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Introduction
The prevalence of antibiotic-resistant pathogenic bacteria is a contemporary and global
healthcare problem. The consequences of infections caused by antibiotic-resistant
bacteria are adverse as the ramifications may be profound in the realm of clinics and
public healthcare. Antibiotic-resistant pathogenic bacteria possess a plethora of
attributes, that empower the bacteria to counter therapeutic antibiotics, such as
(i) presence of a membrane permeability barrier that impedes drug diffusion and uptake,
(it) presence of an efflux pump that expels drugs from the cell and reduces their
availability at target sites, (iii) alterations in molecular targets of antibiotics, (iv) presence
of a metabolic bypass that renders the cell insensitive to the antibiotic and (v) presence
of antibiotic-altering and antibiotic-degrading enzymes. Further, rampant use of
antibiotics in the clinics may escalate resistance development in cells and transmission
of the resistance trait can also be facilitated through horizontal gene transfer, leading to
dissemination of the resistance trait on an enormous scale. The problem of antibiotic-
resistance is further compounded by the innovation gap and the arduous track in drug
discovery research. In order to cope up with this serious healthcare crisis, there is a
compelling need for a prudent drug discovery program that is committed to tackle the
global problem and mitigate infections caused by antibiotic-resistant bacteria.
Considering the limitations of antibiotic monotherapy and the scarcity of new and
effective antibiotics, it is conceived that the combination of two or more antibacterial
agents during a treatment regimen can be a viable approach to alleviate severe bacterial
infections. Combinations of antibiotics are likely to render therapeutic dividends such as
(i) providing a broad empiric coverage, (ii) facilitating multimodal spectra of activity,
(iii) hindering emergence of resistance and (iv) generating a synergistic effect. However,
combinations of antibiotics can also be counterproductive as antagonism can emerge
owing to drug interactions. In addition, antibiotic-mediated drug toxicity and cost-
intensive therapy can be significant impediments in harnessing the therapeutic potential
of antibiotic combinations. On the other hand, combination of non-antibiotic molecules
with antibiotics offers an exciting prospect in the realm of medicinal chemistry and drug
discovery as it opens up the untapped library of bioactive synthetic molecules. In
particular, there is an enormous scope to rationally design synthetic small molecules that
can directly counter the core resistance mechanism in pathogenic bacteria. Conceivably,

such molecules can emerge as therapeutic adjuvants and minimize resistance
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development, reduce host-directed toxicity and restore activity of therapeutic antibiotics
for clinical use.

Based on the aforementioned tenet, the present investigation is an endeavor
towards the generation of rationally designed synthetic small molecules and exploring
their prospect as adjuvants in combinatorial antibacterial chemotherapy. The present
investigation holds significance as the fundamental understanding emerging from the
study is likely to yield a guideline to develop effective adjuvants for combinatorial

antibacterial therapy and thereby address a very serious global healthcare problem.

Literature Review

1.1. An Overview of Antibiotic-Resistant Pathogenic Bacteria

Antibiotic-resistant pathogenic bacteria display inherent resistance mechanisms against
commonly used therapeutic agents. In addition, indiscriminate use of antibiotics has
escalated the evolution of drug-resistant strains. Considering the grave concerns
associated with antibiotic-resistance, a large number of seminal review articles have
critically articulated the implications of antibiotic-resistant pathogenic bacteria (Peterson
and Kaur 2018; Petchiappan and Chatterjee, 2017; de Kraker et al., 2016; Fair and Tor
2014, Wright, 2011; Davies and Davies, 2010; Fischbach and Walsh 2009, Nikaido,
2009). Literature reports categorize the clinically-prevalent drug-resistant bacterial
pathogens as: (i) B-lactam resistant Pneumococci, (ii) penicillin and chloramphenicol-
resistant Neisseria meningitides, (iii) vancomycin-resistant enterococci (VRE), (iv)
vancomycin- resistant Staphylococcus aureus (VRSA), (v) methicillin-resistant
Staphylococcus aureus (MRSA), (vi) penicillin-resistant Streptococcus pneumoniae,
(vii) multidrug-resistant Salmonella typhimurium (MRST), (viii) multidrug-resistant
Acinetobacter, carbapenem-resistant Enterobacteriaceae (CRE) and others (Kaye and
Kaye, 2000; Lee et al., 2018; Tong et al., 2015; Lowy, 2003; Mather et al., 2013; Fair
and Tor, 2014). Amongst the drug-resistant pathogens, the emergence of Klebsiella
pneumonia NDM-1 has caused lot of concern, as the pathogen is life-threatening and
displays high resistance towards critical antibiotics such as penicillin, cephalosporins and
other lactams, and this trait is attributed to the presence of a metallo-B-lactamase-
resistance gene (blaNDM.1) (Yong et al., 2009; Nordmann et al., 2011; Brink et al.,
2012; Jin et al., 2015; Arpin et al., 2012).
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Carbapenem-resistant Acinetobacter
Candida auris (C. auris)
URGENT Clostridioides difficile (C. difficile)
THREATS Carbapenem-resistant Enterobacteriaceae (CRE)

Drug-resistant Neisseria gonorrhoeae (N. gonorrhoeae)

Drug-resistant Campylobacter

Drug-resistant Candida

Vancomycin-resistant Enterococci (VRE)

Multidrug-resistant Pseudomonas aeruginosa (P. aeruginosa)
Drug-resistant nontyphoidal Salmonella

Drug-resistant Salmonella serotype Typhi

Drug-resistant Shigella

Methicillin-resistant Staphylococcus aureus (MRSA)
Drug-resistant Streptococcus pneumoniae (S. pneumoniae)

Drug-resistant Tuberculosis (TB)

CONCERNING Erythromycin-resistant group A Streptococcus
THREATS Clindamycin-resistant group B Streptococcus

Azole-resistant Aspergillus fumigatus (A. fumigatus)
Drug-resistant Mycoplasma genitalium (M. genitalium)

Drug-resistant Bordetella pertussis (B. pertussis)

Figure 1.1. Antibiotic-resistant pathogenic microbes classified on the basis of the threat levels.
The threat levels are based on CDC report 2019.

The Centers for Disease Control and Prevention (CDC) in the USA and the World
Health Organization (WHO) have also published reports that emphasize the implications
with regard to antibiotic-resistant pathogens. On the basis of the threat level, CDC has
proposed a classification of antibiotic-resistant microbes consisting of four categories
(CDC Report, 2019). A schematic representation of the various categories and the
pathogens belonging to each category is illustrated in Figure 1.1. The World Health
Organization (WHO) has proposed a priority list consisting of three categories namely,
critical, high, and medium priority and have catalogued various antibiotic-resistant
pathogenic bacteria under the three lists (Tacconelli et al., 2017; WHO report 2014). A
schematic representation of the various pathogens belonging to
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Priority 1: Critical
Carbapenem-resistant
Acinetobacter baumanii

Carbapenem-resistant
Pseudomonas aeruginosa

Carbapenem-resistant/
Third generation cephalosporin-
resistant Enterobacteriaceae

Priority 2: High

Methicillin-resistant/VVancomycin-resistant
Staphylococcus aureus

Priority 3: Medium

Penicillin-nonsusceptible
Clarithromycin-resistant Helicobacter pylori Streptococcus pneumoniae

Fluoroquinolone-resistant Campylobacter spp. Ampicillin-resistant

Haemophilus influenzae
Fluoroquinolone-resistant Salmonella spp.

