which help to carryout highly specific and
selective detection. The LFB platform was modified with streptavidin-coated polymer nanoparticles
(SA-DNPs) as the dye indicator responsible for the crimson color. The crimson colored line on LFB
platform was observed when formation of complex between MCDA probes, SA-DNPs and the gene
indicating detection of desired gene. The method could not only detect but also differentiate between
the MRSA and S. aureus bacterial strains. The contamination from the previous results could be
removed using AUDG enzyme and dUTP. It took 85 minutes to obtain results and provided detection

limit of 100 fg DNA per reaction (in culture).

To compete with the emerging market of the next-gen diagnostics, LFI strips need to be
reproduceable, sensitive, ease of operation and should provide results at par with the clinical systems.
Further, efficiency the system can be improved by the addition of tailored nanomaterials such as

quantum dots and UCNs into strips leading to better fluorescent signals and increased sensitivity.
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Another novel point of care device was fabricated by Ramakrishnan et al. for the detection
of mecA gene in clinical samples [141]. The procedure was called ClearRead (Figure 6), a customized
colorimetric assay for detection of DNA molecules without any amplification. In this method,
oligonucleotides are bound to a solid matrix as well as conjugated with AuNps. The AuNps were
catalytically coated with silver resulting in a six-fold increase in the output signal while requiring
only about~500ng or 10® DNA molecules to detect target molecules such as mecA gene. This method
was developed for detection of specific genomic sequences in clinical samples utilizing
oligonucleotides and utilized light emitting diodes (LEDs) along with semiconductor sensor for
carrying out the detection. Detection of various genomic sequences could be carried out using

ClearRead at the clinical level.
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Fig 6. Schematic presentation of ClearRead procedure.

Conclusions and outlook

In the last two decades, methicillin-resistant Staphylococcus aureus has increased the burden on the
healthcare system globally, with a mortality ratio of 64% [142]. With the ever-increasing number of
MRSA (HA-MRSA and CA-MRSA) patients reported, the economic burden associated with the

management of antibiotic-resistant infections be becoming a challenging task. The management and
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treatment of HA-MRSA and CA-MRSA require skilled healthcare professionals and technicians to
perform microbiological assays and handling of sophisticated instruments, indirectly increasing the
cost. It has been estimated that the detection of MRSA cost around $34,000 million in the United

States and around €1500 million in Europe [143].

Despite the cost, automation and other advancements in conventional methods for detection
of MRSA are still time-consuming and labour intensive. The use of nanomaterials in conventional
colorimetric assays and as markers in PCR, help to enhance the sensitivity, specificity and selectivity.
However, even after subsequent improvements, response time remains an issue. Therefore, rapid and
accurate identification of MRSA is a prime concern for researchers. MRSA is no longer a medical
issue of any particular country instead, it has become a global challenge and If not detected precisely

on time is life-threatening with limited therapeutic choices.

To overcome this issue and for miniaturization of the sensing device, nanomaterial-based
detection techniques are fast emerging. These techniques provide promising response time and even
better selectivity and sensitivity towards MRSA biomarkers. Nanomaterials with promising optical,
electrochemical and mechanical properties have been used for the fabrication of biosensor devices.
Various electrochemical, fluorescence and mechanical based sensors have been fabricated for
detection of various MRSA biomarkers. Many of these techniques developed have also been
employed to detect MRSA in a clinical sample, presenting outstanding results. The colorimetric
nanomaterial-based MRSA sensors have also shown outstanding results and results can be observed
by unassisted eye, without the involvement of any complex instrumentation. Despite rapid advance
in nanomaterial-based biosensors technology, yet there is no commercial sensor available for MRSA
detection, due to few challenges still left to tackle. One such challenge faced is that many of the
biosensors developed still require amplification of genes or DNA, prior to their detection. The

reduction in time, selectivity and sensitivity are important characteristics that nanomaterial-based
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biosensors should possess. However, current nanomaterial-based sensors fail at pre-clinical and
clinical level due to inconsistent results. This can be accounted for the toxic effects that nanoparticles

or nanomaterial may have on the human skin or body in general.

In this review, we try to provide insight into the recent advances in detection techniques for
MRSA bacterial strains. Meanwhile, new biofunctionalized and biocompatible nanomaterials are
emerging which help in reducing the toxicity towards the human body. This provides a wide scope
and possibility for the application of nanomaterials for direct and on-spot detection of MRSA
infection with desirable accuracy and speed. These functionalized nanomaterials would also open up
a promising path for lab-on-a-chip and point-of-care devices and will aid in lowering secondary

infections, mortality rate and economic burden.
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CHAPTER THREE

A poly(acrylic acid)-modified copper-organic framework for electrochemical determination of
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Abstract

A copper(II) benzene-1,3,5-tricarboxylate (BTC) metal-organic framework (MOF) was
modified with polv(acrylic acid) (PAA) and then used in an electrochemical sensor for
vancomycin. The MOF, synthesized via a single-pot method, has enhanced solubility and
dispersibility in water as compared to HKUST-1 but without compromising its crystallinity
and porosity. The MOF was placed on a glassy carbon electrode (GCE) where it shows
enhanced electrocatalytic properties. This is assumed to be due to the presence of the
poly(acrylic acid) that forms a network between various HKUST-1 crystals through dimer
formation between the carboxy groups of BTC and PAA. This also led to better dispersion of
the MOF and to improved interaction between MOF and vancomvein. The structural, spectral
and electrochemical properties of the MOFs and their vancomyein complexes was
characterized. The modified GCE is shown to be a viable tool for electrochemical
determination (best at a working potential of 784 mV vs. Ag/AgCl) of the antibiotic
vancomycin in spiked urine and serum samples. Response is linear in the 1-500 nM
vancomycin concentration range, and the detection limit is 1 nM, with a relative standard

deviation of 14.3%.
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Abstract

A copper(Il) benzene-1,3,5-tricarboxylate (BTC) metal-organic framework (MOF) was modified
with poly(acrylic acid) (PAA) and then used in an electrochemical sensor for vancomycin. The MOF,
synthesized via a single-pot method, has enhanced solubility and dispersibility in water as compared
to HKUST-1 but without compromising its crystallinity and porosity. The MOF was placed on a
glassy carbon electrode (GCE) wheree it shows enhanced electrocatalytic properties. This is assumed
to be due to the presence of the poly(acrylic acid) that forms a network between various HKUST-1
crystals through dimer formation between the carboxy groups of BTC and PAA. This also led to
better dispersion of the MOF and to improved interaction between MOF and vancomycin. The
structural, spectral and electrochemical properties of the MOFs and their vancomycin complexes was
characterized. The modified GCE is shown to be a viable tool for electrochemical determination (best
at a working potential of 784 mV vs. Ag/AgCl) of the antibiotic vancomycin in spiked urine and
serum samples. Response is linear in the 1 - 500 nM vancomycin concentration range, and the

detection limit is 1 nM, with a relative standard deviation of £4.3%.

Keywords: cyclic voltammetry; electrical impedance spectroscopy; differential pulse voltammetry;

Methicillin resistant Staphylococcus aureus; drug delivery; redox active MOF.
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1. Introduction

Bacterial resistance to the largely accessible anti-microbial drugs poses one of the most significant
risk to human health and can cause tremendous healthcare and economic burden. Medications such
as penicillin and methicillin are commonly prescribed for anti-microbial therapy. However, after
certain period of administration, it was reported to result in an anti-microbial drugs resistance which
promoted the increased use of vancomycin [1]. Vancomycin is a glycopeptide antibiotic commonly
administered for the treatment of various gram-positive severe bacterial infections, especially
Staphylococcus aureus, Clostridium difficile and Staphylococcal enterocolitis. Vancomycin works
by inhibiting cell wall formation by combining with D-alanyl-D-alanine sequence of the bacterial cell
wall [2]. Vancomycin is traditionally viewed as a drug of *‘last resort’’, prescribed only when other
antibiotics fail. However, high vancomycin dose has revealed to cause several side-effects such as
common phlebitis, epidermal necrosis, nephrotoxicity, and neutropenia pathology related to
histamine release known as the red man syndrome, ototoxicity and thrombocytopenia [3]. Further,
lower exposure put patients at danger of therapy inability. Therefore, proper control of vancomycin
levels in a narrow range can minimize the side effects and increase the pharmacological response.

Therefore, screening and detection of vancomycin, both quantitatively and qualitatively, is essential.

Several conventional methods such as spectroscopy, spectrophotometry, chromatography,
immunoassay and capillary electrophoresis have been used to detect vancomycin in different matrices
[4]. However, earlier reported methodologies for the determination of vancomycin have a few
constraints. These techniques require large capital requirement for installation and instrumentation,
trained professionals and are time consuming. Therefore, to avoid such a financial burden and carry
out the rapid detection of vancomycin, nanomaterial-based detection techniques have been developed.
Nanomaterials such as graphene, CNT’s and carbon black [5] were used as electrode modifiers to
carry out vancomycin detection through electrochemical route and molecularly imprinted polymers
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were employed for detection via optical fibers [6]. These nanomaterials exhibited certain drawbacks
like lower selectivity in case of electrochemical route and complex preparation procedure in case of
the optical fiber. Therefore, it is important to develop a specific, easy and accessible method for

detection of vancomycin.

It is well known that electrochemical analytical approach has attracted interest due to its high
sensitivity, specificity and simplicity at an economical cost. Nowadays, with the rapid development
of sensing methods, great attention has been focused on the use of nanomaterials and electrochemical
methods [7-12]. In the present work, we focus on a novel class of materials, known as metal organic
frameworks (MOFs), which are nano-porous in nature. Many electrochemically active MOFs such as
Cu-MOF, Ni-MOF and Co-MOF have been used as electroactive signal probes, redox-active species
and electrocatalyst for detection of various analytes [13], but the limited solubility/dispersibility of
MOFs in water is still a hindrance. Hence, there is a requirement to overcome the dispersibility of
MOFs and further increase its electrical conductivity. Polyacrylic acid (PAA) is a polymer which is
generally employed to improve water solubility of materials and has also shown affinity towards
vancomycin [14]. Therefore, it is anticipated that addition of PAA to MOFs structure would result in

enhanced water dispersibility, conductivity and affinity towards vancomycin.

In this study, we synthesize a novel water dispersible MOF through hydrothermal route via a single
pot reaction. The synthesized MOF (P-HKUST-1) is modified from its parent MOF (HKUST-1) by
adding PAA into its structure. PAA was introduced in the reaction mixture during the synthesis of
HKUST-1. This leads to the formation of novel water soluble MOF, indicated as P-HKUST-1.
Finally, P-HKUST-1 based electrode was employed to carry out the detection of vancomycin and the
change in the redox peaks on addition of vancomycin was recorded. The practical applicability of the

method was investigated by detecting vancomycin in spiked urine and animal serum sample.
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2. Method

2.1 Chemicals, reagents and instrumentation

Copper nitrate trihydrate, 1,3,5- benzene tricarboxylic acid (BTC) and potassium chloride were
purchased from Merck, South Africa. Vancomycin hydrochloride (Vancocin HCI), polyacrylic acid
(PAA), dimethylformamide (DMF), potassium ferrocyanide and ethanol (95%) were purchased from
Sigma-Aldrich, South Africa (https://www.sigmaaldrich.com/south-africa.html). Potassium
ferricyanide was purchased from Saarchem
(https://www.merckgroup.com/en/locations.html?businessUnit-ALL,regions-

regions:africa,countries-ALL,page-0,filter-locations). Sodium dihydrogen orthophosphate dehydrate
(Merck, South Africa, https://www.sigmaaldrich.com/south-africa.html) and sodium phosphate
dibasic dehydrate (Sigma-Aldrich, Germany) were used to prepare 0.1 M phosphate buffer of
different pH to carry out pH study. Double distilled (DD) water was used throughout the experiment.
Field emission - scanning electron microscope (FE-SEM; ZEISS Ultra Plus, Germany), high
resolution-transmission electron microscopy (HR-TEM; JEOL 2100 HRTEM, Korea), X-ray
diffraction (XRD; PanAlytical Empyrean, Germany), Brunauer—Emmett—Teller (BET; Micromeritics
Tristar 11 3020 2.00, USA), UV spectrophotometer (UV-1800, Shimadzu, South Africa), Fourier
transform infrared spectroscopy (Bruker® Alpha-P ATR-FT-IR, Germany) and electrochemical
setup (CHI 660E, USA) consisting of a working electrode (glassy carbon electrode- 3 mm diameter,
part number: CHI104), a reference electrode (Ag/AgCl, part number: CHI111) and a counter

electrode (platinum wire, part number:115) were used in the study.

2.2 Synthesis of HKUST-1 and P-HKUST-1

HKUST-1 was synthesized according to the reported method without any modifications [15]. P-

HKUST-1 was synthesized in a single step method using copper nitrate, BTC and PAA. 1 g of copper
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nitrate was dissolved in 50 mL of ethanol. 0.35 g of BTC was dissolved in 25 mL DMF and 0.20 g
of PAA in 25 mL DD water. All the three prepared solutions were transferred to hydrothermal
autoclave (200 mL) and kept at 85 °C for 24 hours. The product was washed with DD water and then
with ethanol three times, was finally centrifuged at 3000 rpm and dried in oven at 70 °C for 24 hrs.

The final product (P-HKUST-1) was collected.

2.3 Preparation of complexes with vancomycin

Vancomycin (1 mg) and HKUST-1 (1 mg) were added to 1 mL of water and sonicated for 5 mins.
The complex obtained was filtered and washed subsequently with DD water and ethanol. It was kept
for drying in oven at 70 °C for 24 hrs. A similar procedure was followed to obtain P-HKUST-1 and
vancomycin complex. The complexes are represented as Van-HKUST-1 and Van-P-HKUST-1,
respectively. The formation of the complexes was confirmed by FTIR, XRD, and UV-spectroscopy

(details in supplementary information).

2.4 Preparation of electrode

To obtain a mirror-like finish on the glassy carbon electrode (GCE) surface, it was polished with
alumina powder (0.3 and 0.05 um). Further, GCE was rinsed with water and dried under infrared (IR)
lamp. 1 mg.mL" aliquots of HKUST-1, P-HKUST-1, Van-HKUST-1 and Van-P-HKUST-1 in DD
water were prepared. These aliquots were used to modify the electrode to carry out subsequent
electrochemical studies. The electrode was prepared by drop casting 5 uLL from the respective aliquots
of the samples onto the clean and dry GCE surface. The electrochemical studies were carried out in
2.5 mM potassium ferricyanide/ potassium ferrocyanide (Fe (CN)s ") as redox couple in 1 M KCI.
The potential window for recording the voltammograms was from 0.4 V to 1.0 V. Due to the presence

of free polymer chains in P-HKUST-1, multiple cycles were carried out until a constant current was
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obtained as shown in Fig. S1. Every reading was carried out in triplets and the average of each reading

was plotted in the voltammograms with their respective calibration plots.

2.5 Preparation of urine and serum samples

To check the feasibility of the diagnostic assay, the detection and determination of vancomycin was
carried out in an unknown human urine sample (obtained from a healthy lab personnel) followed by
serum sample. The unknown urine samples were diluted up to 10 times to reduce matrix effects. It
was further used for the detection of vancomycin using P-HKUST-1 modified electrode. The diluted
urine samples were spiked with 0 nM, 1 nM, 100 nM, 250 nM, and 500 nM vancomycin, which was
detected by addition of 1 mg P-HKUST-1 to each of the real sample. We are thankful to Dr. Thirumula
Govenders lab at University of KwaZulu-Natal, Westville, South Africa for the sheep blood serum
sample, which was used to carry out further studies. The sample was diluted 10 times to reduce the
matrix effects and the identical procedure as of the urine sample was followed to carry out detection

of vancomycin in the serum sample of different dilutions.

3. Results and discussion

3.1 Choice of material

The synthesis of water dispersible copper benzene tricarboxylic acid modified with polyacrylic acid
was carried out through hydrothermal route via a single pot reaction. The post synthetic modification
of HKUST-1 with PAA was not a feasible reaction and therefore, PAA was introduced in the reaction
mixture during the synthesis of HKUST-1 which leads to the formation of novel water soluble MOF,
indicated as P-HKUST-1. This was achieved by carboxylic acid dimer formation between BTC and
PAA. Additionally there were no changes in the crystalline structure of P-HKUST-1 from that of
HKUST-1. This shows that the intrinsic properties of HKUST-1 were preserved. Finally, the parent
and modified MOF were tested to detect vancomycin.
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In the preliminary computational studies carried out, it was seen that vancomycin readily forms
complex with HKUST-1. This can be due to the cationic groups present in vancomycin structure
which go and bind with the anionic groups of the MOF. The carboxylic acid groups in the linker
molecules in the MOF structure act as a promising site for vancomycin to form a complex. However,
in case of P-HKUST-1 it was anticipated that vancomycin would more readily form complex with P-
HKUST-1 and cause disruption in the electrochemical conductivity. This is because, of the
incorporation of PAA in addition to the linker groups. PAA is an anionic polymer which is generally
employed to improve water solubility of materials and has also shown affinity towards vancomycin
[16]. Further, the introduction of polyacrylic acid to HKUST-1 can also lead to chelation of PAA
with copper ions. The PAA acts as an electron donating ligand which helps in faster electron transfer
by aiding in reduction of copper ion cores and increase in conductivity and also prevents any possible
repulsions between the positively charged copper ions and vancomycin. Therefore, these can result
in the increase in the binding affinity of vancomycin to the P-HKUST-1, which further would lead to

better output response as compared to HKUST-1 for carrying out the detection of vancomycin.

Additionally, the synthesized P-HKUST-1 MOF offers more potential applications. Copper ions have
been reported to instantly kill the MRSA bacterial strains and because MOF acts as a reservoir of
copper ions it may be used to treat MRSA skin infections [17, 18]. PAA is FDA approved polymer
which helps reducing the toxicity levels of HKUST-1. Therefore, the modified MOF can be used for
treatment of MRSA bacterial skin infections. Additionally, the solubility also increases the ease of

conjugation of P-HKUST-1 biological entities, making it suitable for bio sensing application.

3.2 Detection mechanism

P-HKUST-1 was employed as a single shot assay which forms a complex with vancomycin and

provides an observable output response. The output was in the form of a decrease in the peak current
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where [Fe(CN)s]*™*~ was employed as the redox couple. Here, we take a 1 mg.mL™" aliquot of P-
HKUST-1 as the base (0 M vancomycin) or stock solution. To the above aliquot we add a known
concentration of vancomycin to the solution, after which the complex was centrifuged and collected.
This complex was then dispersed in 1 mL of DI water from which 5 pL was drop coated onto the
GCE. Finally, voltammograms for each complex formed were recorded for varying concentrations of
vancomycin. Further, the assay was also tested in different matrices and in presence of various
interfering agents. The aliquots were prepared in presence of different interferents in 1 mL DI water

and using 1 mL of biological matrices.