. ! . Fluoroquinolone-resistant Shigella spp.
Third generation cephalosporin-

resistant/Fluoroquinolone resistant
Neisseria gonorrhoeae

Figure 1.2. Representative antibiotic-resistant pathogenic bacteria belonging to various priority
list as proposed by WHO. The priority list is based on WHO report 2014.

each category is illustrated in Figure 1.2. The implications of antibiotic-resistant microbe
with regard to the healthcare burden is quite serious. This tenet is indeed reflected in the
CDC report of 2019, wherein it was reported that in excess of 2.8 million antibiotic-
resistant infections are recorded in the United States each year, and more than 35,000
people die as a result of these infections. A nuanced analysis on the timeline of the
discovery of various classes of antibiotics indicate that a large number of antibiotics were
discovered between 1930s-1960s. Since the 1960s, the number of approved new drug
scaffolds were only six spanning over a nearly thirty-year innovation gap (Fair and Tor
2014; Silver 2011; Fischbach and Walsh 2009). An alternate paradigm of the timeline of
antibiotic discovery from 1925-2025 suggests four major periods namely: (a) the golden
era, (b) medicinal chemistry era, (c) resistance era and (d) narrow-spectrum era (Brown
and Wright, 2016).

1.2. Key Mechanisms of Antibiotic-Resistance in Pathogenic Bacteria

Conventional antibiotics are known to target fundamental physiological and metabolic

processes in cells. Hence, these antibiotics can interfere with DNA synthesis (Collin et
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al., 2011; Kohanski et al., 2010) or prevent cell wall synthesis (Hurdle et al., 2011) or
perturb protein synthesis and folate synthesis (McCoy et al., 2011; Wilson, 2014; Lange
et al., 2007; Palmer and Kishony, 2014). Pathogenic bacteria are however known to
possess various attributes to circumvent the action of these antibiotics. Extensive
literature reports are available that describe the mechanisms of antibiotic-resistance
prevalent in pathogenic bacteria. Based on these studies, the well-established modes of
resistance include (a) presence of a permeability barrier that hampers antibiotic diffusion
and cellular uptake, (b) presence of an active efflux pump that can expel some antibiotics
and thus decrease its availability at target sites, (c) modifications of molecular targets,
(d) presence of a metabolic bypass mechanism, which lowers the sensitivity of the target
cell to the drug, (e) presence of enzymes that are known to either alter or destroy
antibiotics (Nikaido, 2010; Wright, 2011; Weidenmaier and Peschel, 2008; Chambers
and Deleo, 2009; Gutsmann and Seydel, 2010; Gootz, 2010). Further, an overuse of
antibiotics in the clinics can render a biased selection of resistant cells, which in turn can
transmit the resistance trait to other cells by horizontal gene transfer, resulting in large
scale manifestation of antibiotic-resistance trait in pathogenic bacteria (Davies and
Davies 2010; Fair and Tor 2014, Toprak et al., 2012).

1.3. Methicillin-Resistant Staphylococcus aureus (MRSA)

In the present investigation, the potential of the generated synthetic ligands as a
bactericidal, antibiofilm and an adjuvant molecule was tested against a clinical strain of
MRSA. In the following section, a brief overview on the essential features of the
pathogen is presented. MRSA is a serious human pathogen, that is known to be prevalent
in both healthcare as well as the community sphere. The pathogen is a major causative
agent of a number of ailments such as bacteremia, endocarditis, skin and soft tissue
infections, bone and joint infections and other hospital-associated infections (Lee et al.,
2018; Turner et al., 2019; Tong et al., 2015; Craft et al., 2019). Since its first emergence
in the clinics in 1960, an extensive community spread of MRSA has been witnessed. The
healthcare burden of MRSA has a global footprint extending from a relatively low
occurrence in Scandinavia to high prevalence in certain regions of North America and
Asia (Lee et al., 2018). In the United States, the number of cases of MRSA infection in
hospitalized patients in 2017 was estimated to be around 323,700 of which 10,600 deaths
were recorded (CDC Report, 2019). With regard to mitigation of MRSA infection in the
clinic, the widespread resistance of the pathogen to a large number of therapeutic -

7
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lactam antibiotics poses a fundamental problem (Lee et al., 2018; Craft et al., 2019).
Moreover, MRSA expresses a plethora of virulence factors such as adhesins, toxins,
immune-evasive factors and tissue-degrading enzymes, which enable initiation,
establishment and persistence of invasive infections in the host (Lee et al., 2018; Turner
et al., 2019; Spaan et al., 2017; Laabei et al; 2014; Thammavongsa et al., 2015).

1.4. MRSA Biofilm and Implant Infection

MRSA cells are physiologically adaptive and can readily form biofilms in tissues and
medical implants. The biofilm matrix can protect the underlying cells from the host
immune system and can also present a permeability barrier for chemotherapeutic agents
and antibiotics (Craft et al., 2019; Arciola et al., 2018; Stoodley, et al., 2011; Oliveira et
al., 2018; Hall and Mah, 2017). A major proportion of hospital-acquired infections are
caused by biofilm formation on medical implants, resulting in tissue destruction,
systemic spread of the pathogen and deterioration in the efficacy of the implant, which
can ultimately have fatal consequences (Hall-Stoodley et al., 2004; Bryers, 2008;
Darouiche, 2001). During implant colonization by MRSA biofilm, matrix proteins such
as collagen, can accumulate on the implant’s surface and facilitate initial adhesion of
MRSA cells, which can subsequently bolster biofilm formation on the implant (Lee et
al., 2018; Foster et al., 2014).

1.5. Prevailing Mechanisms of Antibiotic Resistance in MRSA

1.5.1. Mobile Genetic Elements Encoding Antibiotic Resistance

The acquisition of mobile genetic elements (MGES) carrying antibiotic-resistance genes
by MRSA is a well-established phenomenon. MRSA is known to possess a 20-65 kb
SCCmec element that contains the mecA gene complex accounting for the methicillin-
resistance trait in the pathogen (Turner et al., 2019). In MRSA, the MGEs acquired by a
process of horizontal transfer are essentially responsible for manifestation of resistance
against a large number of antibiotics such as aminoglycoside, penicillin,
chloramphenicol, trimethoprim, macrolide, mupirocin, methicillin, tetracycline and
others (Turner et al., 2019).

1.5.2. Expanded B-lactam Resistance
Manifestation of methicillin resistance in MRSA is essentially due to a drug target

modification strategy adopted by the pathogen. MRSA is known to express an accessory

8
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penicillin-binding protein (PBP), termed as PBP2a, having low affinity for all B-lactams.
Owing to the presence of this protein, a large number of B-lactams such as penicillin,

cephalosporin and carbapenem are ineffective against MRSA (Craft et al., 2019).