3.3 Electrochemical response of MOFs

The redox activity of HKUST-1 and P-HKUST-1 was carried out and compared at varying pH buffers
(4.0, 7.0, and 8.5) (at a scan rate of 0.1 V.s"). The electrochemical responses of the modified
electrodes and GCE were recorded and shown in Fig 1. The potential window from -0.8 V to 0.8 V
was used to carry out to check the redox activity of the MOFs. It can be seen that HKUST-1 had
almost no current capacitive current and had almost the equal current as the GCE. However, P-
HKUST-1 displayed capacitive currents as we moved towards the positive potentials. Further, it was
observed that P-HKUST-1 displayed higher peak currents as compared to HKUST-1 at all pH values
as shown in Figure 1 b, ¢, and d. The peaks O1 and O2 as shown in Fig. 1a represent the oxidation
of copper ion core from Cu(Il) to Cu(I) and finally to Cu. During the reverse scan a hump and peak
was observed (R1 and R2) showing the reduction of Cu to Cu(I) and then to Cu(Il). Additionally, it
was observed that highest peak currents were obtained at 4.0 pH and current keeps decreasing as the
pH was increased from 7.0 to 8.5. This can be attributed to the higher presence of anionic charge on
the electrode material. This leads to rapid electron flow due to faster diffusion of acidic ions towards

the electrode surface, resulting in higher peak currents.
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Fig. 1 (a) CV of P-HKUST-1 at different pH [4.0 (a), 7.0(b), 8.5(b)]. R1, R2 are the reduction peaks
and O1, O2 are the oxidation peaks of copper ion core of P-HKUST-1. (b) CV in 0.1 M phosphate
buffers at pH 4 of GCE (a), HKUST-1 (b) and P-HKUST-1 (¢) (¢) CV in 0.1 M phosphate buffers at
pH 7 of GCE (a), HKUST-1 (b) and P-HKUST-1 (¢) (d) CV in 0.1 M phosphate buffers at pH 8.5
of GCE (a), HKUST-1 (b) and P-HKUST-1 (c).

3.4 Performance of diagnostic assay

To carry out the detection of vancomycin, cyclic voltammograms of P-HKUST-1 and vancomycin
spiked P-HKUST-1 (Van-P-HKUST-1) were recorded. The cyclic voltammetry was carried out in
2.5 mM [Fe(CN)s]** in 1 M KCI and phosphate buffer in the ratio 1:1 as the redox couple and at a
scan rate of 0.1 Vs'. As seen in Fig. 2a, there was a significant decrease in the redox peak obtained
at Van-P-HKUST-1/GCE in comparison to P-HKUST-1/GCE. The decrease in the peak currents was
observed at Ep, = 0.784 V and E .= 0.724 V, which is the working potential of the electrode. This can

be attributed to vancomycin’s interaction with PAA and HKUST-1 crystals in P-HKUST-1’s
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structure, disrupting the electron flow and resulting in hindrance to the flow of electrons thus resulting
in lower redox peak currents. Further, optimization of the pH conditions was carried out using 2.5
mM [Fe(CN)s]** in 1 M KClI and phosphate buffer in the ratio 1:1 as the redox couple. The pH range
was varied from 5.0 to 8.5 and it was found that maximum current was obtained at 7.0 pH, as shown

in Fig. 2b. Hence, all further electrochemical studies were carried out at pH 7.0.

Further, Control studies were carried out to check if any interference caused by the active copper site
of P-HKUST-1. The studies were carried out in blank buffer solution of pH 7. There were no peaks
observed in the potential window 0.4 to 1.0 V (at scan rate, 0.1 V.s") which confirmed that no

interference in the redox reaction of [Fe(CN)s]* " redox couple occurred as shown in the Fig. 2c.
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Fig. 2 (a) Cyclic voltammograms in 2.5 mM [Fe(CN)s]**"in 1 M KCl at different modified electrodes
(i.e. (a) HKUST-1/GCE, (b) Van-HKUST-1/GCE, (c¢) P-HKUST-1/GCE, (d) Van-P-HKUST-
1/GCE) (b) pH plot for P-HKUST-1/GCE in 2.5 mM [Fe(CN)s]**"in 1 M KCI and phosphate buffer
in (1:1), with varying pH from 5.5 to 8.5 at a scan rate of 0.1 Vs™. [Inset- pH vs current (I,) plot] (¢)
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Control studies carried out for P-HKUST-1/GCE in pH 7 phosphate buffer at a scan rate of 0.1 V.s™
with three consecutive voltammograms.

To electrochemically determine the concentration of vancomycin, the assay was tested using 1
mg.mL"' of P-HKUST-1 in water. To the P-HKUST-1 solution, a known concentration of
vancomycin was added with stirring and subsequently electrochemical measurements were recorded.
The concentration of the drug was varied from 0.1 nM-1000 nM and cyclic voltammograms were
recorded in phosphate buffer (pH 7.0) containing 2.5 mM [Fe(CNg)]*™* and 1 M KCl at a scan rate of
0.1 V.s™', as shown in Fig. 3a. As expected, on increasing the concentration of vancomycin there was
a decrease in the redox peaks. A linear response was obtained in the concentration range 1 nM-500
nM. The calibration plot was plotted for the change in redox peaks with varying concentrations (Fig.

3b). The linear regression equation can be expressed as:
I, (10*A) = -0.02762+ 1.87551 [Van] (nM); R= 0.98349

The minimum limit of detectable concentration of vancomycin came out to be 1 nM with a relative
standard deviation of +4.27% and sensitivity equal to 496.429 pA-uM'-cm™2. The technique
displayed better response than other pre-existing work as shown in Table 1. The higher concentrations

were not detected because of the limited amount of binding or interaction sites available for

vancomycin.
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Fig. 3 (a) Cyclic voltammograms of 2.5 mM [Fe(CN)s]**"in 1 M KCI and phosphate buffer (0.1 M)
at pH of 7.0 using Van-P-HKUST-1/GCE (scan rate 0.1 V.s"') with varying concentration of
vancomycin from 0 nM to 500 nM, (b) calibration plot of [vancomycin] vs Ip. The readings were
carried out in triplicates and the standard deviation was calculated and the calibration plot was plotted

as the average the three readings.

Table 1 Comparison of other techniques with the proposed sensor for vancomycin determination

Method Technique LOD Matrices Reference
Electrochemical Square wave 0.20 mM Human serum 5
voltammetry
Optical Fibre Long period grating | 10 nM Urine 6
(LPG)
Spectrophotometri | UV spectroscopy 11 nM Pharmaceutical forms | 21
c
Cantilever differential 0.2 uM Serum 22
deflection
Fluorescence Fluorescence 0.15 nM Water and serum 23
quenching
Fluorescence Fluorescence 7.0 nM, 96.6 nM | Aqueous and serum 24
quenching
Nano-Molecularly | Surface plasmon 1.3 nM Milk 25
imprinted polymer | resonance
Electrochemical Cyclic voltammetry | 1 nM (lowest Urine and Serum This work
detected
concentration)

3.5 Selectivity studies

In order to test the selectivity of the novel MOF as an assay for vancomycin detection, interference

studies were carried out using 0.1 mM analogous drugs (ciprofloxacin and gentamicin) and 0.1 mM
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of ions (Na, Mg, K, SO4, Cl, HCOs3). These were incubated with an aliquot of Van-P-HKUST-1 (1
mg.mL") for 5 mins and were tested using cyclic voltammetry. In case of analogous drugs a
significant decrease in the current output was observed, which can be attributed to a few van-der-
walls interactions that occur with P-HKUST-1 and the drugs. The lowering of peak current was
observed from the initial value as compared to vancomycin in buffer. However, on introducing
vancomycin to the aliquot, further decrease in the peak current was observed and only 2.3% variation
from the original value at 500 nM was recorded. This signifies that the diagnostic assay was
responsive towards vancomycin even after the introduction of interferents. In addition no change in

the linear range and lowest detection concentration was observed.

In the presence of metal ions, it was observed that initial peak currents were not changed significantly.
However, as the vancomycin concentration was increased, the decrease in peak current was not as
prominent as the observed in buffer. This may be due to the presence of magnesium ions present
which decrease the binding affinity of vancomycin [19]. Due to the decrease in binding affinity, P-
HKUST-1s electron flow was higher, hence, resulting in higher peak currents (71.42% higher) at 500
nM concentration of vancomycin. The results of Van-P-HKUST-1/GCE in presence of the
interferents are shown in Fig. 4 a, b. Their corresponding calibration plots were plotted which are
available in the supplementary information (Fig. S12) and the lowest detectable concentration and
linear range for vancomycin was unchanged in the presence of the above mentioned interfering agents
(details in Table S2). Additionally, material was also checked as a potential sensor in the same
working window for various important biological entities and pollutants such as cystamine,
paracetamol, catechol, folic acid, glutamic acid and mercury. The modified electrode was tested via
cyclic voltammetry in presence of various other interfering agents individually. The electrolyte was
prepared in pH 7 buffer and 0.1 mM solution (ratio 9:1) of each interfering agent mentioned above as

shown in Fig. S13. The life time of P-HKUST-1 and Van-P-HKUST-1 was checked over a period of
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5 weeks. The modified electrode retained 97.2% of their original current peaks as shown in Fig. 4 c
and a relative standard deviation of 3.4% was achieved. However, the analytic response for both

electrodes started degrading after 6 weeks and did not provide similar redox peaks.
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Fig. 4 Cyclic voltammograms in 2.5 mM [Fe(CN)s]* ™" (1 M KCl, at 0.1 V.s -1 ) of Van-P-HKUST-
1 modified electrode in presence of (a) other drugs (ciprofloxacin and gentamicin). (b) Metal ions
such as (Na, Mg, K), with varying concentrations of vancomycin (0 nM, 1 nM, 100 nM, 250 nM, 500
nM) (c) Stability test for P-HKUST-1/GCE over the period of 5 weeks was also carried out.

3.6 Real Sample analysis

Therapeutic drug monitoring of vancomycin is essential to determine the dosage modification for
patients in hospitals. Patients are usually already weak; hence, urine is convenient to obtain, rather
than the invasive procedure of blood sampling. In addition, 75-80% vancomycin is excreted in its
pristine form after the first day of consumption in urine [20]. Therefore, urine can be used as a good
source to monitor the drug levels still present in the patient’s body. To carry out detection, urine
sample was diluted 10 times to reduce matrix effects, if any. The aliquots of 1 mg.mL"' of P-HKUST-
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1 were prepared in the human urine sample. These aliquots were spiked with known concentrations
of vancomycin and the current decreases with the increase in the concentration of vancomycin spiked.
The voltammograms of urine sample are shown (in Fig. 5 a) with concentration varying from 0 nM
to 500 nM. The corresponding calibration curve was plotted which is available in the supplementary
information (fig. S14) and the linear range of the method was unaltered in the urine sample with less

than 5% variations from the original buffer.

Similarly, the blood serum sample was diluted 10 times to reduce matrix effects. Aliquots of 1 mg/ml
of P-HKUST-1 in the serum samples were prepared. These aliquots were spiked with known
concentrations of vancomycin and the current decreases with the increase in the concentration of
vancomycin spiked. The decrease in the peak current values can be due to complex matrix of serum
which combines with the P-HKUST-1 structure reducing the electrocatalytic activity towards the
redox couple. This was seen as the initial peak currents at 0 M vancomycin concentration a much
lower as compared to buffer. The voltammograms for serum sample are shown (in Fig. 5 b) below
with concentration varying from 0 nM to 500 nM. Their corresponding calibration plots were plotted
which are available in the supplementary information and the linear range proposed method. The data
in Table S2 shows the values of lowest detected concentration, sensitivity, range and linear equations

for interfering agents and in biological matrices.

Finally, the proposed sensing technique has its limitations. The method uses P-HKUST-1 as a single
shot assay which can only be used once to carry out the detection of vancomycin. Thus, method
possesses no reversibility and the material cannot be regenerated. In the presence of biological
matrices and interfering agents, alterations in the output current values may occur. However, these
changes did not affect the detection of vancomycin and the lowest detectable concentration and linear

range remained the same.
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Fig. 5 (a) CV curves of P-HKUST-1 in 2.5 mM [Fe(CN)s]**7in 1 M KCl as the redox couple and
electrolyte (scan rate of 0.1 V.s™) at different concentration spikes of vancomycin in human urine
sample (0 nM, 1 nM, 100 nM, 250 nM, 500 nM) (b) CV curves in animal serum sample (Vancomycin
concentration: 0 nM, 1 nM, 100 nM, 250 nM, 500 nM).

4. Conclusions and Perspectives

In summary, we synthesize a polyacrylic acid modified HKUST-1 MOF as a diagnostic assay for the
electrochemical detection of vancomycin by cyclic voltammetry. The lowest detectable concentration
limit came out to 1 nM. The method had a few limitations which arise due to limitations in selectivity
and reversibility of the material. However, the MOF material still detected vancomycin in presence
of variety interfering agents without any change in the lowest detection concentration and linear
range. Finally, the modified MOF (P-HKUST-1) can have various applications. It can be used for
drug delivery of vancomycin which is shown to form complex with the drug. The inclusion of
polyacrylic acid lowers the toxicity of the parent MOF (HKUST-1) and also makes it water soluble
and easily dispersible. These parameters lead to further possibilities for the applicability of P-
HKUST-1 for bioconjugation and using it as a biosensor. Further, P-HKUST-1 can also be used for
the treatment of MRSA infections on skin. This is because of the vancomycin delivery and also
because P-HKUST-1 can act as a reservoir of copper metal ions which aid in ablation of MRSA

bacteria.
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CHAPTER FOUR

One pot synthesis of B-cyclodextrin modified silver nanoparticles for highly sensitive detection

of ciprofloxacin
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Abstract

This study emphases on electrochemical detection of ciprofloxacin in animal serum and runoff water
using silver nanoparticle modified B-cyclodextrin (Ag-B-CD) composite. The Ag-B-CD composite
was synthesized via hydrothermal route, which resulted in a high product yield. Morphological and
spectral characterizations of the Ag-B-CD composite was carried out. The Ag-B-CD composite was
used to detect ciprofloxacin by employing differential pulse voltammetry (DPV) and cyclic
voltammetry (CV). Ag-B-CD modified electrode displayed good specificity towards electro-oxidation
of ciprofloxacin. Further, the sensor gave the best response towards electro-oxidation of ciprofloxacin
near the human physiological pH of 7.5. A linear response was obtained between the concentration
range of 0.1 nM to 50 nM and limit of detection (LOD) at 0.028 nM. The result of the LOD showed
a high sensitivity of 26,697.312 nA mM™' cm™? towards ciprofloxacin. The current work has a
rationally synthesized and characterized nanocomposite with very high potential of rapid and
sensitive detection of ciprofloxacin in spiked animal blood serum and domestic run off water samples.
High sensitivity and low LOD results illustrate good practicability for detection of ciprofloxacin in

the near future.

Keywords: silver nanoparticles; B-cyclodextrin; ciprofloxacin; cyclic voltammetry; differential pulse

voltammetry; electrochemical detection.
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1. Introduction

Ciprofloxacin is a third generation quinolone, which is widely used in clinical management against
of bacterial infections and works by terminating the growth of bacteria. It has a wide range of
applicability for the treatment of bacterial infections in humans, poultry breed and livestock [1-4]. It
is prescribed more frequently for bacterial treatment in both humans and animals; as a result, it
develops resistance against therapy. The frequent use of ciprofloxacin in humans or animals, result
in excess amount of ciprofloxacin in environment (water) in an excreted form. As a result, it disturbs
the ecological environmental system and human health. This can also cause various side-effects to
patients on ciprofloxacin therapy or even healthy people due to improper monitoring. To avoid the
toxicities in both human and animals, there is a need to determine the quantitative analysis of

ciprofloxacin for regular monitoring.

Various conventional and non-conventional methods have been used to detect ciprofloxacin in
different matrices, which include spectroscopy, capillary electrophoresis, liquid chromatography-
mass spectroscopy, immunoassay, spectrofluorimetry, high performance liquid chromatography and
electrochemical methods [5-12]. Electrochemical techniques such as impedance spectroscopy and
voltammetry provide rapid results with high sensitivity and low operational machinery cost. For the
detection of ciprofloxacin via electrochemical route, many nanomaterials and other composite
materials have been used such as CNT’s, porous nafion, polyaniline, metal oxide nanoparticles,
graphene and B-cyclodextrin [13-17]. The use of nanomaterial and nanocomposite material provides
higher surface area for the electrons to transfer and the analyte to undergo oxidation or reduction

more effectively.

In the present study, we use B-cyclodextrin modified with silver nanoparticles to carry out the

detection of ciprofloxacin. f-cyclodextrin is a cyclic oligosaccharides with 7 B (1-4)-glucopyranose
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units. These have been extensively used for sensing and drug delivery purposes because of their
ability to encapsulate and attract the hydrophobic molecules into its cavity, providing effective
interaction sites for the analyte molecules. In previous studies, B-cyclodextrin has been modified with
nanomaterials (such as silver nanoparticles and graphene) to carry out optical, fluorescence and
electrochemical detection of various analytes [18, 19]. Here, we present a new method for the
preparation of silver modified p-cyclodextrin (Ag-B-CD) composite using hydrothermal synthesis
route. This method helps to avoid the complicated chemical modifications, which required to
conjugating the nanoparticles in B-cyclodextrin and also providing a very high yield. This Ag-B-CD
complex was used to carry out the detection of ciprofloxacin. B-cyclodextrin provids a cavity for the
drug molecule to come and selectively get trapped and finally undergo the redox reaction. Further,
silver nanoparticles help in increasing conductivity of the composite and in turn increasing the
sensitivity of the sensing platform. Finally, to check the practical applicability of Ag-B-CD composite
modified electrode, ciprofloxacin was detected in spiked domestic run off waste water and animal

(sheep) serum sample.

2. Method

2.1 Chemicals, reagents and instrumentation

Sodium dihydrogen orthophosphate dehydrate and silver nitrate were ordered from Merck, South
Africa. B-cyclodextrin, Ibuprofen, ciprofloxacin, potassium ferrocyanide, norfloxacin and methanol
were obtained from Sigma-Aldrich, South Africa. De-ionized (DI) water was used for making all
solutions and washing purposes. Sodium phosphate dibasic dehydrate was bought from Sigma-
Aldrich (Germany) and potassium ferricyanide was obtained from Saarchem (Merck, South Africa).
Field emission - scanning electron microscope (FE-SEM; ZEISS Ultra Plus, Germany), high

resolution-transmission electron microscopy (HR-TEM; JEOL 2100 HRTEM, Korea), Brunauer—
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Emmett-Teller (BET; Micromeritics Tristar II 3020 2.00, USA). The X-ray diffraction patterns
(XRD) were recorded by a Bruker D2 diffractometer at 40 kV and 50 mA with measurement angle
20 varying from 5°—90° with a scan speed of 0.01° 20 s '. Additionally, Co K alpha radiation (1 =
1.7902 A®) was used as secondary graphite monochromated radiation. 1 H NMR spectra were
recorded in DMSO-ds ('H: 2.50 ppm) as solvent using Bruker AV 400 MHz spectrometers.
Parameters such as chemical shift and coupling constants were recorded in ppm and Hz respectively,
UV spectrophotometer (UV-1800, Shimadzu, South Africa), Fourier transform infrared spectroscopy
(Bruker® Alpha-P ATR-FT-IR, Germany) and electrochemical setup (CHI 660E, USA) consisting
of a working electrode (glassy carbon electrode- 3 mm diameter), a reference electrode (Ag/AgCl)

and a counter electrode (platinum wire) were used in the study

2.2 Synthesis of p-cyclodextrin modified silver nanoparticle composite

A very simple route was employed to synthesize B-cyclodextrin modified silver nanoparticle
composite. 0.3 g of silver nitrate, 1.1 g of B-cyclodextrin was dispersed and 0.1 g of ibuprofen was
dissolved in 10 mL methanol and transferred to a 200 mL autoclave. The autoclave was then put in
the oven for four days at 160 °C. Finally the autoclave was taken out of oven and cooled to room
temperature. Then, the material was centrifuged at 3000 rpm and washed with water and methanol,
after that dried at 70 °C for 24 hours, prepared composite (Ag-B-CD) was collected and stored. In
addition, this reaction was also carried out sequentially in water (w) and methanol: water (mw) (1:1)
solvents, at the same experimental condition. Finally, the products obtained were washed and dried
at 70 °C for 24 hours. These products were labeled as Ag-f-CD (w) and Ag-B-CD (mw) in accordance

with their solvents.

2.3 Preparation of electrode
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To prepare the electrode for electrochemical measurements, initially the glassy carbon electrode
(GCE) was cleaned on the cleaning pad with alumina powder (0.3 and 0.05 um). After cleaning, GCE
was rinsed with water and till a mirror like shine was obtained on the surface. 1 mg mL™ aliquots of
Ag-B-CD composite in DI water were prepared. The GCE was drop-coated with 5 pL of Ag-B-CD
composite and kept under the IR lamp for drying for 20 mins. The modified electrode was labelled as

Ag-B-CD/GCE and was used to carry out further electrochemical studies.

2.4 Preparation of serum sample and waste water sample

We are thankful to Dr. Thirumula Govenders lab at University of KwaZulu-Natal, Westville, South
Africa for the sheep blood serum sample, which was used to carry out further studies. To check the
feasibility of the modified electrode, detection and quantitative determination of ciprofloxacin was
carried out in an unknown serum sample. The unknown serum samples were diluted up to 10 times
to reduce matrix effects and was then used for the detection of ciprofloxacin using Ag-B-CD
composite modified electrode. The diluted serum samples were spiked with 0 nM, 0.1 nM, 20 nM,
40 nM, and 50 nM ciprofloxacin and differential pulse voltammetry (DPV) was carried out. Further,
detection of ciprofloxacin was also carried out in domestic run-off water from a local home. The
water samples were collected and spiked with 0 nM, 0.1 nM, 20 nM, 40 nM, and 50 nM ciprofloxacin
and cyclic voltammetry (CV) was carried out. Interfering studies to check the specificity of electrode
towards ciprofloxacin were also carried out in presence of various metal ions and organic impurities

to check the feasibility of the proposed sensors in presence of other interferents.

3. Results and Discussion

3.1 Choice of material

In this study, we use the hydrothermal route to prepare the Ag-f-CD nanocomposite. Previously, Ag-

B-CD composite had been synthesized via chemical modification using thiol bonds [18]. This route
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was employed because of the various advantages it provides such as facile technique, easy handling,
higher yield (~80.42%), single pot synthesis and better temperature control. The synthesis was carried
out in methanol and water as the solvents and a template molecule (IBF) to check its effect on the
morphology of the composite. The presence of template molecule did not have any effect on the
morphologies of any composites prepared. However, on changing the solvents it was observed that
there was a change in the morphologies of the composites. In case of Ag-B-CD, it was observed that
silver nanoparticles were incorporated into the B-cyclodextrin sheets and furthermore, decorated with
silver nanoparticles were obtained. This composite illustrated good electro-conductivity and similar
morphological characteristics of silver nanoparticles to the previously reported methods. However,
on introduction of water into the solvent system it was seen that low electro-conductive composites
(Ag-B-CD (w), Ag-B-CD (mw)) were obtained. This can be a result of coating of B-cyclodextrin over
the silver nanoparticles, leading to poor conductivity. Therefore, Ag-B-CD was employed to study

the electrochemical detection of ciprofloxacin.

B-cyclodextrin was chosen for detection of ciprofloxacin because of its inherent quality to form
complexes with various guest molecules which is attributed to the hydrophobic internal cavity along
with the hydrophilic exterior [20]. Therefore, B-cyclodextrin provides high specificity towards the
detection of ciprofloxacin by providing a suitable site for the drug to rest and undergo oxidation.
Incorporation of silver nanoparticles with B-cyclodextrin leads to increase in electrochemical
conductivity and hence increasing the sensitivity of the composite sensing material. This composite
also has a potential as a drug carrier for drug delivery purposes due to the low toxicity levels of
cyclodextrin and silver nanoparticles. Additionally, the hydrophobic cavities provide a site where the

drug can be stored and slow and controlled release can be achieved [21].

3.2 Characterization of p-cyclodextrin modified silver nanoparticle composite
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The synthesis procedure lead to the modification of B-CD with silver nanoparticles via the
modification of —OH bonds of cyclodextrin molecules. Silver nanoparticles act as metal precursor to
initialize the assembly with B-cyclodextrin for the formation of the composite. "H NMR spectrum of
B-cyclodextrin and Ag-B-CD was performed in DMSO-d¢ solvent. Overlapping image of those
spectra (Fig. 1) shows that there were significant deviations in chemical shifts of hydroxyl protons
only. These deviations in chemical shift value indicate the role of hydroxyl proton in the Ag-B-CD
formation. Magnitude of change in chemical shifts occurs in "H NMR spectra is consequences of
shielding or deshielding effect exert by Ag on O-H proton in Ag-B-CD composite. Shifting of primary
hydroxyl proton (7-OH) 4.45 ppm to 4.43 ppm (9.8 Hz), similarly two secondary hydroxyl proton
shifted 5.72 ppm to 5.70 ppm (6.2 Hz) and 5.67 ppm to 5.66 ppm (4.2 Hz). All these findings from
"H NMR spectrum are in favor of formation of Ag-B-CD architecture. It was also observed that there
were no traces of the template molecule found in final product obtained. However, there was no
change in the morphology of final product observed when the template was added or not to the

autoclave.
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Fig. 1. (a) 'H NMR spectra’s of Ibuprofen, B-cyclodextrin and silver nanoparticles modified B-
cyclodextrin (Ag-B-CD). (b) NMR showing the peak shifts that occur in the B-cyclodextrin structure

at the —OH functional groups.

To confirm the chemical composition, FTIR spectrum (Fig. 2a) was evaluated and changes were
observed after the addition of silver nanoparticles to the B-cyclodextrin molecule. A wide peak at
3284 cm™ is due to O-H stretch and a peak at 2922 cm™ is observed due to C-H symmetric/asymmetric

stretch. An additional peak at 1642 cm™ is due to the deformation bands of water (H-O-H) present in
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B-cyclodextrin molecule. Further, peaks at 1151 cm™, 1021 cm™ indicate the overtone stretching of
C-H bond and C-O stretching respectively [22]. Further, FTIR spectra (Fig. 2b) comparing the peaks
of Ag-B-CD, Ag-B-CD (w) and Ag-B-CD (mw) shows the diminishing of peaks at 3284 cm™, 1151
cm” and 1021 cm™. This can be attributed to the coating of B-cyclodextrin on silver nanoparticles
which blocks the —OH and C-O groups. No deformation band due to water molecules (H-O-H) are
observed at 1642 cm™. This may be due to silver nanoparticles occupying the cavities of B-

cyclodextrin.

UV-spectroscopy was carried out to check the optical properties of the prepared composites. As seen
in Fig. 2c, Ag-B-CD shows characteristic peak at 421 nm, which confirms the presence of silver
nanoparticles in the composite [23]. Further, Fig. 2d shows, Ag-B-CD (mw) has a band edge around
450 nm which is a characteristic peak for silver nanoparticles. However, in case of Ag-p-CD (w), no
absorbance peak was observed. This is due to silver nanoparticles being completely coated with -

cyclodextrin molecules.
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Fig. 2. (a) FTIR spectrum of B-cyclodextrin and Ag-B-CD. (b) FTIR of a) Ag-B-CD (w), b) Ag-B-CD
(mw) and c) Ag-B-CD. (c) UV-absorbance curve of Ag-B-CD in water. (d) UV-absorbance curves of
a) Ag-B-CD (w), b) Ag-B-CD (mw) and ¢) Ag-B-CD in water (1 mg.mL™).

Further, the morphological studies were carried out using FE-SEM and HR-TEM imaging. From the
FE-SEM images for Ag-B-CD (Fig. 3a), it can be concluded that rectangular plates decorated with
silver nanoparticles were formed. Elemental analysis from EDX depicted that only carbon (29.78%),
silver (38.48%) and oxygen (31.74%) were present in the composite material as seen in Fig. 3b. The
elemental mapping of the composite demonstrated that silver nanoparticles were also incorporated in
the rectangular plates formed as seen in Fig. 3c. Further, HR-TEM images also displayed silver
nanoparticles with rectangular plates (Fig. 3 d, e), which is similar to morphological characteristics

as seen in FE-SEM.

BET analysis was carried out to find the pore size and surface area of the composites formed. The
BET surface area came out be 3.2974 m? g”' with an average pore size of 377.951 A and the isotherm
obtained was similar to that of mesoporous materials as seen in Fig. 3f. Further, XRD analysis of the
prepared composite confirm the presence of silver nanoparticles. Fig. 3g shows the peaks (20) at
37.94, 44.04, 64.2 and 77.14 with their corresponding planes as (111), (200), (220) and (311)
respectively [23]. Further, a few small peaks from 10 to 35 degree can be attributed to the B-

cyclodextrin present in the complex [24].
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Fig. 3. (a) FE-SEM image of Ag-B-CD. (b) EDX analysis of Ag-B-CD. (c¢) Elemental mapping of Ag-
B-CD composite showing equal distribution of silver nanoparticles on B-cyclodextrin sheets. (d) HR-
TEM analysis of Ag-B-CD at 100 nm, with silver nanoparticles. (¢) HR-TEM at 2 um showing the
sheets and silver nanoparticles separately. (f) N, adsorption and desorption isotherms obtained from
BET analysis of Ag-B-CD. (g) XRD of Ag-B-CD with characteristic peaks of silver nanoparticles and
B-cyclodextrin.

3.3 Electrochemical characterization

The composite modified electrode was electrochemically characterized using cyclic voltammetry,
which was carried out in 2.5 mM [Fe(CN)s]** in 1 M KCl as the electrolyte. The effective surface

area of the modified electrode was calculated using Randles-Sevcik [25] equation:

I, = 269 x 105AvD(Vn) Vo Cq

where Cy is the concentration in mol.cm™, “I,”is the peak current (Amp), “A” is the surface area of
the electrode in cm”, “n” is the number of electrons transferred (for K3[Fe(CN)s], n=1) , “D” is the
diffusion coefficient (7.60x10° cm?®.s™' for K3[Fe(CN)s]) and “v” is the scan rate (V.s '). The slope
of plot I, vs v' in Fig. 4a [Inset] was used to calculate the effective surface area. The effective
surface areas for GCE and Ag-B-CD /GCE were found to be 0.03808 cm” and 0.04787 cm?,
respectively. High effective surface area of Ag-B-CD composite is anticipated to be one of the cause
for higher peak currents. Additionally, charge transfer kinetics of the modified electrode were studied
using electrochemical impedance spectroscopic (EIS) as seen in Fig. 4b. The frequency range was
selected between 1 to 10° Hz and initial potential was set to 0.206 V. The obtained data is represented
as Nyquist Plot in the form of Randles equivalent circuit. The values of the components of circuit are
mentioned in Table 1 which are double layer capacitance (Cg), charge transfer resistance (Rei),
warburg impedance (W) and the resistance of the solution (Rs). Lower R value of composite depicts

that better charge transfer takes place with the modified electrode as compared to the GCE.
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Fig. 4. (a) Scan rate studies of Ag-B-CD /GCE from (0.01 to 0.10 V s™) carried out in 2.5 mM
[Fe(CN)s]**in 1 M KCl, Inset- calibration plot for anodic peak current vs root of scan rate. (b) EIS
spectra in 2.5 mM [Fe(CN)s]**7in 1 M KCI at GCE, Ag-B-CD/GCE. Inset- Randles equivanlent
circuit model.

Table 1 Components of randles equivalent circuit for GCE and Ag-B-CD/GCE

Material R (Q) R (Q) Ca(Fgh W (Qs1?)
GCE 23.1 240.9 4788 ¢’ 0.0002632
Ag-B-CD/GCE 21.2 131.3 5.659 ¢’ 0.0002245

3.4 Electrochemical detection of ciprofloxacin

The detection of ciprofloxacin was carried out using cyclic voltammetry and differential pulse
voltammetry using the composite modified electrode. Cyclic voltammetry measurements were carried
out with 0.1 mM ciprofloxacin in 0.1 mM phosphate buffer (pH 7.0). The modified electrode provided
substantial increase in the peak current due to high electro-catalytic activity towards electro-oxidation
of ciprofloxacin as seen in Fig. 5a. This can be attributed to the faster electron transfer due to the
silver nanoparticles and simultaneously hydrophobic sites of B-cyclodextrin are favorable for
ciprofloxacin oxidation. The drug undergoes an irreversible reaction, which is seen in the
voltammogram (Fig. 5a), as only anodic peak at the potential of 1.532 V is seen. In addition, Ag-p-

CD/GCE show high sensitivity towards ciprofloxacin as compared to the GCE due to higher current
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density obtained (Fig. 5b). Hence, making it a good candidate for carrying out electrochemical

detection of ciprofloxacin.

Further, to study the reaction taking place at the electrode interface, scan rate studies were carried
out. Cyclic voltammograms were recorded at varying scan rates from 0.01 to 0.1 V.s' (Fig. 5¢). The
linear relation between scan rate and anodic peak currents was obtained (Fig. 5d), depicting that

adsorption controlled reaction took place at the electrode interface.

The effect of pH on the anodic current was also studied to check the most appropriate pH for the
sensor to work. The studies were carried out via differential pulse voltammetry in phosphate buffer
(0.1 M) (ranging from 5.0 to 8.0) in 0.1 mM ciprofloxacin as seen in voltammograms in Fig. Se. A

linear relation between Ep vs pH (Fig. 5f) was obtained as

Ep=1.265-0.054 pH

The values of slope is close to the nernstian value of 0.059 V/pH at 25 °C, which depicts that equal
number of electrons and protons are involved during the electro-oxidation of ciprofloxacin. A
potential shift from positive (1.4 V) to negative (1.3 V) can be attributed to proton-coupled electron
transfer taking place at the electrode interface. Finally, 7.5 pH was the optimum for the reaction and

was used for further studies.
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Fig. 5. (a) Cyclic voltammograms in 0.1 mM ciprofloxacin in 0.1 M phosphate buffer (pH 7.0) at
different modified electrodes (i.e. GCE, Ag-B-CD/GCE) Scan rate = 0.1 V.s™. (b) Cyclic
voltammograms between current density vs potential, showing the high sensitivity of electrode
towards electrooxidation of ciprofloxacin. (c¢) Scan rate studies at Ag-f-CD/GCE in 0.1 mM
ciprofloxacin+0.1 M phosphate buffer (pH 7.0) by varying scan rates from 0.01 V.s" to 0.1 V.s™. (d)
Calibration plot of scan rate vs current plotted for the scan rate studies in ciprofloxacin. () pH studies
in 0.1 mM ciprofloxacin in 0.1 M phosphate buffer at Ag-B-CD/GCE with varying pH, at scan rate =
0.1 V.s™. (f) pH vs current vs potential plot for variations in potentials and peak currents in different
pH buffers.

3.5 Analytical performance

DPV was used to check the analytical performance of the modified electrode for detection of
ciprofloxacin. The oxidation peak for ciprofloxacin was obtained at the potential of 1.308 V.
Composite modified electrode provided a linear relationship between concentrations of ciprofloxacin
and peak current between the ranges of 0.1 nM to 50 nM as shown in Fig. 6a. The linear regression

equation is expressed as:
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I, (10°A) = 1.44384e” + 1.27802¢™ [ciprofloxacin] (nM); R= 0.97863

The LOD for the fabricated sensing electrode was calculated using the calibration plot from Fig. 6b,
which came out to be 0.028 nM (using the relations 3S/N= 0.028+0.0083 nM) with high sensitivity
0f26,697.312 uA mM ' ecm™. The present work provided lower LOD as compared to previous sensing

methods as listed in Table 2.

Table 2 Comparison of previous modified electrodes for detection of ciprofloxacin

Modified Technique LOD Matrices References
Electrode
MWCNT Chronoamperometry | 6 uM Urine and serum | 13
samples.
porous-Nafion- DPV 0.005 uM Natural waters | 14
MWCNT/BDD and wastewater
effluents.
MgFe204 CvV 0.01 uM Human urine, 15
Nanoparticles/
MWCNTSs Plasma, tablet.
B-cyclodextrin and | DPV 0.01 uM Pharmaceutical 16
l-arginine modified formulations and
carbon paste human serum
electrode samples.
Silver nanoparticle | DPV 0.000028 pM | Animal  Serum | This work.
modified B- and  Domestic
cyclodextrin/GCE run-off water.

Further, the capability of the sensor was tested in presence of various interfering agents. Interfering
agents that were tested were cystamine, norfloxacin, L-glutamic acid, folic acid and metal ions (Na”,
Mg** and K'). Other possible interferences from compounds commonly occurring in our

physiological systems such as ascorbic acid, lactose, uric acid and dopamine would have no effect.
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This is because these compound do not oxidize in the chosen potential window. DPV was carried out
to check the interference caused by respective interfering agents to the ciprofloxacin response. For
this, 1 mM solution of each interfering agent was added to the ciprofloxacin (0.1 mM) solution in
phosphate buffer (0.1 M). Fig. 6¢ shows less than 2.4% deviation was observed, this indicated the
high specificity of Ag-B-CD/GCE towards ciprofloxacin. The stability of proposed electrode was
tested at the interval of 24 hours using DPV with ciprofloxacin (0.1 mM) in phosphate buffer (0.1
M). The peak current response was stable for four days (Fig. 6d), however, on the fifth day a decrease
in the output peak current was observed. This may be due to the adsorption based detection of

ciprofloxacin which blocked the active sites for ciprofloxacin to oxidize.