1.5.3. Vancomycin-Resistance

Vancomycin is a key therapeutic antibiotic for mitigation of MRSA infections. The
clinical use of this antibiotic assumes greater significance as B-lactams have become
increasing ineffective against MRSA. However, the presence of vancomycin-resistant
staphylococci has also been reported in a previous study (Weigel et al., 2003; Rossi et
al., 2014).

1.5.4. Efflux Pump-Mediated Resistance

Efflux pumps are significantly implicated in development of resistance against
therapeutic agents in staphylococci (Li and Nikaido, 2009; Costa et al., 2015; Jang,
2016). Efflux pumps are essentially membrane proteins involved in the export of
antibiotics, biocides, and toxic metals. Multidrug efflux pumps prevalent in S. aureus
largely belong to five categories of membrane protein families: (a) the major facilitator
superfamily (MFS), (b) the small multidrug resistance (SMR) family, (b) the multidrug
and toxin extrusion (MATE) family, (d) the ATP-binding cassette (ABC) superfamily,
and (e) the resistance-nodulation-division (RND) superfamily (Jang, 2016). Amongst all
the efflux pumps present in staphylococci, the MFS type pumps have been studied in
great detail. A brief overview on various types of staphylococcal MFS efflux pumps and
the notable antibiotics affected by the efflux activity is illustrated in Table 1.1.

In S. aureus, the NorA efflux pump is the most extensively characterized efflux
system. Studies have revealed that NorA protein consists of 388 amino acids and
encompasses 12 transmembrane segments (Yoshida et al., 1990). A large number of
studies have demonstrated that NorA can expel chemically and structurally divergent
compounds, such as the fluorogquinolones norfloxacin and ciprofloxacin, dyes and
quaternary ammonium compounds (Neyfakh et al., 1993; Kaatz et al., 1993). In MRSA,

the norA gene codes for an efflux pump protein involved in the export of
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Table 1.1. Overview of representative Major Facilitator Superfamily (MFS) efflux pumps

present in Staphylococcus aureus.

Sl. No.

Affected Antibiotic

Reference

Efflux Pump Coding Element
. Truong-Bolduc
Norflox_acm, . etal., 2003:
NorA Epoxacm, QfloxaC|n, ch Kaatz et al.,
or Ciprofloxacin, romosome 2005: Truong-
Ethlldlun) bromide, Bolduc and
Acriflavine Hooper 2007
Ciprofloxacin,
Norfloxacin Truong-Bolduc
NorB Sparfloxacin, Chromosome and Hooper
Gemifloxacin 2010
Premafloxacin
Yamada et al.,
SdrM Norfloxacin Chromosome 2006
Linezolid,
Chloramphenicol,
LmrS Trimethoprim Chromosome Floyd et al.,
Erythromycin, 2010
Lincomycin
Rouch et al.,
QaCA Cetrimide, Plasmid 19901 Brown
Chlorhexidine and Skurray
2001

ciprofloxacin ciprofloxacin (Jang, 2016). A recent study has also demonstrated that NorA
is implicated in resistance development against ciprofloxacin in S. aureus (Papkou et al.,
2020). Mechanistic studies have revealed that NorA-mediated efflux of norfloxacin is
affected by protonophores and hence coupled to membrane proton gradient (Ng et al.,
1994).

1.6. Overview of Antibiotic-Mediated Anti-MRSA Therapy

The current therapeutic antibiotics, which have been routinely used in the clinic for
countering MRSA infections include vancomycin, daptomycin, linezolid,
sulfamethoxazole and trimethoprim (Lee et al., 2018; Turner et al., 2019). Besides, other
antibiotics which have emerged for therapeutic intervention against MRSA include
ceftaroline, telavancin, delafloxacin, tedizolid and others (Lee et al., 2018). The
glycopeptide vancomycin has prevailed in the clinics as a critical arsenal for treatment

of MRSA systemic infections (Liu et al., 2011; Gould et al., 2012). Studies have revealed

10
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the antagonistic potential of the lipopeptide daptomycin against MRSA (Smith et al.,
2009; Arbeit et al., 2004). Additional studies have documented the utility of linezolid
and telavancin for anti-MRSA therapy (Wunderink et al., 2012; Stryjewski et al., 2008).
However, with increasing emergence of resistance development in MRSA against a
critical antibiotic like vancomycin (Weigel et al., 2003; Rossi et al., 2014), there is a

compelling need for an alternative intervention against MRSA.

1.7. Antibiotic-based Combination Therapy Against MRSA

The use of multiple antibiotics in combination therapy has been used as an effort towards
achieving a better clinical outcome against MRSA infections. This approach essentially
consists of using a cocktail of antibiotics, which differ in their (a) mode of action in
different pathways or (b) site of action within the same pathway (Worthington and
Melander 2013). The various attributes. which makes combinatorial therapy more
favorable than monotherapy encompass (i) increased antibacterial spectrum,
(it) prevention of poly-microbial infections, (iii) minimization of emergence of resistant
trait and (iv) rendering synergistic effect, (v) lowering doses and decreasing drug toxicity
of antibiotic combinations. The benefit of combination therapy was captured in a study
which revealed that vancomycin in combination with oxacillin or rifampicin was
synergistically effective against MRSA (Yu et al., 2020). In another study, it was
illustrated that rifampin potentiates the efficacy and synergizes with fusidic acid,
tigecycline, against MRSA biofilm (Tang et al., 2013). A combination of tedizolid and
rifampicin could suppress MRSA biofilm formation and deter emergence of rifampicin-
resistance in MRSA (Gidari et al., 2020). A meta-analysis study indicated that the
combination of daptomycin and cephalosporin could yield a beneficial outcome against
MRSA (Wang et al., 2020). In another study, it was demonstrated that a combination of
oritavancin and rifampin was effective against MRSA and this combination may be
considered as a potential therapeutic option for mitigation of prosthetic joint infections
(Yan et al., 2018).

1.8. Small Synthetic Molecules as Adjuvants in Combination Therapy Against MRSA
Despite the potential benefits, combination therapy with antibiotics have limitations as

antagonism can result owing to drug interactions. Further, if a broad-spectrum

11
TH-3020_166106018



Introduction and Literature Review Chapter 1

Table 1.2. Small synthetic molecules used in combination with antibiotics for mitigation of
MRSA.