For practical application of the sensor, Ag-B-CD/GCE was used to detect ciprofloxacin in domestic
run off waste water and animal serum samples. Both the samples were diluted 10 times to reduce any
matrix effects that may be caused during the detection of ciprofloxacin. Firstly, DPV was used to
carry out the detection of ciprofloxacin in spiked serum sample. Voltammograms in Fig. 6e shows
the increase in oxidation peak currents on increasing the concentration of ciprofloxacin in the animal
serum sample. Further, cyclic voltammetry (scan rate = 0.1 V.s™) was used to carry out the detection
of the drug in run-off water. On increasing ciprofloxacin concentration, an increase in the oxidation
peak currents is observed as seen in Fig. 6g. Calibration plots for the real samples were plotted and a
linear relation was obtained (Fig. 6f, h). Therefore, Ag-B-CD/GCE electrode has the potential of

carrying out detection of ciprofloxacin in biological matrices as well as environmental samples.
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Fig. 6. (a) DPV in 0.1 M phosphate buffer (pH 7.5) at Ag-B-CD/GCE at varying concentration of
ciprofloxacin from 0.1 nM [a] to 50 nM [i]. (b) Calibration plot of [ciprofloxacin] vs peak currents.
(c) DPV at Ag-B-CD/GCE in 0.1 mM ciprofloxacin in 0.1 M phosphate buffer (pH 7.5), by adding (1
mL of 1 mM) each interfering agent separately and DPVs are recorded. (d) Stability of Ag-p-CD/GCE
to 0.1 mM ciprofloxacin in 0.1 M phosphate buffer (pH 7.5) by DPV for four days. (¢) DPV curve of
Ag-B-CD/GCE in animal serum sample spiked with increasing concentrations of ciprofloxacin from
a to e. (f) Calibration plot for [ciprofloxacin] vs peak currents in serum sample. (g) CV curve of run-
off water sample spiked with increasing concentrations of ciprofloxacin from a to e. (h) Calibration
plot for [ciprofloxacin] vs peak currents in run-off water sample.

4. Conclusion

In summary, novel method for the synthesis of Ag-B-CD with high yield (~80%) was developed. This
synthesized composite was successfully applied to carry out highly sensitive detection of
ciprofloxacin at a favorable pH for physiological samples. A lower LOD (0.028 nM) as compared to
previous electrochemical methods was achieved with a linear response from 0.1 nM to 50 nM.
Additionally, the composite also provided high sensitivity of 26,697.312 pA mM ' ¢cm™ and good
specificity towards ciprofloxacin. The composite modified electrode was successful in detecting the
drug in run-off water and animal serum sample. Further, changes in the solvent provided different
colored Ag-B-CD composites, which can be applied for colorimetric detection or even for drug
delivery purposes. Additionally, the synthesis technique can also be used to modify B-CD with
various other metal nanoparticles to form novel nanocomposite for a variety of applications such as

in electrochemistry, drug delivery and optical sensors.
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CHAPTER FIVE

A novel porous nanocomposite of vancomycin@Cu-p-CD-GO for sensitive electrochemical

detection and inactivation of Methicillin-resistant Staphylococcus aureus
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Abstract

A novel porous nanocomposite was synthesized via hydrothermal route using copper salt, B-
cyclodextrin, and graphene oxide (Cu-B-CD-GO) as its precurors. The novel porous nanocomposite
possessed features like large Brunauer—Emmett—Teller (BET) surface area (76.8309 m? g™') and good
electrochemical conductivity. Thus it could be used as an efficient electrode modifier for carrying out
electrochemical studies. The composite was functionalized with vancomycin (Van) for detection of
Methicillin-resistant Staphylococcus aureus (MRSA). Differential pulse voltammetry (DPV) was used to
carry out the electrochemical detection of MRSA and achieved a very low limit of detection (LOD) 5 CFU
mL" with good sensitivity. The Van conjugation with the composite not only acted as a capture probe
for bacteria but also provided good antibacterial activity against MRSA. The Van conjugated
composite (Van-Cu-B-CD-GO) provided low minimum inhibitory concentration (MIC) value of 1.93
pug mL™". Due to good sensitivity and low MIC value, this novel porous nanocomposite (Van-Cu-f-

CD-GO) provides an excellent platform for theranostic approach for MRSA.

Keywords: copper nanoparticles; graphene oxide; B-cyclodextrin; electrochemical detection;

methicillin-resistant S. aureus (MRSA); vancomycin; antibacterial.
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1. Introduction

Over the past few years, infection of Staphylococcus aureus (S. aureus) has been one of the most prevalent
communicable diseases in hospitals and health care facilities. It causes various diseases in humans, from
mild skin infections to fatal sepsis that leads to organ failure in multiple cases." More specifically,
methicillin-resistant S. aureus (MRSA) is resistant to most of the available drugs of class penicillin and
B-lactam.” These MRSA bacteria are clinically responsible for several cases of morbidity and mortality due
to their environmental tolerance, antimicrobial resistance, and potential outbreak.’> The probability of
MRSA pathogens can be significantly reduced if they can be diagnosed and treated at an early stage.
Therefore, a new technique for the rapid and early diagnosis of MRSA is urgently needed to limit the spread

of these infections and minimize the expenditure of public resources on unsuccessful therapies.

Several detection techniques have been previously employed to detect MRSA like fluorescence, culturing,
electrochemical, polymerase chain reaction, and many others have been developed.® Nevertheless, these
procedures can be further improved and more effective detection methods and novel nanomaterials can be
synthesized to improve the efficiency of the existing methods. Therefore, the development of novel
materials and techniques has been a research interest for scientists. However, a method that can detect and
simultaneously kill the bacteria have not been explored extensively. Theranostic approach based
nanomaterials would tackle the limitations of both detection and treatment and consequently will also

reduce the economic burden.

B-cyclodextrin (B-CD) has been explored in the field of drug delivery and electrochemical sensing due to
low toxicity and its ability to form host-guest assembly with a variety of organic and inorganic materials.>
" However, B-CD being an organic molecule exhibits low electro-conductivity. Therefore it needs to be
supported with some other conducting material to achieve good response. Therefore, various

electrochemical sensors have been fabricated by modifying B-CD with graphene oxide, metal
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nanoparticles, and metal oxide nanoparticles. Graphene oxide is a two-dimensional nanomaterial which
shows high electro-conductivity. Further, graphene and graphene oxide based composite have shown good

electro-catalytic performance and a good sensing platform.®

Vancomycin (Van) has been used as an antibiotic for the treatment of MRSA infection extensively. It works
by forming five hydrogen bonds with D-alanyl-D-alanine sequence in the bacterial cell wall and prevents
any further bacterial growth. Therefore, this has led to the use of Van as a capturing probe to carry out the
detection of MRSA.*'® Although this would lead to lack of specificity against other gram-positive bacterial

strains, but it would also work as an anti-bacterial for agent for the treatment of the infection.

Additionally, copper and copper complexes based materials and films have shown antibacterial activity
against MRSA and other bacterial infections.'® Therefore, biofilms with copper complexes or
nanoparticles can be made and coated for the treatment of bacterial infections. Additionally, copper
nanoparticles and complexes have been employed for the synthesis of electrochemical sensors due to their
high electroconductivity and good electro-catalytic activity. Therefore, copper can be used as a potential

electrode modifier to carry out detection as well as treatment of bacterial infections.

The present study uses the hydrothermal route to synthesize copper- B-cyclodextrin (Cu-B-CD) and
copper-p-cyclodextrin-graphene oxide (Cu-B-CD-GO) based nanocomposite. This route provides
various advantages such as facile technique, better temperature control, and easy handling. Further,
the prepared nanocomposite consists of copper (Cu(Il)) ions and B-CD as its precursors. These were
selected due to their specific properties that they would provide such as higher electrochemical
conductivity and treating MRSA infections. Copper and copper ions have been reported to kill the
MRSA and MSSA bacterial strains within a couple of hours of contact.'* Hence, incorporating copper
nanoparticles to the nanocomposite would not only aid in enhancing the electro-catalytic properties

but also would aid in the killing of the bacterial cells. Further, B-CD is the most studied of all other
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cyclodextrin available, which is due to its low toxicity levels. It has been administered to animals
through oral, intraperitoneal, intravenous, and subcutaneous routes. It shows kidney damage, renal
damage, and even mortality signs after a recommended dose. However, at smaller concentrations it
can be subjected to infected patients and, therefore, can be used to treat skin-related MRSA infections
without subjecting to high level of risks to public health. Finally, GO was added to the above
composite to further improve the electro-conductivity of the composite. GO has been previously used
to increase the conductivity of various materials, which results in providing better charge transfer
characteristics. Additionally, it also increases effective surface area of the working electrode, which
would result in more quantity of vancomycin being immobilized on the composite modified electrode.
This would, in turn, increase the number of binding sites and lead to better detection and inactivation

of MRSA.

2. Materials and method

2.1 Chemicals, reagents, and instrumentation

Copper nitrate, cyclohexanol, sodium dihydrogen orthophosphate dehydrate, and triethylamine were
purchased from Merck, South Africa. Phosphate buffer saline tablets, dimethylformamide (DMF),
graphene oxide (GO), f-cyclodextrin, potassium ferrocyanide and ethanol (95%) were obtained from
Sigma-Aldrich, South Africa. Sodium phosphate dibasic dehydrate, and potassium ferricyanide was
purchased from Saarchem. (Merck, South Africa). De-ionized (DI) water was used throughout the
experiment for washing and cleaning purposes. Field emission - scanning electron microscope (FE-
SEM; ZEISS Ultra Plus, Germany), high resolution-transmission electron microscopy (HR-TEM;
JEOL 2100 HRTEM, Korea), Brunauer—-Emmett-Teller (BET; Micromeritics Tristar II 3020 2.00,
USA). The X-ray diffraction patterns (XRD) (BRUKER AXS (Germany)), 1 H NMR spectra were

recorded in DMSO-ds ('H: 2.50 ppm) as solvent using Bruker AV 400 MHz spectrometers.
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Parameters such as chemical shift and coupling constants were recorded in ppm and Hz respectively;,
UV spectrophotometer (UV-1800, Shimadzu, South Africa), Fourier transform infrared spectroscopy
(Bruker® Alpha-P ATR-FT-IR, Germany) and electrochemical setup (CHI 660E, USA) consisting
of a working electrode (glassy carbon electrode- 3 mm diameter), a reference electrode (Ag/AgCl)

and a counter electrode (platinum wire) were used in the study

2.2 Synthesis of p-cyclodextrin modified copper nanoparticle (Cu--CD) composite

To synthesize the composite, 0.45 g of copper nitrate was dissolved in 30 mL of ethanol and kept for
stirring at room temperature. Further, 0.23 g of B-cyclodextrin was dissolved in 30 mL of DMF and
added to the above solution. After stirring for 30 mins, triethylamine and cyclohexane (1:1) were
added to the mixture, and the stirring was continued for additional 30 mins. Finally, the contents were
transferred to hydrothermal autoclave (200 mL). The autoclave was then kept in an oven at 115 °C
for 24 hours. The product obtained was centrifuged and washed with ethanol and water consecutively

3 times. Finally, the collected composite was dried at 70 °C for 24 hours.

2.3 Synthesis of Cu-p-CD-GO nanocomposite

A similar procedure as that of Cu-B-CD was followed to synthesize Cu-f-CD-GO nanocomposite. In
addition to the previous precursors, graphene oxide (2.5 mg (i), 5 mg (ii)) was also added to the
solution for stirring and finally transferred to the autoclave (200 mL). The product was kept at 115
°C for 24 hours in the oven, and the obtained product was then centrifuged and washed with water

and ethanol consecutively. Finally, the composite was dried at 70 °C for 24 hours.

2.4 Preparation of electrode

Glassy carbon electrode (GCE) was modified with different nanocomposites synthesized to carry out

all electrochemical measurements. Before the coating of GCE, it was cleaned using alumina slurry
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(0.05 pum) on the polishing pad. After polishing, the GCE was rinsed with DI water. Finally, 1 mg
mL" aliquots of Cu-B-CD, Cu-B-CD-GO(i), and Cu-B-CD-GO(ii) were prepared. From the aliquots,
5 uL was drop cast on the GCE and dried under the infrared lamp for 20 mins. The modified electrode
was labelled as Cu-B-CD/GCE, Cu--CD-GO(i)/GCE, and Cu-B-CD-GOC(ii)/GCE respectively. After
preparation of Cu-B-CD-GO(ii)/GCE, the electrode was activated in 0.1 M EDC/NHS solution.
Following activation, the electrode was incubated in 1.2 mM solution of vancomycin for 2 hours.
This final electrode was labeled as Van-Cu-B-CD-GO(ii)/GCE and was used to carry out the
detection. To carry out the detection, the Van-Cu-B-CD-GO(ii)/GCE was incubated in the bacterial

solution for 30 mins, and DPV was recorded.

2.5 In vitro antibacterial activity

The minimum inhibitory level (MIC) of the drug-conjugated composite was measured using the 96
well plate technique recorded with minor alteration. MIC values were determined against methicillin-
resistant Staphylococcus aureus Rosenbach ATCC ® BAA-1683 (MRSA) for Cu--CD, Cu-B-CD-
GO, Van-Cu-B-CD-GO, and powdered Van. The cultures of bacteria (MRSA and E.coli) were grown
for 18 hours in a shaking incubator set in 100 rpm in Nutrient Broth (Biolabs, South Africa) at 37 °C.
The bacterial cultures were adjusted with sterile distilled water to achieve a concentration equivalent
to 0.5 McFarland Standard using a DEN-1B McFarland densitometer (Latvia). To achieve a final
concentration of 107 colony forming units (CFU) mL™, bacterial cultures were further diluted (1:150)
with sterile distilled water. Stock solutions of Cu-p-CD, Cu-B-CD-GO, Van-Cu-f-CD-GO, and
powdered Van were prepared by dissolving in PBS by sonication and sterilized through a 0.2 um
syringe filter. Using 96 well plates, a serial dilution of Cu-p-CD, Cu--CD-GO, Van-Cu-B-CD-GO,
and powdered Van were prepared in Mueller-Hinton Broth 2 (MHB). These were then further
incubated with the diluted cultures in a shaking incubator set at 100 rpm at 37 °C for 18 hrs. After

completion of incubation, 10 uL. of the Cu-B-CD, Cu-B-CD-GO, Van-Cu-B-CD-GO and powdered
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Van both were spotted onto the MHA plates and incubated for a further 24 hrs at 37 °C. This
procedure was repeated every day for three days, and all MIC studies were performed three times.

Powder Van was utilized as positive control.
3. Results and Discussion
3.1 Electrochemical characterization

The modified electrode was characterized to calculate its effective surface area and charge transfer
kinetics using CV and EIS, respectively. To calculate the effective surface area of the different
modified electrodes, cyclic voltammograms were run in 1 mM [Fe(CN)s]**7in 1 M KCI. The best
working potential of the electrode came out to be 764 mV vs. Ag/AgCl as the reference electrode.
Therefore, the potential window was chosen from 0.2 V to 1.0 V. The voltammograms for Cu-f-
CD/GCE and Cu-B-CD-GO(ii)/GCE were recorded at varying scan rate from 0.01 Vs t0 0.15 Vs
(Figure 1a). The data obtained from the cyclic voltammograms were used to calculate the effective

surface area of the electrode using Randles-Sevcik equation '°:

I, = 269 x 105AvD(Vn) Vo Cq

where I, is the peak current (Amp), A is the surface area of the electrode in cm?, n is the number of
electrons transferred (for K3[Fe(CN)s], n=1), v is the scan rate (V.s™"), D is the diffusion coefficient
(7.60x107¢ cm?.s ™" for K5[Fe(CN)s]), and Cy is the concentration in mol.cm . The slope of the plot of
Ipa vs v (Figure 1a [inset]) was used to calculate the effective surface areas of modified electrodes.
The effective surface areas for Cu-B-CD/GCE and Cu-B-CD-GO(ii)/GCE were found to be 0.10869
cm?® and 0.202036 cm? respectively. Larger surface area will help in higher quantity of vancomycin

to be immobilized on the working electrode, leading to better detection of bacteria.
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Further, EIS was carried out, with the range of frequency set from 1 to 10° Hz (Figure 1b). Data
obtained from the EIS is represented as Nyquist Plot and provided in the form of the Randles
equivalent circuit as seen in Figure 1b [inset]. The components of circuit are double-layer capacitance
(Ca). Warburg impedance (W), the resistance of the solution (Rs), and charge transfer resistance (Rc).
The values of each component are provided in a tabular form in Table 1. Lower value of charge
transfer resistance meant better charge transfer kinetics of Cu-B-CD-GO(ii)/GCE as compared to

others. Hence, Cu-B-CD-GO(ii)/GCE was chosen to be the material of choice to carry out the

detection and also the inactivation of MRSA bacteria.
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Figure 1. (a) Scan rate studies of Cu-B-CD-GO(ii)/GCE from (0.01 to 0.10 V s™) carried out in 1 mM
[Fe(CN)s]* ™ in 1 M KCl, Inset- calibration plot for anodic peak current vs root of scan rate. (b) EIS
spectra in 1 mM [Fe(CN)s]**7in 1 M KCl at GCE, Cu-B-CD-GO(i)/GCE, Cu-B-CD-GO(ii)/GCE,
Van-Cu-B-CD-GO(ii)/GCE. Inset- Randles equivanlent circuit model.

Table 1 Components of Randles equivalent circuit for GCE and Ag-B-CD/GCE

Material R (Q) R (Q) Ca(Fgh W (Qs1?)

GCE 23.1 240.9 4788 ¢’ 0.0002632

Cu-B-CD/GCE 112.4 1698 3.426¢” 0.0000213
cl
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Cu-B-CD(1)/GCE 111.9 2382 3.278 ¢’ 0.00002275

Cu-B-CD(i1)/GCE 111 0.001 3.946 ¢’ 0.0000405

Van-Cu-B-CD(i1)/GCE | 111.9 324.1 3.721 ¢’ 0.00001732

3.2 Morphological characterization

The morphology of the prepared composites was examined using FE-SEM and HR-TEM. The FE-
SEM image of Cu-f-CD (Figure 2a) shows that copper/copper oxide nanoparticles were uniformly
distributed throughout the structure of the composite. It could be seen distinctly in the backscatter
image (Figure 2b) of composite, which illustrates the bright spots as the copper/copper oxide
nanoparticles present in the composite. Further, adding GO to the structure of the composite led to
the formation of a porous structure and led to formation of smaller sized of copper/copper oxide
nanoparticles, as seen in case of Cu-B-CD-GO(i) (Figure 2c). On further increasing the concentration
of GO (Cu-B-CD-GO(i1)), it was observed that, porous network of f-CD and GO was formed with
copper/copper oxide nanoparticles forming nodes within the porous structure (Figure 2d). The HR-
TEM images show the copper/copper oxide nanoparticles covered with B-CD in the Cu-B-CD
composite as seen in Figure 2e. However, a more condense structure beings to form Cu-B-CD-GO
composite on addition of GO to the Cu-B-CD, as is seen (Figure 2f) due to n-m interaction and inter-
hydrogen bonding between B-CD and GO.'¢ In case of Cu-B-CD-GO(ii), a condensed porous network,

with copper/copper oxide nanoparticles uniformly distributed are obtained as seen in Figure 2g.

The high porosity of the Cu-B-CD-GO(ii) composite was confirmed using BET analysis. From the
isotherms obtained, as shown in Figure 2h, Cu-B-CD displays type II isotherm with H4 hysteresis
loop, depicting slit-like pores and particles with irregular pore shape. In case of Cu-B-CD-GO(ii), a
type IV isotherm was obtained similar to that of mesoporous materials with H2 hysteresis loop, which
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depicts narrow mouth pores with long channels like pore networks.'” The BET surface area for Cu-
B-CD-GO(ii) came out to be 76.8309 m? g as compared to 6.4924 m? g of the Cu-B-CD composite,
and their pore sizes came out be as 347.485 A and 682.315 A respectively. These results were in
accordance with the FE-SEM images of the composites. Therefore, Cu-B-CD-GO(ii) is predicted to
be the better candidate for electrochemical measurements because of its higher surface area which

would aid in more quantity of vancomycin to be immobilized over it. This would further result in

better detection of the bacterial strains.

200 nm EHT = 5.00kV 1pm EHT =20.00 kv
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Figure 2. (a) FE-SEM image of Cu-B-CD (b) Backscatter (FE-SEM) image of Cu-B-CD (c) FE-
SEM image of Cu--CD-GO(i) (d) FE-SEM image of Cu-B-CD-GO(ii) (¢) HR-TEM image of Cu-
B-CD showing distinct nanoparticles in -CD sheets. (f) HR-TEM image of Cu-f-CD-GO(i)
showing distinct nanoparticles in clustered B-CD and GO composite (g) HR-TEM image of Cu--
CD-GO(ii) showing distinct smaller and distinct nanoparticles in a condense B-CD and GO
composite. (h) N, adsorption and desorption isotherms obtained from BET analysis of Cu--CD and
Cu-B-CD-GO(ii).

3.3 Spectral characterization
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The chemical analysis of the synthesized composites was carried out using FTIR, as shown in Figure
3a. The wide peak at 3373 cm™ is observed due to —OH stretching of alcohol of B-CD molecule. Peak
at 2921 cm™ is due to the C-H stretch of the p-CD molecule. Further, the peaks from 400 cm™ to 650
cm’' can be summed up as the ring breathing and C-C bonds of the f-CD molecule. The peaks around
700 cm’ can be attributed to the Cu-O bonds, which confirm the incorporation of copper oxide
nanoparticles into the composite formed. Further, in case of Cu-f-CD-GO(ii) after the incorporation
of GO it was observed that the intensity of peaks at 3373 cm™ and 2921 cm™ reduced, which can be
due to the combining of GO with the —OH groups of B-CD. Additionally, the peaks from 400 cm™ to
650 cm™ disappeared, which can be due to more compact and crystalline structure was formed on
addition of GO, which is also confirm from HR-TEM, which prevents the ring from breathing to
occur. Finally, the immobilization of vancomycin on Cu-B-CD-GO(ii)/GCE was confirmed by the
sharp rise in the peak near 3300 cm™, which can be attributed to the -NH, and —OH functional groups

present in the complex vancomycin structure (Figure 3b).

UV spectroscopy was carried out to check the absorbance properties of the composites, dissolved in
DI water. Figure 3c shows, absorbance peak at 481 nm and 279 nm for Cu-B-CD. The peak at 481
nm is a characteristic peak for copper nanoparticles, and the peak at 279 nm can be attributed to the
copper nanoparticles and —OH interactions. Further, absorbance peaks for Cu-f-CD-GO(ii) were
obtained at 472 nm, 263 nm, and 230 nm. A blue shift in the peaks was observed on addition of GO,
which can be attributed to formation of a condensed structure. This leads to increase in the electron
density, hence causing the blue shift to occur.'® Further, the peak at 230 nm is due to the addition of
GO to the composite structure. Besides, the higher absorbance is due to the increase in the number of
C=C bonds present in Cu-f-CD-GOC(ii), due to the addition of GO. Further, the bandgap for the
composite was calculated using the tauc plot (Figure 3d), which came out to be 5.35 eV and 3.11 eV

for Cu-B-CD and Cu-B-CD-GO(ii) respectively. This reduction in the bandgap can be attributed to
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the addition of GO, GO leads to strong hydrogen bonds formed between oxygen-containing groups
in GO and B-CD.""* This reduction in the number of free oxygen groups leads to reduction in the
bandgap of the composite.'® Therefore, the addition of GO lowers the extended light absorption edge

towards visible region for the GO modified Cu-p-CD.

XRD measurements are performed using a multipurpose X-ray diffractometer D8-Advance from
Bruker operated in a continuous 6-8 scan in locked coupled mode with Cu-K, radiation. The sample
is mounted in the center of the sample holder on a glass slide and leveled up to the correct height. The
measurements run within a range in 26 defined by the user with a typical step size of 0.034° in 20. A
position-sensitive detector, Lyn-Eye, is used to record diffraction data at a typical speed of 0.5
sec/step, which is equivalent to an effective time of 92 sec/step for a scintillation counter. Further, the
X-ray diffraction pattern was recorded confirmed the presence of Cu,O and Cu nanoparticles in the
composites formed (Figure 3¢). The peaks at 36.305°, 38.635°, 42.35°, 61.39°, and 73.46° are seen in
case of Cu-B-CD, which correspond to (111), (111), (200), (220) miller indices which represent the
characteristic peaks for Cu,O nanoparticles. Additionally, peaks at 42.35°, 73.46° correspond to the
characteristic peaks for Cu nanoparticles with miller indices (111) and (220). This confirms that the
copper nanoparticles present in the composite were in two phases. Further, the peaks for Cu-p-CD-
GO(ii) were the same excluding the peak 38.635° which corresponds to Cu,O. However, presence of

other peaks confirms that both the phases are also present in Cu--CD-GO(ii).
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Figure 3. (a) FTIR spectrum of Cu-f-CD and Cu-B-CD-GO(ii). (b) FTIR spectrum of Cu-p-CD-
GO(ii) and Van-Cu-p-CD-GO(ii). (¢) UV-absorbance curve for Cu-f-CD and Cu-B-CD-GO(ii). (d)
Tauc plot for Cu-B-CD and Cu-f-CD-GO(ii) which provides the band gap for each composite. (e)
XRD analysis for Cu--CD and Cu-B-CD-GO(ii), which confirm the presence of both Cu,O and Cu
nanoparticles in the composite.

3.4 Electrochemical properties of composites

To study the redox activity of the composites, cyclic voltammetry was carried out. The potential

window was selected from -0.8 V to +0.8 V at a scan rate of 0.1 V s! in phosphate buffer (pH = 7.5).
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As seen in the voltammograms (Figure 4a) both Cu--CD and Cu-B-CD-GOC(ii) show four peaks,
which represent reduction and oxidation of the copper present in the composite material. Peaks
labeled as R1 and R2 represent the reduction of copper from Cu to Cu(l) and then to Cu(Il).
Additionally, the oxidation peaks representing Cu(Il) to Cu(I) and Cu(I) to Cu are represented as O1
and 02.>?® Further, it was observed that there is almost no capacitive current in case of both the

composites as the current is almost same as the GCE.

Further, the redox activity of Cu-B-CD and Cu-B-CD-GO(ii) were studied in acidic (pH 4.5) and basic
(pH 7.5) phosphate buffer solutions (Figure 4 b,c,d). It shows that copper ions undergo redox
reactions are more readily in acidic buffer. This can be attributed to more electrons present for Cu(II)
to undergo reduction itself and in turn providing a high oxidation peak current. Two oxidation peaks
observed represent the two-step transition from Cu(Il) to Cu. Similarly, higher reduction peak
currents are obtained due to oxidation reaction, leading to Cu to go back to Cu(Il) oxidation state.
This pattern was observed for both the composite materials (with and without GO). Additionally, it
is observed that in acidic pH the Cu-B-CD-GO(ii) composite shows high capacitive currents towards

the positive potential as compared to Cu-B-CD, as seen in Figure 4b.
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Figure 4. CV of Cu-B-CD and Cu-B-CD-GO(ii) at pH 7.5 phosphate buffer (0.1 M), R1, R2 are the
reduction peaks and O1, O2 are the oxidation peaks of copper nanoparticles in the composite. (b) CV
in 0.1 M phosphate buffers at pH 4.5 of Cu-p-CD and Cu-B-CD-GO(i). (¢) CV in 0.1 M phosphate
buffers at pH 4.5, 7.5 of Cu-B-CD. (d) CV in 0.1 M phosphate buffers at pH 7.5 of Cu-B-CD-GO(ii).

3.5 Electrochemical response and optimization of conditions

DPV was used to check the detection capability of the electrochemical biosensor. The DPV
measurements were carried out in 1 mM [Fe(CN)s]*”*7in 0.01 M PBS as the redox couple. As seen
in Figure 5a, the voltammograms of Cu-B-CD-GO(ii1)/GCE, Van-Cu-B-CD-GO(i1)/GCE, and MRSA-
Van-Cu-B-CD-GO(ii)/GCE, the output current decreases as vancomycin and bacteria attaches to the
electrode. This is due to the non-conducting nature of the drug and MRSA bacteria. To further
improve the conditions for the sensor, optimization of concentration of vancomycin required for

immobilization and incubation time of bacteria were optimized using EIS and DPV respectively.

The Cu-B-CD-GO(ii)/GCE electrode after being incubated with EDC/NHS, it was immersed in
varying concentration solution of vancomycin. It was observed that the R value of the working
electrode increased as the concentration of vancomycin was increased. At 1.2 mM a saturation in the
R« value was attained which depicted maximum amount of vancomycin was immobilized on the
modified electrode. Therefore, 1.2 mM was chosen as the optimum concentration of vancomycin for

most efficient immobilization of the drug. Further, DPV measurements were conducted to optimize
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the bacteria incubation time of the electrode. It was found that after 30 mins, a constant signal was
obtained as seen in voltammograms in Figure 5c. This depicted that after 30 mins the working
electrode was saturated with bacteria and hence this was selected as the optimal incubation time to

carry out the studies.
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Figure 5. (a) DPV in 1 mM [Fe(CN)s]* ™ in 0.01 M phosphate buffer saline (pH 7.4) at different
modified electrodes to confirm the detection of MRSA. (b) calibration curve for the optimal
concentration of vancomycin that can be immobilized over the modified electrode. (c) DPV of
electrode for varying incubation time in bacteria.

3.6 Analytical performance for bacterial detection
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After optimization of conditions, DPV was performed in 1 mM [Fe(CN)s]*"*in 0.01 M PBS as the
redox couple, to carry out the detection of MRSA. The modified working electrode was incubated
with varying concentrations of MRSA bacteria from 10 to 10’ CFU mL"'. As the concentration of
MRSA was increased, a clear decrease in the current was observed, as seen in Figure 6a. This can be
attributed to the non-conducting nature of bacteria, which leads to reduction in the currents obtained.
The calibration plot was plotted with peak currents and bacterial concentration (Figure 6b). The linear

regression for the plot came out to be:
I, (10°A) = 5.5315¢” + 2.8076 log [MRSA] (CFU mL™); R=0.99724

The LOD for the fabricated electrode was calculated from the calibration plot (Figure 6b [Inset]),
which came out to be 5 CFU mL™" (using relation S/N=3). The present work provided better LOD
than the previously mentioned techniques as mentioned in Table 2. Further, the reproducibility of the
modified electrode was tested using five freshly prepared electrodes, and the response was recorded
as seen in Figure 6¢c. Finally, the specificity study was carried out using E.coli as the control. After
incubation with E.coli, no significant decrease in the peak current was observed from the initial van

modified electrode, which shows its good specificity towards, as seen in Figure 6d.
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Figure 6. DPV 1 mM [Fe(CN)s]*™ in 0.01 M phosphate buffer saline (pH 7.4) at Van-Cu-p-CD-
GO(ii) at varying concentration of MRSA from 10 to 10" CFU mL". (b) Calibration plot for peak
currents vs concentration of MRSA [inset- peak currents vs log[concentration]]. (c) Repeatability
checked by recording the current response at different modified electrodes. (d) Specificity carried out
using E.coli, shows that there is no change in the peak current of the Van-Cu-B-CD-GO(ii)/GCE after

incubation with E.coli.

Table 2 Comparison of previous methods for detection of MRSA

Material Capture probe | LOD Target Technique Refere
detected nces
ZnO and Ag | Vancomycin 330 CFUmL" | MRSA Culture | EIS 9
nanoparticles
Silica Vancomycin 10’ CFU-mL™" | MRSA bacteria | Fluorescence 10
nanoparticles
Gold and magnetic | IgG 2X10" CFU MRSA Culture | SWV 29
nanoparticles mL™
Gold nanopopcorn | - 10 CFU mL™! MRSA bacterial | SERS 30
and GO strains
Van-Cu-B-CD(ii) | Vancomycin 5 CFU mL" MRSA culture | DPV This
work.
3.7 In vitro antibacterial activity
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To determine the minimum inhibitory concentration (MIC) of Cu-B-CD, Cu-B-CD-GO, Van-Cu-f-
CD-GO, and powdered Van by 96 well-broth dilution technology was utilized to determine. It
confirms and compares the potency and improvement of Van when it makes conjugate with Cu-f3-
CD-GO against MRSA as given in Table 3. After completion of 12 hours of study, MIC values were
calculated to be 8.8 pg/mL and 1.93 pug/mL for powder Van and Van-Cu-B-CD-GO against MRSA
at physiological pH 7.4. Which is much better than powder Van. The results of MIC value indicate
that newly modified polymers with Van showed best activity as compared to powder Van. Overall
results from our antimicrobial activity study suggest that Van-Cu-B-CD-GO can open a new door to

research, therapy, and management of MRSA.

Table 3. Comparative in vitro antibacterial activity of Cu--CD, Cu-p-CD-GO, Van-Cu-3-CD-GO,

and powdered Van again MRSA bacteria

Compound MIC (ng/mL )
12 hrs 24 hrs

Powder Van 8.8 8.8

Cu-B-CD 2.90 2.90

Cu-B-CD-GO 2.03 2.03

Van-Cu-B-CD-GO 1.93 1.93

4. Conclusion
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In summary, a novel porous copper-based nanocomposite was successfully synthesized using a
hydrothermal route. This material was conjugated with Van and used as a multipurpose electrode
modifier for detection and treatment of MRSA. The material was successful in detecting MRSA
bacterial strains and achieved a detection limit of 5 CFU mL™'. Additionally, Van and copper provided
a synergetic anti-bacterial effect towards MRSA. The lowering of MIC value from 8.8 pg/mL of Van
to 1.93 pg/mL was observed due to the presence of copper nanocomposite. Finally, this work provides
a novel nanocomposite that can have potential future applications in the field of electrochemistry due
to its electro-active nature, electrocatalytic properties, and storage devices such as capacitors and

batteries.
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CHAPTER SIX

Highly selective electrochemical detection of ciprofloxacin using reduced graphene

oxide/poly(phenol red) modified glassy carbon electrode
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Abstract

In this study, a novel sensor for highly selective and rapid detection of ciprofloxacin is fabricated. A
facile strategy was employed to fabricate the modified electrode by electro-polymerization of phenol
red [poly (phenol red)] (PPR) followed by drop casting of reduced graphene oxide (rGO). The
rGO/PPR/GCE electrode enhanced sensitivity (516.41uAuM-1cm2) and low detection limit (LOD)
(2nM) of ciprofloxacin due to selective adsorption, which was accomplished by a combination of
electrostatic attraction at —SO® sites in the PPR film, and the formation of charge assisted hydrogen
bonding between ciprofloxacin and rGO surface functional groups. The spectral and morphological
studies of the novel nanocomposite were carried out using Fourier transform infrared spectroscopy
(FTIR) and field emission scanning electron microscopy (FE-SEM). The electrochemical
characteristics of modified material were studied by cyclic voltammetry (CV) and electrical
impedance spectroscopy (EIS). Differential pulse voltammetry (DPV) was performed to study the
response of ciprofloxacin towards the modified electrode. The composite modified electrode
displayed good electro-catalytic activity towards the oxidation of ciprofloxacin at pH 5.5 and
exhibited high sensitivity (detection limit 2nM) and specificity towards ciprofloxacin. The practical
applicability was also tested by quantitative analysis of ciprofloxacin in the spiked animal serum
sample. Recovery of analytes in spiked samples was 97+6% over the range 0.002-400 umL™". It
shows the developed electrode is a potential tool for a rapid, simple and sensitive detection of

ciprofloxacin in serum sample.

Keywords: Phenol red; Reduced graphene oxide; ciprofloxacin; Electrochemical determination.
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1.

Introduction

Antibiotics have extensive applications in the prevention and treatment of numerous diseases as well
as in the growth promotion of animals. Ciprofloxacin is one such antibiotic drug that is applied to
cure several infectious diseases including but not limited to urinary tract infections, gastrointestinal
infections, along with skin and soft tissue infections in humans and livestock[1]. Ciprofloxacin (Cfx)
is a second-generation fluoroquinolone, which is not fully metabolized; because of this, it may persist
in edible tissues or foodstuffs, such as milk or eggs. The European Union has set maximum residue
limits for antibiotics in foodstuffs originated from animals (2377/90/EEC)[2]. Additionally, it is
essential to reach the least number of identification points established in the 2002/657/EC European
decision, to attain explicit identification of the antibiotic residues[3]. Therefore, highly selective and
sensitive methods that provide reliable detection of antibiotics in foodstuff of animal origin are
needed. Over the years, various techniques including high-performance liquid chromatography
(HPLC) [4, 5], spectrophotometry[6, 7], fluorimetry[8, 9] have been proposed for the determination
of Cfx in pharmaceutical preparations or biological samples. Most of the conventional methods used
for Cfx detection are time-consuming with high instrumentation costs. Minimal studies concerning
the electrochemical determination of Cfx have been reported [10-14]. Electrochemical sensors are
suitable tool for rapid and sensitive analysis with wide application (medical, food and environmental)

[15, 16].

For two decades, modified electrodes have been used as sensors for the electrochemical detection of
various electroactive molecules like cysteamine, creatinine, dopamine, pyruvic acid, and folic acid
[17-21]. Modification of electrodes to attain high sensitivity, selectivity, and compatibility
necessitates extensive study. The excellent performance of modified electrodes depends upon various
modifiers such as carbon materials, conducting polymers, and metal nanoparticles. Current research
for emerging new electrode materials is now focused on conducting polymers and nano-metal colloids

[22-25].