. ibiotic i Reduction in
Sl. No. Small Synthetic Ant'b_'Ot'(_: n MIC of Reference
Molecule Combination : _0_
Antibiotic
L D-Norvaline Oxacillin ~ 82-fold Lee et al., 2022
2. Auranofin Linezolid 4-8-fold She et al., 2019
3. Palmitic Acid . Songetal.,
and Span85 Oxacillin ~ 82-fold 2020
Linezolid
Gentamicin
4. sanguisorbigenin Vancomycin 4-16-fold Wang etal,
Amikacin 2022
Amoxicillin
Ceftazidime
5. Lipopeptide _ ) i Xiong et al.,
Surfactin Platensimycin 4-fold 2022
& Enterocin Kanamycin 8-fold Atyaetal,
Erythroycin 16-fold 2016

antibiotic is used in combination; it is likely to favor growth of opportunistic pathogens
such as Clostridium difficile. In addition, toxicity and cost-prohibitive therapy are
significant roadblocks in leveraging the therapeutic potential of antibiotic combinations.
In this context, combination of low molecular weight synthetic molecules with antibiotics
offers an exciting prospect in the realm of medicinal chemistry and drug discovery as it
opens up the untapped sphere of a plethora of rationally designed bioactive synthetic
molecules. A good number of review articles provide a comprehensive analysis on the
potential of small molecules as adjuvants in combination therapy directed against
antibiotic-resistant pathogenic bacteria including MRSA (Namivandi-Zangeneh et al.,
2021; Vermote and Van Calenbergh, 2017; Melander and Melander, 2017; Hawas et al.,
2022; Cascioferro et al., 2021). Synthetic molecules can be rationally designed to breach
the resistance in target cells and restore susceptibility of the pathogen to therapeutic
antibiotics. To this end, some recent studies have indeed validated this premise and have
demonstrated the use of various rationally designed small molecules as adjuvants for
rendering an efficient combination therapy directed against MRSA (Namivandi-
Zangeneh et al., 2021; Wang et al., 2022; Berndsen et al., 2022). Additional illustrative
examples on the use of small molecules to potentiate therapeutic antibiotics against

MRSA are depicted in Table 1.2.
12
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Figure 1.3. Molecular structure of representative efflux pump inhibitors. (A) Benzothiazine
derivatives (Sabatini et al., J. Med. Chem., 2008, 51, 4321-4330), (B-C) Quinolone and
hydroxyquinoline derivatives (Sabatini et al., J. Med. Chem., 2011, 54, 5722-5736),
(D) Phenylquinoline derivatives (Sabatini et al., J. Med. Chem., 2013, 56, 4975-4989),
(E) Benzothiazine derivatives (Sabatini et al.,, J. Med. Chem., 2012, 55, 3568-3572),
(F) Pyridine and benzene boronic derivatives (Fontaine et al., J. Med. Chem., 2014, 57, 2536-
2548), (G) Substitute chalcone derivatives (Gaur et al.,, RSC Adv., 2015, 5, 5830-5845),
(H) Indole derivatives (Lepri et al., J. Med. Chem., 2016, 59, 867-891).

1.9. Efflux Pump Inhibitors (EPIs) for Anti-MRSA Therapy

Efflux pump activity has been shown to be associated with resistance against biocides
and therapeutic antibiotics in staphylococci (Li and Nikaido 2009; Jang 2016; Floyd et
al., 2010; Kaatz et al., 2005). Hence, it is conceived that the efflux pump in S. aureus
can be a rational drug target for effective anti-MRSA intervention. Previous studies have
reported the potential of small synthetic molecules as EPI against S. aureus (Pieroni et
al., 2010; Sabatini et al., 2011; Ganesan et al., 2016).

13
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Table 1.3. Representative EPIs used in combination with antibiotic to targetMRSA.

Inhibitor Mode of Action Antibiotic Fold Reference
Substrate reduction in
MIC of
Antibiotic

Nerol derivatives NorA Inhibition Norfloxacin 3-fold Coelho et. al., 2016
Benzochromene NorA Inhibition  Ciprofloxacin 32-fold Ganesan et. al.,
derivatives 2016
Benzothiazone NorA Inhibition  Ciprofloxacin 16 — fold Sabatini et. al.,
derivatives J. Med. Chem. 2008
Pyridine-3- Boronic NorA Inhibition Ciprofloxacin 4-fold Fontaine et. al.,
compounds J. Med. Chem. 2014
Benzothiazine NorA Inhibition  Ciprofloxacin 16-fold Sabatini et. al.,
derivatives 2012
Pinostrobin NorA Inhibition  Ciprofloxacin 128-fold Lowrence et.al.,

2015
Quinoline derivative NorA inhibition  Ciprofloxacin 16-fold Sabatini et. al.,

2011
Dihydro-naphthalene NorA inhibition Ciprofloxacin  16-fold Handzlik et. al.,
derivatives 2013
Indole derivatives NorA inhibition Ciprofloxacin 8-fold Tambat et. al., 2019
Benzocyclohexane NorA inhibition Norfloxacin 4-fold Zhong et. al., 2016

oxide derivatives

Based on an extensive literature report, it is evident that EPIs are structurally diverse
ranging from benzothiazine, quinoline, boronic, chalcone, indole and other derivatives
(Sabatini et al., 2008; Sabatini et al., 2011; Sabatini et al., 2013; Sabatini, et al., 2012;
Fontaine, et al., 2014; Gaur et al., 2015; Lepri et al., 2016). The general structure of
these EPIs is depicted in Figure 1.3. The structural descriptors that account for the
activity of EPIs is also known from previous studies. For instance, a medium molecular
size, a noteworthy polar surface area, hydrophobicity and the presence of H-bond
donor/acceptor groups are key attributes that define the activity of synthetic EPIs
(Sabatini et al., 2011; Lepri et al., 2016; Brincat et al., 2012). A large number of reports
highlight the structure-activity correlation of synthetic EPIs. For instance, the efflux

pump inhibition activity and antibiotic-potentiating activity of celecoxib derivatives was

14
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influenced by charge, electronegative functional group(s) and relative positioning of the
functional groups on the aromatic core (Sabatini et. al., 2012). In another study, it was
shown that the EPI could be modulated by the nature of the chain (aromatic or aliphatic
or inorganic or just H-atom) (Fontaine et. al., 2014). EPIs can increase the sensitivity of
the pathogen towards antibiotic(s) by facilitating cellular accumulation of drugs and
thus provides a complimentary mechanism to suppress drug- resistance. A few
illustrative examples of the antibiotic-potentiating activity of EPIs for anti-MRSA

therapy is represented in Table 1.3.

1.10. Membrane-Targeting Compounds for Combating MRSA

Synthetic molecules that can target the membrane can be effective as antibacterials
against antibiotic-resistant pathogens. Antibiotics perturb specific biochemical,
physiological and synthesis processes in the target cells and are thus more likely to trigger
resistance development. However, the likelihood of resistance development against
membrane-targeting agents is comparatively less as it involves large-scale renovation of
membrane, which is extremely challenging for the target bacteria (van Bambeke et al.,
2008; Hurdle et al., 2011). As a prototype membrane-targeting agent, antimicrobial
peptides (AMPs) are promising candidates (Wright, 2011; Wimley and Hristova, 2011).
However, there are several bottlenecks in exploring their therapeutic potential owing to
their high cost of manufacturing, poor pharmacokinetics, proteolytic inactivation and low
in vivo efficacy (Chen et al., 2012; Marr et al., 2006). On the other hand, AMP-
mimicking synthetic amphiphiles hold interesting prospect and numerous studies have
indeed illustrated the membrane-targeting as well as potent antibacterial activity of these
molecules (Kuroda and DeGrado 2005, Findlay et al., 2010; Hoque et al., 2012; Gokel
and Negin 2012; Bera et al., 2010; Goswami et al., 2013; Thiyagarajan et al., 2014; Dey
et al., 2018). It is also conceived that membrane-targeting molecules can be promising
adjuvants in combination therapy against MRSA as they are likely to breach the
permeability barrier associated with membranes and enhance antibiotic uptake. Several
studies have validated this premise and have demonstrated that membrane-acting
molecules indeed enhance the therapeutic efficacy of antibiotics in combination therapy
(Thiyagarajan et al., 2017; Dey et al., 2018; Kim et al., 2018; Kang et al., 2021; Thappeta
et al., 2020; Xiong et al., 2022).