Poly (phenol red) (PPR) is a conducting polymer with an active quinone group in the polymeric chain
which provides two electrons to redox reaction, as shown in Fig. 1 [26]. It contains OH and SOs;H
functional groups which make it a good electron donor for transfer of charge between electrode and
analytes; therefore, PPR thin film provides a highly favorable site for Cfx to undergo oxidation[27].
This leads to better interaction between the Cfx and PPR, leading to higher peak currents and also
provides very good selectivity. Though conducting polymers exhibit poor electrochemical

conductivity, and the derivatization of polymers with redox ions is a challenging task [28].
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Consequently, the addition of a good electrochemical conductor is the proposed alternative. On the
basis of 7~ 7 interactions between aromatic adsorbates and graphene, reduced graphene oxide (rGO)
are excellent electrocatalytic and conducting material, and widely used as a rGO-polymer composite
to enhance the sensitivity of the nanocomposite material because reduced graphene oxide (rGO)
contains stronger m- m interaction rather than graphene oxide[29, 30]. These nanocomposites have
been used for the detection of various biomarkers using different techniques such as electrochemical,

optical, and fluorescence [31-33].

In the present study, for the first time, we proposed an electrochemically polymerized polyphenol red
thin film on a glassy carbon electrode, which is further modified with rGO for highly selective
detection of Cfx. The combination of PPR-rGO on GCE electrode provides a broad detection range
and high selectivity towards the Cfx because of the electrostatic attraction of Cfx at —SOs sites in the
PPR film, simultaneously the presence of rGO stimulates the sensitivity. Therefore, the electro-
polymerized PPR thin film was developed on the glassy carbon electrode, which provided high
catalytic activity towards the oxidation of Cfx. Further, the drop coating of reduced graphene oxide
led to better charge transfer kinetics of the modified electrode by increasing its sensitivity. The final
electrode having reduced graphene oxide/poly (phenol red)/glassy carbon electrode was denoted as
(rGO/PPR/GCE). The modified electrode was further applied for the determination of Cfx in a sheep
blood sample for its practical applicability.

,,C' ,-'Cl
G 2 HY e
1 O e AL T
P OH
S0,H o/ . SOzH "

Figure. 1 Proposed structure and redox reaction of PPR.

2. Experimental Procedures
2.1. Materials

Ciprofloxacin (Sigma-Aldrich), phenol red (BDH Chemical Limited), graphene oxide powder
(Sigma-Aldrich), potassium ferricyanide (Saarchem), potassium ferrocyanide (Sigma-Aldrich),
hydrazine hydrate (Sigma-Aldrich), potassium chloride (Merck), L-ascorbic acid (Sigma-Aldrich),
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glucose (ACE), deionised (DI) water (Millipore®). All used chemicals were of analytical grade. 0.1
M phosphate buffer (PB) of various pH were prepared by mixing different volumes of sodium
dihydrogen orthophosphate dihydrate (Merck) and sodium phosphate dibasic dihydrate (Sigma-
Aldrich).

2.2. Apparatus

All electrochemical studies related to present work were performed using the electrochemical
workstation, CHI 660E (USA). The measurements were carried out in a three-electrode setup;
Ag/AgCl electrode (reference electrode), GCE (working electrode, diameter 3 mm), and platinum
wire (counter electrode). The pH measurements were carried out using pH meter (HANNA
instruments, Woonsocket RI USA) with a glass electrode, field emission - scanning electron
microscope (FE-SEM, ZEISS®, Germany), Fourier transform infrared (FTIR) spectroscopy
(Bruker® Alpha-P ATR-FT-IR, Germany). All measurements were carried out at room temperature

25+ 1°C).
2.3. Preparation of PPR

Before surface modification, the working electrode (GCE) was polished using 0.3 um and 0.5 um y-
alumina slurry on smoothing pads to get a mirror-like finish. Deionized (DI) water was used to wash
the GCE and then was dried at room temperature. Subsequently, a solution of 5 mM phenol red was
electropolymerized on cleaned GCE in 0.1 M PB (pH 7.0), sweeping the potential between 0 to 1.8
V vs. Ag/AgCl at a scan rate of 0.1 V s™'(Fig. 2) for 30 consecutive cycles. After the preparation of a
conducting layer of PPR on the GCE electrode surface (PPR/GCE), the electrode was washed through

DI water and dried at room temperature.
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Figure. 2 Successive cyclic voltammograms during the polymerization of phenol red at surface of
GCE.

2.4. Preparation of rGO/PPR/GCE

The GO suspension was prepared by dispersing 10 mg GO in 20 mL water and was sonicated for one
hour at room temperature. The dispersed GO was then reduced with 10 uL hydrazine hydrate and
sonicated for 30 min to get the reduced graphene oxide (rGO). 1.5 mg of the rGO was dissolved in 2
mL of DI water and sonicated to form a uniform dispersion. 5 puL of prepared rGO suspension was
drop-casted on the PPR/GCE, followed by drying under the IR lamp for 20 minutes, annotated as
rGO/PPR/GCE. The rGO/PPR/GCE was gently washed with water to remove the unbound rGO,

further, used as the working electrode throughout the experiment.
2.5. Preparation of blood sample

The feasibility of the electrode was checked by the determination of Cfx in sheep blood serum
samples. We are thankful to Dr. Thirumula Govenders lab at the University of KwaZulu-Natal,
Westville, South Africa, for the sheep blood serum sample, which was used to carry out further
studies. The sheep serum samples which were free from Cfx were diluted up to 10 times to reduce

matrix effects and were then used for the detection of Cfx using rGO/PPR/GCE modified electrode.
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The diluted sheep serum samples were spiked with 0 pML™, 0.002 pML",0.01 uML™", 0.1 pML™, 10
uML™, 100 uML™, and 400 uML™" Cfx and differential pulse voltammetry (DPV) was carried out.

3. Results and discussion
3.1. FT-IR spectroscopic studies

The FTIR spectra (Fig. 3) of polymer shows a band at 3438 cm™ corresponding to -OH stretching
vibrations, the band at 1645 cm™ is attributed to aromatic stretches of C=C in the polymeric structure,
1200-1100 cm™ bands corresponds to the sulfone stretches and a band near 1600 cm™ represents the
C=0 stretch of the active quinone group[34]. On the other hand, band at1600 cm™' for C=0 stretch
becomes broader, shifting towards a higher wavenumber, indicating the formation of C-O bond at
alpha position of the carbonyl group in the ring of quinone methide after polymerization[35]. This
confirms the electro-polymerization of phenol red on the electrode’s surface. After the modification
with rGO, two bands at 2357 cm™ and 1041 cm™ which can be attributed to carbon dioxide adsorbed
on rGO and sulfone stretch of PPR respectively. All other peaks are diminished which confirms the

successful deposition of rGO over PPR/GCE.

clxxvii

Atal Gill UKZN-2020



0.998

0.997

o
©
©
o

rGO/PPR [

transmittance (%)

0.95 . 1 . 1 . 1 . 1 . 1 . 1

500 1000 1500 2000 2500 3000 3500 4000
wavenumber (cm )

Figure. 3 ATR-FTIR results of the modified GCE electrodes by PPR and rGO/PPR.

3.2. FE-SEM Analysis

FE-SEM was used to study the morphological changes of rGO/PPR composite and PPR as illustrated
in Fig. 4. The SEM image of PPR shows a sponge sheet-like structure with some corrugation in the
structure of a sheet (Fig. 4a). The SEM image (Fig. 4b) of drop casted rGO over electrochemically
synthesized PPR film, displaying their well exfoliated, wrinkled surface morphology of rGO [36].
The morphology of rGO/PPR composite shows that the spongy sheet-like structure was covered by
wrinkled rGO nanosheets. These wrinkled rGO sheets increase the total surface area of the working
electrode for better interactions with the analyte molecules. Roughness on the surface can be
attributed to the point, edge, and line defects present on rGO’s surface. These defects are a result of

electrostatic interactions betwe . 110:cuiized oxygen atoms and the conducting polymer.
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Figure. 4 (a) FE-SEM of PPR and (b) rGO/PPR composite

3.3. Electrochemical characterization of modified electrodes

The characterization of modified electrodes and bare GCE were carried out via cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). The redox behavior of the modified
electrodes was carried out using cyclic voltammetry in 2.5 mM [Fe(CN)s]*7* in 1 M KCI. As shown
in Fig. 5A, the current of cyclic voltammogram decreased for PPR/GCE electrode compared to the
bare GCE electrode was due to the poor conductance caused by PPR modification of GCE. To
overcome the challenge of poor conductivity, the electrode was modified with rGO. As a result,
increased conductivity and higher surface area was obtained for rGO/PPR/GCE as represented in

Figure 5A curve ‘d’.

The CV response was used to calculate the effective area of the electrodes using the Randles-
Sevcik [37] equation, The electrochemical active area was estimated from the peak current according

to the following equation (1);

I, = 269 x 10°AD (Vi) V¥ Cq (1)

where I, - peak current (Amp), A - surface area of the electrode in cm?, n - number of electrons
transferred (For K3[Fe(CN)s], n=1), v - scan rate (V s '), D is diffusion coefficient (7.60x107° cm?® s~
for K5[Fe(CN)s]) and C - concentration in mol cm > [37]. The surface area of rGO/PPR /GCE was
calculated from the slope of the plot of I, vs v!2. The effective surface areas for GCE, PPR/GCE and
Rg60/GCE and rGO/PPR/GCE were calculated to be 0.022179 cm?, 0.018561 cm?, 0.025292 cm?
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0.02498 cm? respectively. As it show that the surface area and the current was reduced at PPR/GCE

electrode, to enhance the surface area and conductivity of the electrode, the surface of PPR/GCE

electrode was modified with rGO.
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Figure 5. (A) Cyclic voltammograms of (a) GCE, (b) PPR/GCE, (c¢) rGO/GCE, (d) rtGO/PPR/GCE
(B) rGO/PPR/GCE show linear plot of the anodic peak current vs. square root of scan rate. (Inset-
Cyclic voltammograms at various scan rates (0.01 to 0.14 V sec™') at 0.1 M KCl containing 2.5mM
[Fe (CN)s]*"*. (C) linear plot of the peak potential vs. log scan rate (V sec™'). (D) EIS spectra of 0.1

M KCI containing 2.5mM [Fe (CN)s]*"* at modified and bare GCEs. (Inset- Randles equivalent
circuit model).

The effect of scan rate on modified rGO/PPR/GCE electrode was studied by varying the scan
rate from 0.01 to 0.14 V sec™' . A linear plot was obtained between peak current vs square root of
scan rate (Vsec™) as illustrated in Fig. 5B, and the linear relationship between the potential and log

scan rate (Vsec™) as illustrated in Figure 5C.
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The EIS was carried out for studying the properties of interfacial electron transfer at the
surface of the transducer. The spectral data obtained in 1 M KCI having 2.5 mM [Fe(CN)¢]* ™ as a
redox couple was shown in Fig. 5D. The data shown in the form of Nyquist Plots for various
electrodes, taking the starting potential at 0.243 V and the frequency choice ranging from 1 to 10° Hz.
The Nyquist plot can be represented in the form of Randles equivalent circuit and its components are
Warburg impedance (W), charge transfer resistance (R.), the resistance of the solution (Rs) and
double layer capacitance (Ca). The values of the components of the circuit equivalent to that of
Nyquist plot are shown in Table 1. The R value of the GCE was determined as 129.7 Q, with a
visible semi-circle with a small diameter signifying the impedance. However, in the case of
PPR/GCE, the R value 603.6 Q, this might be due to the low conductivity of the polymer. The R
value of rGO/GCE was 0.001 Q, with no semi-circle due to its exceptional conductivity. Therefore,
when the rGO is coated over the PPR/GCE, the R value is decreased to 89.12 Q. This shows the
study of charge transfer kinetics of rGO/PPR/GCE is consistent with the cyclic voltammetry studies

performed.

Table 1: Components of randles equivalent circuit for GCE and Ag-B-CD/GCE

Electrode R (Q) R (Q) Ca(Fgh W (Qs1?)
GCE 20.27 129.7 6.441 x 107 0.0002294
PPR/GCE 18.89 603.7 2.492x10° 0.0001977
rGO/GCE 22.95 0.001 1.989 x 10° 0.0004271
rGO/PPR/GCE | 18.78 89.12 2.527x 10°° 0.0004005

3.4 Electrochemical Detection of Cfx.
3.4.1 Effect of scan rate

To investigate the reaction mechanism of CfX, the effect of scan rate from 0.01 to 0.14 V s on
rGO/PPR/GCE electrode in 1mM ciprofloxacin (0.1 M PB at pH 5.5) was investigated as shown in
Fig. 6. The peak current density varied linearly as the scan rates (v) ranged from 0.01 to 0.14 V s’

'with the linear equation (2), which revealed that the oxidation of Cfx was an adsorption-controlled
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process (Fig. 6 inset a). As there is formation of ionic bond between the Cfx and rGO/PPR/GCE

surface via exchange of charge of electrons therefore oxidation of Cfx was a process of chemisorption.
Current density (pAcm?) =127.40 +21.97 v (mV sec™) 2)

As, on increasing the scan rate, the peak potential E; shifted positively along with the increase of

scan rate, showing a linear relationship with log v, which was further constructed with the equation
3):
E, (V) =1.28 + 0.0485 log v(Vsec™) R? =0.993 3)

This equation (3) can be described as follows[38, 39]:

2.303RT

Ep =A+ (1—a)nF

logv “4)

A is a constant related to the formal electrode potential (Eg) and standard rate constant at Eo; a is
the transfer coefficient characterizes the effect of electrochemical potential on activation energy
of an electrochemical reaction; n is the number of electrons involved in the rate-controlling
step; R, T and F are the gas constant, temperature and Faraday constant respectively. On the basis of
the slope being equal to 2.303RT/(1- a)nF, the transferred electron is calculated to be 2.4, suggesting

that two electrons were involved in the oxidation reaction.
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Figure 6. (a) Cyclic voltammograms at scan rates from A to K (0.01-0.14 V s™) of rGO/PPR/GCE
electrode in 1mM ciprofloxacin (0.1 M PB at pH 5.5).inset (a) linear plot between peak current
density and scan rate Vsec™ inset (b) linear plot between potential vs log scan rate.

3.4.2 Effect of solution pH

To attain the best suitable conditions for the sensor, the pH of the electrolyte solution was altered
from 2.5 to 7.5 and DPV was carried out in the presence of 1 mM ciprofloxacin in PB. With the
increase of pH, the peak current was increased up to 5.5 pH, subsequently decreased at 6.5 and 7.5

pH, as shown in Fig. 7. The maximum peak current was observed at pH 5.5 and it was used for all

further studies.
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Figure 7. Plots of peak current Ip vs. pH from differential pulse voltammograms of 1mM solutions of
ciprofloxacin at rGO/PPR/GCE electrode in different buffer electrolytes as a function of pH. Scan
rate: 100mVsec™.

3.4.3 Electrochemical determination of ciprofloxacin

DPV has been employed for the effective determination of very low amount of drug molecules. To
determine the activity of rGO/PPR/GCE electrode towards the analysis of Cfx, DPV were recorded
under optimal conditions (sampling width: 0.0167 s, pulse width: 0.05 s, amplitude: 0.05 V and pulse
period: 0.5 s) in 0.1M PB (pH 5.5) with varying concentrations of Cfx (Fig. 8). A sharp oxidation
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peak for Cfx was observed at the potential of 1.08 V. At this oxidation potential peak current was
increases as concentration of Cfx increases from 0.002 to 400 uM L', After saturation of the electrode
surface peak current get constant which shows the reaction is irreversible and chemisorption
controlled. There are two linear calibration curves plotted between the varying concentration (0.002
— 0.5 and 0.5 — 400 uM) of ciprofloxacin and peak currents (Fig. 8B). The followings are the linear

regression equations:
Ip(A) =2.11x 10 +1.291x10[ciprofloxacin (uM)] R2=0.991 &)
Ip(A) = 3.88x 10 +5.994x10[ciprofloxacin (uM)] R2=0.998 (6)

From the linear plots of 0.002— 0.5 uM and 0.5 — 400 uM range the obtained sensitivity was 516.41
pApMem?and 0.239 pA pM'em™, respectively. The limit of detection (LOD) for the electrode was
calculated using the relationship (S/N=3) with lower linear range (0.002-0.5 uM ) and was found to
be 2 nM, where ‘N’ is the slope of the calibration curve and ‘S’ is the standard deviation of blank
responses. The electrochemical detection of Cfx based on the phenomenon of electrocatalytic
behaviour of rGO/PPR matrix, where PPR behaves like a redox agent due to the presence of OH and
—SOsH, while rGO provides a high conductance to the matrix and higher surface area[40, 41]. The
electrooxidation of Cfx was conducted via a secondary amine group — NH present in Cfx molecules.
As scan rate study also suggested that electrochemical oxidation of ciprofloxacin involves two
electrons and two protons. Consequently, the nanocomposite of rGO with PPR shows a synergistic
effect towards the specific detection of ciprofloxacin. The rGO/PPR matrix achieved a broader linear
range with lowest LOD (2nM) reported till date Table 2 shows the comparison with the other reported
electrodes which proves the superiority of rGO/PPR matrix for the rapid and reliable detection of
Cfx.
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Figure. 8(a) Differential pulse voltammograms of ciprofloxacin with the different concentrations of
ciprofloxacin in 0.1M PB of pH 5.5. Insets Calibration plot of Ipa vs different concentration of

ciprofloxacin at pH 5.5 with a scan rate of 100 mV s'; (a) for linear range 0.002-0.5 pML™" (b) for
linear range 0.5-400 pML™!

Table 2 : Comparison of previous modified electrodes for detection of ciprofloxacin

Modified Technique LOD(uM) Matrices References
Electrode
COOH@MWCNT- fluorometry 0.066 chicken and milk [25]
MIP-QDs
porous-Nafion- DPV 0.005 Natural waters [10]
MWCNT/BDD and wastewater
effluents.
MgFe204/ CvV 0.01 Human urine, [12]
MWCNTs
Plasma, tablet
B-cyclodextrin and DPV 0.01 Pharmaceutical [13]
l-arginine modified formulations and
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carbon paste human serum

electrode samples
CdS QDs Differential-pulse 0.022 Urine sample [14]
anodic stripping
voltammetric
(DPASV)
rGO/PPR/GCE DPV 0.002 Animal serum Present work

3.5. Interference study

One of the objectives of this work was to assess the ability of the sensor to quantify Cfx in biological
samples (blood and urine). Different ions and compounds often coexist with Cfx in biological
samples. Therefore, several non-target agents uric acid, ascorbic acid, D (+) glucose, L-glutamic acid,
folic acid, and metal ions (Ca®, Na", Mg*" and K") were tested with DPV analysis in different

concentration of Cfx solution (0.1 M PB pH 7.0).