15
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MOTIVATION AND OBJECTIVES OF
THE PRESENT INVESTIGATION

The origin of the present research investigation and the principal motivating factors stem

from the following considerations:

1. The high prevalence of serious MRSA infections in the clinics and the restricted
number of antibiotics that are active against MRSA underscores a pressing need
for an effective therapeutic strategy against the pathogen. In this regard,
combination therapy can be considered as a viable option as it is conceived that
the synergy between drugs may enhance the overall bactericidal effect, reinstate
susceptibility of the target cells and prevent the emergence of resistance during

therapy.

2. Combinations of antibiotics may be a viable therapeutic option against MRSA.
However, such a combination can be counterproductive as the interaction
between antibiotics could lead to manifestation of antagonism and also trigger
toxic side-effects. On the other hand, deployment of small synthetic molecules is
an exciting prospect in the sphere of drug discovery. In particular, molecules that
can breach the fundamental resistance mechanism and potentiate the bactericidal

efficacy of a frontline antibiotic will provide significant therapeutic dividend.

3. In MRSA, efflux pumps are significantly implicated in conferring resistance
against therapeutic antibiotics. Thus, development of small molecules as efflux
pump inhibitor (EPI) and their use in combination with antibiotics can be a viable

therapeutic approach.

4. The bacterial membrane is acknowledged as an Achilles heel and thus membrane-
targeting synthetic antibacterials are likely to contravene the membrane-mediated
resistance mechanism in MRSA and boost the uptake and bactericidal efficacy of

a therapeutic antibiotic.

18
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5. There is a considerable scope to adopt a rational design principle and generate
small molecule adjuvants that display high solubility in biological fluids and
efficient transit across membrane barriers. A fundamental understanding of the
structure-activity relationship is likely to yield a broad structural guideline that
can pave the way for developing effective adjuvants for combinatorial

antibacterial therapy.

6. It is pertinent that the potential of synthetic EPIs and membrane-targeting
antibacterial in combination therapy is validated through models, which can
mimic clinical problems such as extracellular matrix, bone cell and orthopaedic
implant-associated MRSA infection and also ascertain the toxic potential of the

candidate molecules.

Objectives:

Based on the prospect of efflux pump inhibitors and membrane-acting antibacterials as
adjuvants in combination therapy for mitigation of MRSA, the essential objectives of the
Ph.D. thesis were as follows:

1. Evaluation of urea-based ligands as efflux pump inhibitor for countering
ciprofloxacin resistance in MRSA.

2. Development of a urea-based ligand-loaded therapeutic nanocomposite for
adjuvant-mediated anti-MRSA therapy.

3. Evaluation of bactericidal activity, membrane-directed activity and antibiofilm
activity of quinoxaline-based ligands for targeting MRSA.

4. Assessment of the potential of quinoxaline-based ligand in combination therapy
for mitigation of MRSA in an in vitro bone cell infection model.

5. Development of a quinoxaline-based ligand-loaded therapeutic nanocomposite
for anti-MRSA therapy and alleviation of MRSA invasion in an orthopaedic

implant.

19
TH-3020_166106018



TH-3020_166106018

20



Potential of Urea-based Ligands as an Efflux Pump
Inhibitor to Counter Ciprofloxacin Resistance
in MRSA

This chapter describes the potential of a set of rationally designed urea-based synthetic
ligands as an efflux pump inhibitor (EPI) against MRSA. The potential of C8, the most
potent EPI, in rendering effective killing of MRSA in combination with ciprofloxacin is

also presented in this chapter.
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ABSTRACT

In this chapter, the potential of synthetic ligands (C1-C8) based on urea scaffold to inhibit
the efflux pump in a clinical MRSA strain is presented. Initial screening experiments
with varying concentrations of the ligand (5.0 UM - 80 uM) revealed that the ligands did
not display any significant antibacterial activity against the MRSA strain S. aureus 4s.
The efflux pump in MRSA was inhibited by ligands C1, C5, C6 and C8 as ascertained
by an EtBr efflux assay. On a comparative basis, C8 displayed was most potent in terms
of efflux inhibition in the MRSA strain (~95 %) and was even superior than reserpine, a
known efflux pump inhibitor (EPI). Ligands C1 and C8 also supported considerable
cellular accrual of EtBr. The potent EPI activity of C8 was garnered to augment
ciprofloxacin (CPX) accrual in MRSA, wherein the CPX level was significantly higher
(~232 nM/mg cell) as compared to MRSA subjected to treatment with CPX (~148
nM/mg cell). In MRSA cells treated with C8, there was a remarkable downregulation of
norA gene encoding a major efflux pump protein implicated in efflux of CPX in MRSA.
Interestingly, there was a 16 x reduction in the MIC of CPX when MRSA cells were
treated with 10 uM C8 and 2.0 uM CPX. Further, the combinatorial treatment regimen
could significantly hinder MRSA cell growth (~6.0 % growth) as compared to the growth
evidenced in cells treated with either C8 or CPX. Significant annihilation of MRSA in
the combination treatment was also corroborated by FESEM. An in vitro resistance study
over multiple generations indicated that MRSA cell growth was arrested only till 40
generations, when grown in presence of 32 uM CPX. However, in presence of 10 uM
C8 and 2.0 uM CPX, MRSA cell growth was remarkably subdued upto 120 generations.
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2.1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a human pathogen, which is
often associated with nosocomial and community-associated infections (Lee et al., 2018;
Turner et al., 2019; Chambers and Deleo, 2010). The current therapeutic antibiotics
deployed for treatment of severe MRSA infections include vancomycin, daptomycin or
linezolid (Lee et al., 2018; Liu et al., 2011). Besides, other antibiotics which are in the
horizon for therapeutic intervention against MRSA are ceftaroline, telavancin,
delafloxacin and others (Lee et al., 2018). However, with the increasing prevalence of
resistance development against a key antibiotic like vancomycin in MRSA (Weigel et
al., 2003; Rossi et al., 2014), there is a critical need for an alternative and effective
therapeutic intervention against MRSA. To address this concern, the concept of
combination therapy against MRSA has emerged as a viable option as it is conceived
that they can foster synergy to enhance the bactericidal efficacy, restore susceptibility of
the pathogen and also hinder resistance development during the therapeutic window
(Fischbach, 2011; Worthington and Melander, 2013; Thangamani et al., 2016; Davis, et
al., 2015). To this end, mitigation of S. aureus-mediated infection has been documented
in case of treatment with gentamicin in combination with antibiotics like daptomycin and
vancomycin (Tsuji et al., 2005; Houlihan, et al., 1997). The therapeutic prospect of
treatment with cefoxitin and p-lactams has also been highlighted (Banerjee et al., 2013).
It can be conjectured that the use of different antibiotics in combination against
MRSA would not only enhance the bactericidal efficacy, but would also reduce the
concentration of the antibiotic required for killing the pathogen. This outcome is
particularly beneficial for treatment using certain class of antibiotics such as
aminoglycoside, fluoroquinolone and glycopeptides, as these antibiotics bear toxic
implications on the host (Cosgrove et al., 2009; Owens et al., 2005; Finch and
Eliopoulos, 2005). In a combination therapy regimen, a biocompatible synthetic warhead
capable of countering the innate antibiotic resistance in MRSA and reestablish
vulnerability of the pathogen against the antibiotic can hold interesting prospect. Efflux
pumps contribute significantly towards development of resistance against therapeutic
agents in staphylococci (Li and Nikaido, 2009; Costa, et al., 2015; Jang, 2016). Hence,
efflux pumps are potential targets and deployment of an efflux pump inhibitor (EPI) can

be considered as a promising therapeutic approach to curb MRSA infections.
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Scheme 2.1. A schematic illustration of the potential outcome of using synthetic efflux pump

inhibitor (EPI) to hinder ciprofloxacin resistance and mediate effective annihilation of MRSA.

In MRSA, an efflux pump associated with the export of ciprofloxacin (CPX) is
the NorA protein (Jang, 2016). Studies have demonstrated that NorA is indeed involved
in the emergence of resistance development against CPX in S. aureus (Papkou et al.,
2020). Hence, it is anticipated that targeting MRSA with CPX alone is likely to trigger
resistance development, which can lead to ineffective elimination of MRSA (Scheme
2.1). Conversely, deployment of a synthetic EPI and CPX in tandem is likely to counter
the resistance through efflux pump inhibition, which would subsequently lead to higher
killing of MRSA by CPX (Scheme 2.1). This principle has indeed been documented in
previous studies (Sabatini et al., 2008; Sabatini et al., 2011; Sabatini et al., 2013; Radix
et al., 2018; Sundaramoorthy et al., 2018).

Previous studies have highlighted the structure features of synthetic EPIs
(Sabatini et al., 2008; Sabatini et al., 2011; Sabatini et al., 2013; Sabatini et al., 2012;
Fontaine et al., 2014; Gaur et al., 2015; Lepri et al., 2016). Based on structure-activity
relationship emerging from these studies, it is apparent that a medium molecular size, a
prominent polar surface area, hydrophobicity and the presence of H-bond donor/acceptor
groups are critical EPI activity (Sabatini et al., 201; Lepri et al., 2016; Brincat et al.,
2012). For potential therapeutic applications against MRSA, non-bactericidal EPIs will
be desirable as resistance against such molecules is likely to be lower. On the basis of

this premise, the current investigation explores the efficacy of urea-based ligands
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(C1-C8) as an EPI. The investigation demonstrates that the ligand C8 displayed the
highest efficacy as an EPI and could downregulate expression of norAgene transcript in
MRSA. The study also reveals that C8 heightened the potency of CPXand curbed
emergence of CPX-resistance in MRSA across several generations.

2.2. Materials and Methods

2.2.1. Compounds and Reagents

Ethidium bromide (EtBr), ciprofloxacin and reserpine, were procured from Sigma-
Aldrich (USA). Brain-Heart Infusion (BHI) broth was procured from HiMedia, Mumbai,
India. Dimethyl sulfoxide (DMSQO) was obtained from Merck, India.

2.2.2. MRSA Strain and Culture Condition

Staphylococcus aureus 4s, a clinical MRSA strain was used in the present investigation.
The strain was kindly provided by Prof. Benu Dhawan, All India Institute of Medical
Sciences (AIIMS), New Delhi and Prof. Kasturi Mukhopadhyay, Jawaharlal Nehru
University (JNU), New Delhi. S. aureus 4s was grown in BHI broth at 37 °C and 180
rpm for 12 h. The MRSA strain was revived from frozen stock culture and subcultured

prior to the experiments.

2.2.3. Synthetic Ligands

Synthesis of the ligands (C1-C8) was accomplished by standard procedures reported
previously (Manna et al., 2016a; Manna et al., 2016b; Jose et al., 2007; Casula et al.,
2017). Stock solution for each ligand (10 mg/mL) was prepared in DMSO.

2.2.4. Anti-MRSA Activity of Urea-based Ligands and Ciprofloxacin (CPX)

S. aureus 4s was inoculated (1% inoculum) in 96 well microtiter plates having BHI
medium and grown overnight at 37 “C and 180 rpm in separate sets in presence of varying
concentrations of the ligands C1-C8 (5.0 uM - 80 uM each) or CPX (1.0 uM - 512 uM).
In a separate control experiment, the target cells were grown in the absence of the ligands
or CPX. Growth of the MRSA strain was monitored by measuring absorbance at 600 nm
in a microtiter plate reader (Infinite M200, TECAN, Switzerland). The minimum
inhibitory concentration (MIC) of CPX was determined as the lowest antibiotic

concentration, which resulted in Aeoo reading of <0.1. The antibacterial activity of the
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ligands and CPX against the MRSA strain was calculated from three independent
experiments, each having three replicas. Data analysis and calculation of standard

deviation was performed with Microsoft Excel 2010 (Microsoft Corporation, USA).

2.2.5. Efflux Pump Inhibition Assay

In order to ascertain the EPI activity of the ligands, a solution-based assay was performed
using a previously reported method (Thiyagarajan et al., 2017). The assay was performed
with S. aureus 4s cells incubated with EtBr (5.0 pg/mL) for 1 h at 37 "C in separate sets
with C1-C8 (5.0, 10 and 40 uM each) or the standard EPI reserpine (40 uM). Following
incubation, excess EtBr was removed by centrifugation at 20000 rpm for 3.0 min and the
cells were washed twice with sterile PBS. Subsequently, the cells were resuspended in
sterile PBS containing 0.4 % glucose and the relative decrease in fluorescent intensity of
EtBr was ascertained periodically over a period of 10 min by measuring the fluorescence
emission between 530-720 nm at an excitation wavelength of 515 nm (using FluoroMax-
4, HORIBA). Fluorescence emission intensity for control cells (without treatment with
glucose) was also recorded. All the experiments were performed in triplicates. Data
analysis and calculation of standard deviation was performed with Microsoft Excel 2010
(Microsoft Corporation, USA). The relative end-point fluorescence values were used for
one-way analysis of variance (ANOVA). Quantitative estimation of efflux activity
(expressed as %) was ascertained as described in a previous method (Lepri et al., 2016).
Experiments were also performed to estimate the accumulation of EtBr in MRSA in
presence of ligands or the standard EPI reserpine as described previously (Thiyagarajan
etal., 2017).