In the presence of 1 mM of the various non-target agents were studied. No interference was
observed up to 10 times the original concentration of Cfx. The maximum error percentage was less
then + 5%. This was considered as the tolerance limit for the interfering substances. No interference
in the voltammograms was observed as shown in Fig.9A, which confirmed excellent specificity of
the electrode. The Cfx detection in the presence of all the non-target agents shows the linear

equation as follows (7);
Ip=2.14 x10° + 0.963 x10” x [conc. of Cfx (uM)] R =0.995 (7)

Further, the capability of the sensor was also tested in presence of various drugs (norfloxacin,
vancomycin). DPV was carried out to check the interference caused by other drugs to the
ciprofloxacin response. For this ciprofloxacin solution (with different concentration) in 0.1 M
phosphate buffer (1:9 by volume), 1 mL of 1 mM solution of each drug were tested out. After the
addition, DPV was run in presence of ciprofloxacin, less than 3.4% deviation was observed for all
concertation of ciprofloxacin, as shown in the Fig.9B. linear plot was obtained with the equation

of (8);

Ip=2.21 x10° + 1.14x10 x [conc. of Cfx (uM)] R=0.992 (®)
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And the calculated LOD was 2.5nM for Cfx detection in the presence of other drugs. This indicated
the high selectivity of rGO/PPR/GCE electrode towards Cfx.
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Figure. 9 (A) DPV at optimum conditions for interference studies of non-target agents in 0.1M PB
buffer. (Inset — graph showing linear plots of peak current vs concertation of ciprofloxacin for lower
and higher range 0.002-0.1 and 1-400 uML™" respectively , (B) DPV at optimum conditions for
interference studies of other drug in 0.1M PB buffer. (Inset — graph showing linear plots of peak
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current vs concertation of ciprofloxacin for lower and higher range 0.002-0.1 and 1-400 pML™'
respectively

3.6. Reproducibility and Stability

The reproducibility of rGO/PPR/GCE electrode was also estimated in between multiple electrode
preparations (n=5) by comparing the oxidation peak current of ImM ciprofloxacin and the average
peak current 4.501 x10° A with the RSD of 4.2 %. It indicated that the modified electrode has good
reproducibility. The stability of the proposed electrode was tested after every 24 hours using DPV
in 0.1 mM Cfx in 0.1 M phosphate buffer. The peak current response was stable for five days. It
was found that the peak current intensities decreased by only 6.6% after five days for Cfx detection,

reflecting the excellent stability.

ey —

<
'
@
o
F
X
5

‘E’ 4,0 85
2 Z 361 <60

- ©

.- c
(&) 5 2,8- £ 501 1

5 3

O 24 45

0,00 0,02 0,04 0,06 0,08 0,10 0 100 200 300 400
Concentration(uML™") Concentration(uML'1)
1.6 1.4 1.2 1.0 0.8 0.6

Potential(V)

Figure. 10 DPV at optimum conditions for animal serum studies in 0.1M PB buffer. (Inset — graph

showing linear plots of peak current vs concertation of ciprofloxacin for lower and higher range
0.002-0.1 and 1-400 pML"' respectively

3.7. Real sample analysis
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For practical applicability, the proposed sensor was evaluated against the sheep blood serum sample.
Recovery studies were carried out at six concentration levels (0.002, 0.01, 0.1, 10, 100, and 400 uML"
") for the unknown diluted (10 folds) blood serum and values obtained were compared with the
calibration plot (Fig. 9 b). The linear plot (Fig.10) was obtained for the six different concentrations
of spiked ciprofloxacin in diluted blood samples. The linear equation with the regression coefficient

0f 0.989 as;
Ip=2.4x10°+ 1.53x10” x [conc. of ciprofloxacin (uM)] C)

Two replicates were prepared at each concentration level, and each one was tested in triplicate.
Absolute recoveries were calculated by comparing the relative peak current of the DPV procedure
before and after the spiking of the serum sample. Recoveries higher than 96% were obtained in all

cases with acceptable relative standard deviation (RSD). The results are shown in Table 3.

Table 3: Results of analysis of blood samples

Sample Added Found Recovery %
concentration
(ML) concentration
" (uML™)
1 0.002 0.0021 +0.001 105
2 0.01 0.0097 £ 0.0025 97
3 0.1 0.104 +£ 0.028 104
4 10 10.107 £ 0.07 101.07
5 100 99.869 + 0.8 99.86
6 400 398.948 £0.9 99.73

4. Conclusions

In summary, a facile and novel rGO/PPR/GCE electrode was synthesized via a drop cast method and
used to detect ciprofloxacin with a LOD 2nM, using the DPV method. In this developed electrode,

PPR exhibited high catalytic activity towards the oxidation of ciprofloxacin, while modification with
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rGO led to enhance the sensitivity. The final modified electrode was able to detect Cfx with high
selectivity and sensitivity, providing linear ranges from 0.002-0.5 pM and 0.5-400 uM. This novel
electrode provided better linear range and sensitivity than other detection methods that have been
employed. The sensor was able to detect Cfx in the presence of different interfering non-target agents
(e.g., uric acid, ascorbic acid, D (+) glucose, L-glutamic acid, folic acid and metal ions (Ca**, Na*,

Mg*" and K*)), and was also able to detect ciprofloxacin in animal serum with high sensitivity.
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CHAPTER 7

1. Summary and Conclusion

MRSA is considered one of the most dangerous pathogenic bacteria which has created issues at both
community and hospital levels. Due to the resistance to f-lactam antibodies, the treatment of MRSA
involves drugs such as vancomycin and daptomycin while restricting the use of certain drugs such as
ciprofloxacin which can cause various side effects. However, these drugs are also known to cause
various side effects if the quantity administered to the patients is not monitored properly. Further, the
dumping of these drugs on surface waters and other water bodies has also led to the emergence of
new bacterial strains which would increase the burden for public health centers. Therefore, it is
necessary to develop rapid, cost effective and better analytical techniques to help the patients and

health professionals for diagnostic purposes.

This thesis is based on the detection of MRSA bacteria and the drugs which should and should not be
used for its treatment. In chapter 2 we present the literature review for the nanomaterials used for
detection of MRSA using various techniques such as electrochemical, fluorescence and other novel
techniques developed by researchers. Further, the drawbacks for these techniques have also been
discussed in brief. The review also enlists the various biomarkers that are available that can be used
to detect MRSA. Additionally, various conventional and commercial techniques presently used to

detect MRS A have also been briefly discussed.

In chapter 3, a polyacrylic acid (PAA) modified copper benzene-1,3,5-tricarboxylate (BTC) metal-
organic framework (MOF) is described for use in an electrochemical single shot assay for vancomycin
detection. The MOF was synthesized via a single pot method resulting in enhanced solubility and
dispersibility in water as compared to HKUST-1, but without altering its intrinsic crystalline and

porous properties. The new MOF shows enhanced electro catalytic properties. This is assumed to be
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due to the presence of a polyacrylic acid that forms a network between various HKUST-1 crystals
through carboxylic acid dimer formation between BTC and PAA. This also led to better dispersion
of the novel MOF as well as improved interactions between MOF and vancomycin. The
characterization of the structural, spectral and electrochemical properties of the MOFs and their
vancomycin complexes was carried out. A glassy carbon electrode was modified with the MOF for
electrochemical determination (best at a working potential of 784 mV vs. Ag/AgCl) of vancomycin
in spiked urine and serum samples. Response was linear from 1 - 500 nM vancomycin concentration
range, and the lowest detectable concentration was 1 nM with a relative standard deviation of +4.27%.

The presence of various potentially interfering analytes has no significant effect.

In chapter 4, we emphases on electrochemical detection of ciprofloxacin in animal serum and run off
water using silver nanoparticle modified B-cyclodextrin (Ag-p-CD) composite. The Ag-B-CD
composite was synthesized via hydrothermal route which resulted in a high product yield.
Morphological and spectral characterization of the Ag-B-CD composite was carried out. The Ag-p-
CD composite was used to detect ciprofloxacin by employing differential pulse voltammetry (DPV)
and cyclic voltammetry (CV). Ag-B-CD modified electrode displayed good specificity towards
electro-oxidation of ciprofloxacin. Further, the sensor gave the best response towards electro-
oxidation of ciprofloxacin near the physiological pH of 7.5. A linear response was obtained between
the concentration range of 0.1 nM to 50 nM and limit of detection (LOD) at 0.028 nM with high
sensitivity of 26,697.312 uA mM ' cm? was achieved. Finally, the Ag-B-CD composite modified
electrode was successful in detecting ciprofloxacin in spiked animal blood serum and domestic run

off water samples.

In chapter 5, a novel porous nanocomposite was synthesized and used as a multipurpose platform for
detection and antibacterial activity against pathogenic bacterial strain. The composite constituted of

copper, B-cyclodextrin and graphene oxide which was functionalized with vancomycin (Van) as the
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capture probe. The spectral and morphological characterization of the novel composite formed was carried
out. The specificity towards gram-positive bacteria was provided by the Van molecule and was used to
detect MRSA. Differential pulse voltammetry was used to carry out highly sensitive detection of MRSA
and a low detection limit of 5 CFU mL™" was achieved. Finally, the prepared composite was tested for anti-
bacterial activity and MIC value of Van-Cu-B-CD-GO was achieved 2.23 pg mL™' which was a result of
the synergetic effect of copper and Van. Therefore, the current work provides a novel composite

material for detection and inactivation of harmful pathogenic bacterial strains.

In chapter 6, we report a novel reduced graphene oxide/ poly (phenol red) fabricated sensor for highly
selective and rapid detection of ciprofloxacin. A facile strategy was employed to fabricate the
modified electrode by electro-polymerization of phenol red [poly (phenol red)] (PPR) followed by
drop casting of reduced graphene oxide (rGO). The rGO/PPR/GCE electrode enhanced detection of
ciprofloxacin due to selective adsorption, which was accomplished by a combination of electrostatic
attraction at —SO; sites in the PPR film, and the formation of charge assisted hydrogen bonding
between ciprofloxacin and rGO surface functional groups. The spectral and morphological studies of
the novel nanocomposite were carried out using fourier transform infrared spectroscopy (FTIR) and
field emission scanning electron microscopy (FE-SEM). The electrochemical characteristics of
modified material were studied by cyclic voltammetry (CV) and electrical impedance spectroscopy
(EIS). Differential pulse voltammetry (DPV) was performed to study the response of ciprofloxacin
towards the modified electrode. The composite modified electrode displayed good electro-catalytic
activity towards the oxidation of ciprofloxacin at pH 5.5 exhibited high sensitivity (detection limit 2
nM) and specificity towards ciprofloxacin. The practical applicability was also tested by quantitative
analysis of ciprofloxacin in the animal blood sample. Recovery of analytes in spiked samples was
97+6% over the range 0.002-400 pmL™". It shows the developed electrode is a potential tool for a

rapid, simple and sensitive detection of ciprofloxacin in blood sample.
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2. Future prospects

The novel nanomaterials synthesized in the current thesis show a wide variety of applications in
sensing, treatment and other related fields. The modified MOF (P-HKUST-1) can have various
applications. It can be used for drug delivery of vancomycin which is shown to form complex with
the drug. The inclusion of polyacrylic acid lowers the toxicity of the parent MOF (HKUST-1) and
also makes it water soluble and easily dispersible. These parameters lead to further possibilities for
the applicability of P-HKUST-1 for bioconjugation and using it as a biosensor. Further, P-HKUST-1
can also be used for the treatment of MRSA infections on skin. This is because of the vancomycin
delivery and also because P-HKUST-1 can act as a reservoir of copper metal ions which aid in
ablation of MRSA bacteria. Further, in chapter 4, Ag-B-CD composite was synthesized by a facile
single step reaction and the changes in the solvent provided different colored Ag-B-CD composites,
which can be applied for colorimetric detection or even for drug delivery purposes. Additionally, the
synthesis technique can also be used to modify B-CD with various other metal nanoparticles to form
novel nanocomposite for a variety of applications such as in electrochemistry, drug delivery and
optical sensors. In chapter 5, a novel porous copper-based nanocomposite (Cu-f-CD-GO) was
synthesized via hydrothermal route as a theranostic platform for MRSA detection and treatment. This
novel nanocomposite exhibited good optical properties, mesoporous nature, high BET surface area
and a good potential for future applications in the field of electrochemistry due to its electro-active
nature, electrocatalytic properties, and storage devices such as capacitors and batteries. Finally, a
novel electropolymerized film (PPR) was formed on the surface of glassy carbon electrode which
possesses high stability and provides an economical option for synthesis of efficient electrodes to

carry out highly selective detection.
Finally, an overall improvement in the practical applicability can be achieved by providing an on spot

diagnostics method for detection of MRSA and the harmful drugs can be worked upon. To improve
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the cost effectiveness of the product, custom electrodes using cheaper materials such as paper based
or plastic can be used. The cost of these electrodes would be reduced signidicantly depending on the
substrate of the electrode. However, further studies for sample diagnostics for clinical and large
number of samples is needed to be carried out before the commercialization of these sensors. Then,
these can be fabricated and a diagnostic kit can be provided at normal households and patients who
are prone to the bacterial infections. This would lead to the lowering of burden on the public health

centres and achieve faster treatment of the infected patients.
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APPENDEX I

SUPPLEMENTARY INFORMATION CHAPTER 3

Poly(acrylic acid) modified copper metal organic framework based single shot assay for

electrochemical detection of vancomycin
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Preliminary Molecular Dynamics Simulations study

Structure of HKUST-1 MOF was downloaded from the ChemTube3D [1] and single cluster was
extracted from the whole structure (Fig. S2a). The structure of vancomycin was taken from the PDB
id: 1QD8 (Fig. S2b) [2]. The PAA structure was taken from the PDB (ligand number TAS) (Fig. S2c¢).
The universal force field (UFF) parameters were used for all three molecules. UFF parameters were
generated using the OBGMX server, which have been tested for large number of MOFs [3]. Gasteiger
partial charges, [4] were used for all these molecules, which are compatible with UFF [5] and
generated using Open Babel software [6]. Three simulations systems were prepared, first one was
HKUST-1 with vancomycin, second one was HKUST-1 with PAA and third one was PAA with
vancomycin. All systems were solvated using the SPC water model [7]. The HUKST-1 with
vancomycin system contains a total of 7999 water molecules, and HUKST-1 with PAA system
contains 5698 water molecules and PAA with vancomycin system contains 5715 water molecules.
All three systems were energy minimized using the steepest descent algorithm [8], and simulations
were performed using NVT ensemble for 10 nanoseconds (ns) each. The Nose-hoover method [9]
was used for temperature coupling with 1 ps time constant. The Particle Mesh Ewald (PME) method
[10] was used to study long-range electrostatic interactions. Periodic boundary condition was
empolyed in xyz dimension. The Leap-frog algorithm [11] used for the integration of Newton’s
equations of motion and simulation were performed at 298.15 K temperature using the GROMACS

simulation package [12].

Centre of mass distance between molecules was calculated using in-house Tcl script and interaction
energies were calculated using the g mmpbsa [13] tool, which is used to calculate interaction energy

in the vacuum.

Preliminary studies and synthesis
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In our preliminary molecular dynamic (MD) simulations, interaction analysis was carried out between
HKUST-1 molecule and vancomycin, HKUST-1 molecule and PAA and PAA molecule and
vancomycin. Time evolution of center of mass (COM) distance (Fig. S3a, black line) between
HKUST-1 and vancomycin revealed that the molecules came close to each other ~5.3 ns and formed
the interaction, and molecules came further close to each other ~6.1 ns. However, during this time
there were fluctuations in distance value, but from ~7.7 ns to 10 ns distance value remained very
stable. Interaction energy value between HKUST-1 and vancomycin also followed to similar trend
and were highest during ~7.7 ns to ~10 ns (Fig. S3b, black line), during this period interaction energy
was between ~-125 kJ.mol” to ~-145 kJ.mol"'. Fig. 3a shows the representative images from
HKUST-1 and vancomycin simulation. Time evolution of COM distance (Fig. S3a, red line) between
Cu-BTC and PAA showed that molecules came to close each other ~5.8 ns and remained bound until
end of the simulation time. But there were frequent fluctuations in distance value during the binding
between these two molecules, interaction energy value (Fig. S3b, red line) showed the interaction
energy between PAA and Cu-BTC was between ~-35 kJ.mol! to ~-65 kJ.mol". Fig. S4b shows the
representative images from HKUST-1 and PAA simulation. Time evolution of COM distance
between PAA and vancomycin (Fig. S3a, red line) showed that both molecules came close to each
other ~0.33 ns and formed the first interaction and remained bound until end of the simulation.
Interaction energy between PAA and vancomycin fluctuated between ~-35 to ~-85 kJ.mol™. From
~5.7 ns to 10 ns in interaction energy less fluctuations were observed and Fig. S4c shows
representative images form PAA and vancomycin simulation. Overall this data suggested that these
molecules can interact spontaneously and interaction between Cu-BTC and vancomycin is highly
favorable followed by PAA and vancomycin and Cu-BTC and PAA. This suggested that the post

synthetic modification of HKUST-1 with PAA was not a feasible reaction.
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Therefore, to synthesize P-HKUST-1, a typical hydrothermal route was followed, similar to that of
HKUST-1. Polyacrylic acid has been reported to form a chelating complex with copper ions [14, 15].
Therefore, PAA was introduced in the hydrothermal system along with other precursors. PAA has
been known to improve the water solubility of various compounds. The resulting product (P-HKUST-
1) demonstrated good solubility and dispersibility in water. The modification of MOF led to higher
electro-activity of the linker molecule, which was attributed to the hydrogen bonding between the
PAA and linker molecules [16]. This, in turn, resulted in faster and easier transport of electrons from
the phenyl groups of the linker, as seen in the voltammogram (Fig. S5a). No significant rise in the
electrochemical oxidation of copper ion cores was observed which may be due to PAA chelating with

the copper cores and providing them the electrons required to keep them stable.

Characterization of P-HKUST-1

FTIR studies of HKUST-1 and P-HKUST-1 were carried out to confirm the formation of P-HKUST-
1 (Fig. S6a). For HKUST-1, prominent vibrations observed at 1641 ¢cm™ attributed to C=C stretch
and vibrations at 1583 c¢cm” were accounted for carboxylate group, both of which represent
characteristic peaks for linker molecule. The peaks at 1445 cm™ and 1359 cm™ may be attributed to
symmetric stretching of the carboxylate group. The stretch at 760 cm™ corresponds to the bending of
the C-H present in linker. The bands near 930 cm™' and the broad peak with a low intensity near 3300
cm ' may be due to the O-H stretching frequencies which can be due to water molecules absorbed.
These results were in accordance with the previously reported literature [17-19]. The FTIR of P-
HKUST-1 has most of the peaks similar to that of HKUST-1, however an increase in intensity of
peaks was observed. A few variations observed were the widening and increase in the intensity of
peak around 3300 cm'attributed to O-H stretching which signifies the incorporation of PAA. The

additional shift in the carboxylate group peak from 1359 ¢cm™ to 1254 cm” may be due to the
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formation of carboxylic acid dimer between linker and PAA. Finally, the peak at 727 cm' is

accounted for Cu—O stretching, which is found in both HKUST-1 and P-HKUST-1.