2.2.6. CPX Accumulation Assay

Accumulation of CPX in S. aureus 4s cells incubated with C8 (10 uM) was measured by
following a previously described method (Thiyagarajan et al., 2017). Overnight grown
cells of S. aureus 4s were harvested by centrifugation at 8000 rpm for 3.0 min. The cell
pellet was washed twice with sterile 50 mM sodium phosphate buffer (pH 7.0) and
resuspended in the same buffer (Asoo = 1.0) for 10 min at 37 'C. In separate sets, the cell
suspension was incubated with 8.0 uM CPX (final concentration) and 0.5 mL sample
was removed from each tube intermittently over a period of 9.0 min. The cells were then

incubated in separate sets with either C8 (10 uM) or reserpine (40 uM) and samples were
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collected every 3.0 min from the tubes over a period of 12 min. To each sample, 1.0 mL
of ice-cold 50 mM sodium phosphate buffer (pH 7.0) was added and the tubes were
incubated in ice (4 "C) to stop the reaction. The samples were then centrifuged at 7000
rpm for 5.0 min and washed once with 1.0 mL ice cold 50 mM sodium phosphate buffer
(pH 7.0). The cell pellet was resuspended in 0.1 M Glycine-HCI buffer (pH 3.0) and
incubated for 15 h in 4 "C. Subsequently, the samples were centrifuged at 8000 rpm for
5.0 min and the fluorescence emission of the supernatant was measured at 447 nm by
exciting the sample at 279 nm (using FluoroMax-4, HORIBA). The concentration of
CPX present in the supernatant was determined from a previously generated calibration
plot of CPX (10 nM to 2000 nM) and expressed as nanomolar of ciprofloxacin per
milligram (dry weight) of bacterial cells. All the experiments were performed in
triplicates. Data analysis and calculation of standard deviation was performed with
Microsoft Excel 2010 (Microsoft Corporation, USA). A schematic representation of the

CPX accumulation assay in shown in Figure 2.1.

2.2.7. Effect of C8 on norA Gene Expression in MRSA

S. aureus 4s cells (~ 108 CFU/mL) were grown in separate sets at 37 °C and 180 rpm for
24 hin BHI media in presence of C8 (10 uM, 25 uM and 50 uM). Total RNA was isolated
from the grown cells using TRIzol Max Bacterial RNA Isolation Kit (Invitrogen, USA).
The RNA yield was estimated by measuring the absorbance (IMPLEN NanoPhotometer
NP80) and 200 ng of RNA from each sample was used in quantitative real-time PCR
(gRT-PCR). Gene-specific primers were designed for 16S rRNA and norA genes using
Primer3 (v. 0.4.0). The sequence of the primers is represented in Table 2.1. gRT-PCR
was performed for each sample by using a SYBR 1-STEP qRT-PCR kit (Thermo, USA)
on a 36-well rotor QIAGEN RotorGene Q gRT-PCR machine. Reverse transcription was
performed at 50 ‘C for 3 min. Subsequently, PCR was performed under the following
conditions: (1) initial hold at 94 °C for 2 min, (2) cycling step encompassing denaturation

94 °C for 30 sec, annealing at 55 "C for 1.0 min, extension at 72 °C for 1.0 min for a total

of 45 cycles. qRT-PCR data was analyzed by LinRegPCR (2014.x) software and the
cycle threshold (Cr) values were calculated following baseline correction. The fold

change in norA gene expression was
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Figure 2.1. Cartoon illustrating the protocol for ciprofloxacin accumulation assay conducted
with cells of the MRSA strain S. aureus 4s in presence of the urea-based ligand C8.

Table 2.1. Sequence of primers used in quantitative real-time PCR-based gene expression

studies.
Sl Target Oligo Sequence (5' to 3') Amplicon size
No. Gene
1. 16SrRNA  Forward: GAAAGCCACGGCTAACTACG 202 bp
Reverse: CATTTCACCGCTACACATGG
2. norA Forward: 100 bp
ATCGGTTTAGTAATACCAGTCTTGC
Reverse:

GCGATATAATCATTTGAGATAACGC

determined by the 44Ct method (Livak et al., 2001). ANOVA was conducted for fold
change in norA gene expression (Sigma Plot version 11.0).
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2.2.8. Effect of Combination Treatment of C8 and CPX on MRSA

S. aureus 4s cells (~10° CFU suspended in BHI) were grown in BHI medium in a sterile
96-well microtiter plate and subjected to a checkerboard assay having varying
concentrations of C8 (5.0 uM, 10 uM, 20 uM and 40 uM) and CPX (2.0 uM - 32 uM).
During the assay, MRSA cells were incubated at 37 'C and 180 rpm for 12 h. Growth of
cells following treatment was estimated by measuring absorbance at 600 nm (Infinite
M200, TECAN, Switzerland). In a separate set of experiment, the growth of MRSA cells
was determined in presence of varying levels of CPX or C8. For the combination
treatment sets, the reduction in the MIC of CPX was ascertained.

The combined effect of C8 and CPX on MRSA cells was also ascertained by
FESEM analysis. Herein, untreated as well as treated MRSA cells were collected by
centrifugation, washed with sterile PBS and sterile MilliQ water and finally resuspended
in sterile MilliQ water. A 10 uL aliquot of each sample was spotted on separate
aluminium foil (1.0 cm x 1.0 cm square) and air dried overnight in a laminar hood. The
samples were then mounted on a carbon tape covered metal stub and gold (Au) coating
was accomplished twice for 180 seconds each. Finally, the samples were analyzed in a
field emission scanning electron microscope (Zeiss Sigma, USA) at 3.0-5.0 kV and

their images were recorded.

2.2.9. Estimation of Doubling Time of MRSA

S. aureus 4s cells (~10® CFU/mL) were inoculated in BHI medium and incubated at 37
°C and 180 rpm. At intermittent time intervals (0 h, 0.25 h, 0.5 h, 1 h, 1.5 h, 2 h,
2.5h,3h,3.5h,4 hand 4.5 h) the absorbance of the cultures was measured at 600 nm
in a spectrophotometer (Lambda 25, Perkin-Elmer). The absorbance values for the
samples were used to construct a growth curve (Aeoo Versus time). The specific growth
rate () of the cells was determined from the slope of the curve (Zwietering et al., 1990)
and used to estimate the doubling time (tq) for MRSA cells (Doran, 2013). The number
of generations for S. aureus 4s cells grown in BHI medium was calculated from the

doubling time and total time of cell growth for each treatment cycle.

2.2.10. In Vitro Resistance Development in MRSA against CPX
S. aureus 4s cells were grown in 3.0 mL BHI media (1% inoculum) in separate test tubes
containing (a) 10 uM C8, (b) 32 uM CPX and (c) 10 uM C8 and 2.0 uM CPX
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Figure 2.2. Protocol to ascertain in vitro development of ciprofloxacin resistance in S. aureus 4s
in presence of the urea-based ligand C8.

Subsequently, the growth of MRSA cells was monitored by recording the absorbance at
600 nm (Lambda 25, Perkin-Elmer). From the treatment set, a 30 uL aliquot of MRSA
cell suspension was again grown in separate test tubes and subjected to a similar
treatment cycle, which was repeated independently to achieve 120 generations of growth.
A schematic of the protocol to ascertain CPX resistance in MRSA against C8 is indicated

in Figure 2.2.