For morphological characteristics, FE-SEM and HR-TEM analysis were carried out displaying
distinct octahedron and cuboid crystals of HKUST-1, as seen in Fig. S7a. Similarly, FE-SEM images
of P-HKUST-1 illustrate HKUST-1 crystals covered with polymer threads, and HR-TEM images
illustrated the formation of an interconnecting network between HKUST-1 crystals through PAA, as
shown Fig. S7b. The polymer acts as a linker between HKUST-1 crystals leading to better
solubility/dispersibility and electrochemical conductivity of newly formed P-HKUST-1. Further, the
XRD analysis for HKUST-1 exhibited narrow and distinguished peaks highlighting its crystallinity
[17-19], as shown in Fig. 5b. The XRD pattern of P-HKUST-1 (Fig. S6b) depicted no major change
in the crystallinity of HKUST-1 on modification with PAA. Further, the BET surface area of P-
HKUST-1 was found to be 395.998 + 11.1117 m*.g”", which can be accounted to the wrapping of
HKUST-1 by the polymer. The pore volume for P-HKUST-1 was equivalent to 0.27 cm®.g” providing
a larger surface area than a previously employed method for HKUST-1 modification [20]. Finally,
the adsorption and desorption isotherms obtained for P-HKUST-1 were analysed and they were found

to be similar to that of mesoporous materials, as shown in Fig. S5b.

Characterization of vancomycin-MOF complexes

FTIR studies confirmed the formation of MOF-vancomycin complexes (Van-HKUST-1 and Van-P-
HKUST-1), as shown in Fig. S6 b, c. A few changes were observed in vancomycin modified MOF
structures. For Van-HKUST-1, firstly, there was an increase in the intensity of peak from 3200-3500
cm’' that is attributed to N-H bending of the amide groups from vancomycin. Also, an increase in
peak intensity is observed near 1580 cm™ may be due to the C-Cl stretching. Additional peak

diminishing at 876 cm™ which is responsible for C-H bending of a trisubstituted carbon in an aromatic
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ring is observed which depicts that vancomycin interacts with HKUST-1 at these particular sites.
Further the peak at 664 cm™ is no longer present which represents the out of plane —OH bending,
which might also be due to the interaction with vancomycin molecules. In case of Van-P-HKUST-1,
peaks at 1553 cm™ and 1620 cm™ are attributed to the N-O stretching and amide C=0 stretch of
vancomycin molecule, which confirms the incorporation of drug to P-HKUST-1. Additionally, the

peak at 664 cm™ is no longer present, which is similar as seen in van-HKUST-1.

When vancomycin interacts with HKUST-1, it undergoes a visible morphological change, as shown
in FE-SEM image in Fig. S7. This is due to interaction of vancomycin with copper core of HKSUT-
1 leading to the impregnation of drug leading to the formation of irregular pores and cracks in
HKUST-1. This can be further justified as no accessible copper sites were left for water to interact
resulting in no swelling of the Van-HKUST-1 complex [21]. Further, small complexes of vancomycin
with PAA and HKUST-1 crystals are seen in FE-SEM of Van-P-HKUST-1. The interaction of P-
HKSUT-1 with vancomycin does not bring any major change to the P-HKSUT-1 crystal, which may
be due to the formation of polyionic complexes of PAA with vancomycin [10]. BET surface area and
pore volume of Van-HKSUT-1 complex was 373.423 m*.g" and 0.1757 cm?.g”', respectively, which
further confirmed the reduction in surface area due to vancomycin incorporation. The variations in
the crystallinity were confirmed using XRD diffraction patterns of van-complexes. Van-HKUST-1
illustrated a significant change (Fig. S8b) in the crystalline character which is seen between 10
degrees to 15 degrees resulting in the change in crystal structure as compared to HKUST-1, whereas
no major change was observed for Van-P-HKUST-1 as compared to P-HKUST-1 which can majorly

be attributed to polyacrylic acid and vancomycin interactions as observed in Fig S8c.

Electrochemical characterization of P-HKUST-1
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The electrochemical characterization of the modified electrodes was carried out using 2.5 mM
[Fe(CN)s]*™in 1 M KCI as the electrolyte. The surface area calculations were carried out using
cyclic voltammetry (CV) of the respective electrodes. The redox peaks observed between 0.7 V- 0.8
V were due to the redox active organic linker (BTC) of HKUST-1 and P-HKUST-1, as shown in the
voltammograms (Fig. S5a). The response obtained from CV was used to calculate the effective

surface area of the electrode by employing the Randles-Sevcik [22] equation:

I, = 269 x 105AvD(V) Vo Cq (1)

where I, is the peak current (Amp), A is the surface area of the electrode in cm?, n is the number of
electrons transferred (for K3[Fe(CN)s], n=1), v is the scan rate (V.s™"), D is the diffusion coefficient
(7.60x10°° cm?.s™" for K3[Fe(CN)s]) and Cy is the concentration in mol.cm™. The surface area of
modified electrodes was calculated from the slope of the plot of I, vs v!”? in Fig. S9 (a) [Inset]. The
effective surface areas for HKUST-1/GCE and P-HKUST-1/GCE were found to be 0.03808 cm? and
0.3778 cm?, respectively. High effective surface area of P-HKUST-1 is anticipated to be one of the
factors responsible for the increase in peak current response. Additionally, voltammogram between
current density and potential was plotted for HKUST-1 and P-HKUST-1 and higher current density

is observed for P-HKUST-1 as shown in Fig. S9 (c)

Further, the electrochemical impedance spectroscopic (EIS) studies were carried out to study charge
transfer characteristics of the modified electrodes (Fig. S9(b)). EIS measurements were recorded with
open circuit potential as 0.68 V and range of frequency was set from 1 to 10° Hz. The data is
represented as Nyquist Plot in the form of Randles equivalent circuit. The components of circuit are
warburg impedance (W), charge transfer resistance (R.:), the resistance of the solution (R) and double

layer capacitance (Cq1). The value for each component of circuit is shown in Table S1. Lower Ry
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value of P-HKSUT-1 indicates that P-HKSUT-1 has superior conductivity than HKSUT-1 and hence

possesses better charger transfer kinetics.
Electrochemical characterization of vancomycin-MOF complexes

Electrochemical characterization via cyclic voltammetry was carried out using the same redox couple
([Fe(CN)s]>*7in 1 M KCI) to check the response of van-complexes. As depicted in Fig. 2a, van-
HKUST-1/GCE did not show any noticeable variation in their redox peaks as compared to HKUST-
1/GCE. On the other hand, a clear decrease in the redox peak was observed in case of van-P-HKUST-
1/GCE as compared to P-HKUST-1/GCE. EIS studies were also carried out to validate the electrode
response. Higher values of charge transfer resistance in the Randles equivalent circuit model of the
van-complexes to their counter parts was obtained. All the components of the circuit are mentioned

in Table S1.
UV spectroscopy Studies

Absorbance studies for the van-P-HKUST-1 complexes were carried out for confirming the complex
formation of vancomycin with P-HKUST-1. Further, to check the amount of vancomycin interacting
with P-HKUST-1, 1 mg.mL" solution of vancomycin was added to 1 mg.mL" solution of P-HKUST-
1 and kept for 24 hours and centrifuged. The supernatant was used to check the free drug in the
solution. Dilutions of vancomycin were prepared from 0.1 mg.mL" to 2 mg.mL™" (0.1, 0.5, 1.0. 1.5,
2.0 mg.mL™") to create a calibration curve for achieving the amount of drug that was left in the

supernatant. The calibration curve is shown in Fig. S10. The experiment was run in triplicate.

The spectrum of van-P-HKUST-1 (Fig. S11(a)) shows an increase in intensity of peak around 282
nm with a small shift (blue shift) is observed, which is due to vancomycin adsorbed with the copper
metal sites, whereas a red shift is observed from 640 nm to 674 nm are due to vancomycin combining
with the PAA of the P-HKUST-1. This leads to the removal of PAA from the Cu(ll) sites increasing
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the degeneracy in the d levels which leads to redshift. Further, the supernatant was also diagnosed to
check for the unreacted drug in the solution. The absorbance of the unreacted came out to be 0.323
mg (Fig. S11(b)) and the remaining was incorporated with P-HKUST-1 which was equivalent to

0.677 mg per 1 mg of P-HKUST-1.
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Fig. S1 (a) 10 sweeps run to achieve a constant current. (b) Finally another 16 sweeps to achieve
complete stability of current with 10 folds increase from the initial value. CVs are carried out in 2.5

mM [Fe(CN)s]*#in 1 M KCl at 0.1 V.s™' scan rate.
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c

Fig. S2 (a) Structure of HKUST-1 cluster used in present simulation study. (b) Structure of
Vancomycin. (c) Structure of PAA. All structures have been represented in the Licorice
representation.

a [
1007 | 100 — CuBTC-VAN
— CuBTC-VAN . — CUBTC-PAA
il — CuBTC-PAA — PAA-VAN
— PAA-VAN

Distance (A)
2
Interaction Energy =
(kJ.mol")

Time (ns) Time (ns)

Fig. S3 (a) Shows time evolution of COM distance between CuBTC-VAN, CuBTC-PAA and PAA-
VAN B) Show time evolution of interaction energy between CuBTC-VAN. CuBTC-PAA and PAA-
VAN.
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t=4.5 ns

PAA-VAN

Fig. S4 Shows representative images of simulations a) Cu-BTC-VAN simulation b) Cu-BTC-PAA
simulation, ¢) PAA-VAN simulation.
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Fig. S5 (a) Cyclic voltammograms of bare (a) GCE, (b) BTC/GCE, (¢) HKUST-1/GCE, (d) P-
HKUST-1/GCE in 2.5 mM [Fe(CN)s]**in 1 M KCI (b) N, adsorption-desorption isotherm of P-

HKUST-1.
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Fig. S6 FTIR spectras of (a) HKUST-1 and P-HKUST-1, (b) HKUST-1 and Van-HKUST-1, (c) P-
HKUST-1 and Van-P-HKUST-1.
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Fig. S7 FE-SEM of (a) HKUST-1 (b) Van-HKUST-1 complex (c) P-HKUST-1 (d) Van-P-HKUST-
1. HR-TEM of (e) HKUST-1 (f) P-HKUST-1
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Fig. S8 XRD spectras of HKUST-1, P-HKUST-1 and their respective vancomycin complexes.
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Fig. S9 (a) Scan rate studies of P-HKUST-1/GCE from “a” to “0” (0.01 to 0.15 V s™) carried out in
2.5 mM [Fe(CN)s]* ™ in 1 M KCI, Inset- calibration plot for anodic peak current vs root of scan rate.
(b) EIS spectra in 2.5 mM [Fe(CN)s]*"*7in 1 M KCl at HKUST-1/GCE, Van-HKUST-1, P-HKUST-
1 and Van-P-HKUST-1, Inset- Randles equivanlent circuit model. (¢) current densitiy vs potential
plotted for (a) HKUST-1 and (b) P-HKUST-1 at 0.1 V.s™' scan rate and in 2.5 mM [Fe(CN)s]**7in 1
M KCL
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Fig. S10 Calibration curve for dilutions of vancomycin (0.1, 0.5, 1.0. 1.5, 2.0 mg.mL'l) in methanol.
Each absorbance values is recorded in triplicates.
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Fig. S11 (a) UV absorbance curve of P-HKUST-1 and Van-P-HKUST-1 in methanol. (b) UV
absorbance of the supernatant of Van-P-HKUST-1 complex to check for unreacted drug.
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Fig. S12 Calibration curves for (a) P-HKUST-1 at different concentration spikes of vancomycin in
presence of analogous drugs (ciprofloxacin and gentamicin) (0 nM, 1 nM, 100 nM, 250 nM, 500
nM) (b) In presence of metal ions (Vancomycin concentration: 0 nM, 1 nM, 100 nM, 250 nM, 500
nM). CV was carried out in 2.5 mM [Fe(CN)¢]*™ (1 MKCl, at 0.1 V.s-1).
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Fig. S13 Voltammograms at (a) GCE and (b) P-HKUST-1/GCE in different analytes (a) catechol
(0.1 mM), (b) cystamine (0.1 mM) (¢) folic acid (0.1 mM), (d) glutamic acid (0.1 mM), (e)
mercury (0.1 mM) in 0.1 M phosphate buffer (pH = 7.0) at scan rate of 0.1 V.s™".
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Fig. S14 Calibration curves for (a) P-HKUST-1 at different concentration spikes of vancomycin in
human urine sample (0 nM, 1 nM, 100 nM, 250 nM, 500 nM) (b) CV curves in animal serum
sample (Vancomycin concentration: 0 nM, 1 nM, 100 nM, 250 nM, 500 nM). CV was carried out in
2.5 mM [Fe(CN)s]* ™ (1 MKCl, at 0.1 V.s-1).
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Tables

Table S1 Values of components of randles equivalent circuit for bare and modified electrodes

Material R:(Q) Re (Q) Ca(Fgh W (Qs'?)
GCE 20.27 129.7 6.441 ¢’ 0.0002294
HKUST-1 16.5 33.87 1.92¢” 0.0008298
Van-HKUST-1 7.983 34.67 1.896 ¢” 0.0001037
P-HKUST-1 17.96 10.93 3.671¢” 0.0001932
Van-P-HKUST-1 17.1 35.77 3.553 ¢’ 0.0001529

Table S2 Data for Vancomycin detection in presence of various interfering agents and different

matrices.
Interferences/ Lowest Detection Linear range Sensitivity
Matrices Concentration
Ions 1 nM 1-500 nM Intercept: 1.5567¢+ 5.5¢”,
R*=0.9967.
Slope: -6.362¢e*+2.16¢”
Sensitivity: 168.395
pA-pMt-cm™
Drugs 1 nM 1-500 nM Intercept: 7.377e°+ 2.4¢”,
R?=0.995.
Slope: -4.623¢*+3.25¢”
Sensitivity: 122.366
PA-uM-cm™
COXXXV
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Urine 1 nM 1-500 nM Intercept: 1.847¢+ 2.2¢”,
R*=0.9916.

Slope: -1.87¢7+8.606¢”

Sensitivity: 484.971
PA-uM-cm™

Blood serum 1 nM 1-500 nM Intercept: 8.934e™+ 6.4¢”,
R?=10.993.

Slope: -6.114e*+2.53¢”
Sensitivity: 161.858
PA-uM-cm™

References

[1] Greeves N (2010) ChemTube3D

[2] Loll PJ, Kaplan J, Selinsky BS, Axelsen PH (1999) Vancomycin binding to low-affinity ligands:
delineating a minimum set of interactions necessary for high-affinity binding. Journal of medicinal

chemistry 42 (22): 4714-4719

[3] Garberoglio G (2012) OBGMX: A web-based generator of GROMACS topologies for molecular
and periodic systems using the universal force field. Journal of computational chemistry 33 (27):

2204-2208

[4] Gasteiger J, Marsili M (1980) Iterative partial equalization of orbital electronegativity—a rapid

access to atomic charges. Tetrahedron 36 (22): 3219-3228.

[5] Hamad S, Balestra SRG, Bueno-Perez R, Calero S, Ruiz-Salvador AR (2015) Atomic charges for

modeling metal—organic frameworks: Why and how. Journal of Solid State Chemistry 223: 144-151.
[6] O'Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison GR (2011) Open

Babel: An open chemical toolbox. Journal of cheminformatics 3 (1): 33.

CCXXXVi

Atal Gill UKZN-2020



[7] Mark P, Nilsson L (2001) Structure and dynamics of the TIP3P, SPC, and SPC/E water models at

298 K. The Journal of Physical Chemistry A 105 (43): 9954-9960.

[8] Bixon M, Lifson S, (1967) Potential functions and conformations in cycloalkanes. Tetrahedron

23 (2): 769-784.

[9] Evans DJ, Holian BL (1985) The nose—-hoover thermostat. The Journal of chemical physics 83

(8): 4069-4074.

[10] Darden T, York D, Pedersen L (1993) Particle mesh Ewald: An N- log (N) method for Ewald

sums in large systems. The Journal of chemical physics 98 (12): 10089-10092.

[11] Van Gunsteren WF, Berendsen H (1988) A leap-frog algorithm for stochastic dynamics.

Molecular Simulation 1 (3): 173-185.

[12] Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, Lindahl E (2015) GROMACS:
High performance molecular simulations through multi-level parallelism from laptops to

supercomputers. SoftwareX, 1: 19-25.

[13] Kumari R, Kumar R, Consortium OSDD, Lynn A g mmpbsa (2014) A GROMACS tool for
high-throughput MM-PBSA calculations. Journal of chemical information and modeling 54 (7):

1951-1962.

[14] Wall FT, Gill SJ (1954) Interaction of cupric ions with polyacrylic acid. J. Phys. Chem.

58 (12):1128-1130.DOI: 10.1021/5150522a017

[15] Rivas BL, Quilodra’n B, Quiroz E (2005) Metal Ion Retention Properties of Poly(acrylic acid)
and Poly[N-3-(dimethylamino)propyl acrylamide-co-acrylic acid. Journal of Applied Polymer

Science 97: 1385-1394 DOI 10.1002/app.21836

CCXXXVii

Atal Gill UKZN-2020



[16] Florio GM, Zwier TS, Myshakin EM, Jordan KD, Sibert EL. (2003) Theoretical modeling of the
OH stretch infrared spectrum of carboxylic acid dimers based on first-principles anharmonic

couplings. J. Chem. Phys. 118: 1735 doi: 10.1063/1.1530573

[17] Li Q, Jiang S, Ji S, Shi D, Yan J, Huo Y, Zhang Q (2014) Magnetically Recyclable Cu-BTC@
SiO2@ Fe304 Catalysts and Their Catalytic Performance for the Pechmann Reaction. Ind. Eng.

Chem. Res. 53: 14948—14955.

[18] Li ZQ, Wang A, Guo CY, Tai YF, Qiu LG (2013) One-Pot Synthesis of Metal-Organic
Framework@ Sio2 Core—Shell Nanoparticles with Enhanced Visible-Light Photoactivity. Dalton

Trans 42: 13948—-13954.

[19] Stavila V, Volponi J, Katzenmeyer AM, Dixon MC, Allendorf MD (2012) Kinetics and
Mechanism of Metal-Organic Framework Thin Film Growth: Systematic Investigation of HKUST-

1 Deposition on QCM Electrodes. Chem. Sci. 3: 1531-1540.

[20] Bhardwaj SK, Bhardwaj N, Mohanta GC, Kumar P, Sharma AL, Kim KH, Akash Deep (2015)
Immunosensing of Atrazine with Antibody-Functionalized Cu-MOF Conducting Thin Films. ACS

Appl. Mater. Interfaces 7 (47):26124-26130. DOI: 10.1021/acsami.5b07692

[21] Burtch NC, Jasuja H, Walton KS (2014) Water Stability and Adsorption in Metal—Organic

Frameworks. Chem. Rev. 114: 10575—-10612. dx.doi.org/10.1021/cr5002589.

[22] L.R. F, A.J. Bard, (2001) Electrochemical Methods: Fundamentals and Applications, John

Wiley, New York.

CCXXXViii

Atal Gill UKZN-2020