2.3. Results and Discussion
2.3.1. Design Rational of Ligands
Based on earlier studies, that articulated the structural determinants of effective EPIs
(Sabatini et al., 2011; Lepri etal., 2016; Brincat et al., 2012), in the present study ligands
bearing urea as the main scaffold were synthesized (Figure 2.3) by standard methods
(Mannaetal., 2016a; Manna et al., 2016b; Jose et al., 2007; Casula et al., 2017). Notably,
the central urea moiety can form H-bond mediated assemblies. Ligands C1-C4 bear two
urea units as against one in C5-C8 and hence are more likely to self-assemble. Further,
ligands C1-C4 are more hydrophilic. Further, the polarity of C8 is higher with the nitro
group present in the para position and the hydrophobicity of C8 is also higher than C6.
Thus, it would be interesting to compare how these subtle differences in structure,
hydrophobicity and polarity amongst the ligands impart an effect on efflux pump
inhibition.
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Figure 2.3. Molecular structure of urea-based synthetic ligands (C1-C8).

The characterization spectra for ligands C1-C8 conformed with the data reported in
previous publications (Manna et al., 2016a; Mannaet al., 2016b; Jose et al., 2007;
Casula et al., 2017). Hence, the identity, structure and purity of the compounds was

assured prior to initiating the biological studies.

2.3.2. Bactericidal Activity of Ligands Against MRSA

The antagonistic activity of ligands C1-C8 against S. aureus 4s was determined prior to
ascertaining their potential to inhibit efflux pump. It was conjectured that non-
bactericidal EPIs would bear significant therapeutic implications as the possibility of
developing resistance against such ligands is likely to be reduced. The essential
observation from the antibacterial assay was that none of the ligands exhibited any
significant antibacterial activity against the MRSA strain (Figure 2.4). Further, it was
observed that ligands C1, C2, C3 and C4 could inhibit growth of MRSA cell more
effectively at lower concentrations (Figure 2.4). Self-assembly of ligands C1-C4 in

solution is more likely due to the presence of two urea units as against a single urea group
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Figure 2.4. Bactericidal activity of urea-based ligands (C1-C8) against the MRSA strain

S. aureus 4s.

in C5-C8 (Figure 2.3). Besides, this phenomenon of self-assembly is likely to manifest
even more at higher concentrations of the ligands C1-C4. Perhaps, the facile self-
assembly of ligands C1-C4 particularly at higher concentrations likely hinders their

bactericidal activity.

2.3.3. Effect of Urea-based Ligands on Efflux Pump in MRSA

The potential of the ligands C1-C8 to inhibit efflux pump in S. aureus 4s was determined
by a standard efflux assay (Viveiros et al., 2008). According to the assay principle, it was
anticipated that in presence of glucose, efflux of EtBr would ensue and efflux pump
inhibition by the ligands can be verified by recording high EtBr-associated fluorescence
in MRSA (Figure 2.5A). In the EtBr efflux assay, MRSA cells displayed copious efflux
of EtBr in presence of glucose as captured in the rapid decline in the emission of the dye
over a period of 10 mins (Figure 2.5B). However, for the control sample (without
glucose) as well for cells treated with reserpine, a standard EPI, no significant EtBr efflux
activity was manifested. This indicated that the tested MRSA strain S. aureus 4s did
display efflux pump activity (Figure 2.5B). At equimolar concentration (10 uM), ligands
C1, C5, C6 and C8 rendered efflux pump inhibition, (Figure 2.5B), with ligand C8 being
most potent and superior to reserpine (Figure A2.1 in Appendix, Table 2.2). Further,
guantitative analysis revealed that the magnitude of efflux pump inhibition rendered by
C1, C5, C6 and C8 in the tested MRSA strain was ~ 66 %, ~ 34 %, ~ 46 % and ~95 %,
respectively. The comparatively higher efflux pump inhibition observed with C8 was

also evident when the ligands were used at a
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Figure 2.5. (A) Schematic representation of the principle of EtBr-based efflux pump assay.
(B) Effect of urea-based ligands on EtBr efflux in S. aureus 4s cells. The trace obtained with C8

is indicated by an arrow. (C) EtBr fluorescence associated with S. aureus 4s cells treated with C1

and C8. For both the assays in (B) and (C), reserpine (40 M) was used as positive control.

Table 2.2. Analysis of relative end-point fluorescence and inhibition of EtBr efflux activity in S.

aureus 4s cells treated with equimolar concentration of urea-based ligands.

Statistical Analysis for Relative End-Point Fluorescence

Concentration of

SI. No. Ligands in EtBr
Comparison Group Significant Difference* Efflux Assay
1. C8 versus Control (+ glucose) Yes
2. C8 versus C2 Yes
3. C8 versus C3 Yes
4. C8 versus C4 Yes 10 pM
5. C8 versus C5 Yes
6. C8 versus C6 Yes
7. C8 versus C7 Yes

* Significant difference implies p value < 0.001 in analysis of variance (ANOVA) followed by all pair
wise multiple comparisons (Holm-Sidak method) of relative end-point fluorescence measured in EtBr

efflux assay.

concentration of 5.0 pM and 40 uM each (Figure A2.2 in Appendix). Notably, the

relative fluorescence intensity of EtBr was nominally less in presence of 40 uM C8 as
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compared to the intensity obtained with 5.0 uM of C8 (Figure A2.2 in Appendix).
Possibly, at higher ligand concentration, self-assembly of the ligand in aqueous medium
is likely, which may in turn reduce the local concentration of C8. This may account for
the lesser EtBr-associated fluorescence intensity at 40 UM C8 in the efflux assay (Figure
A2.2 in Appendix).

Further, S. aureus 4s cells displayed significant accumulation of EtBr when
subjected to treatment with the ligands (Figure 2.5C). Herein, although the concentration
of C1 (40 uM) was higher than C8 (10 uM), EtBr fluorescence was higher in case of C8
(Figure 2.5C). This observation again suggested that C8 was most effective as an EPI. It
was also noted that EtBr accumulation was significantly higher in MRSA cells treated
with C8 as against cells treated with reserpine (Table A2.1 in Appendix). Based on the
results emerging from the EtBr-efflux and accumulation assays, C8 was most effective
as an EPI. When compared with C5-C8, the ligands C1-C4 possess two urea units each
and thus can readily self-assemble in solution. Consequently, interaction of the ligands
with the target efflux pump may be hindered resulting in a decrease in their efficacy as
an EPI. It may be noted that C8 bears an electron-withdrawing nitro group, is more
hydrophobic than C5 and C6 and is more polar than C7. Collectively these traits may
account for its higher potency as an EPI, as substantiated by analogous features described
in other EPIs (Sabatini et al., 2011; Sabatini et al., 2012; Lepri et al., 2016; Brincat et
al., 2012).

2.3.4. Effect of C8 on CPX Accumulation and norA Gene Expression in MRSA

On the basis of a fluorescence-based assay (Giraud et al., 2000) it was observed that in
cells treated with CPX (control sample) there was a steady increase in the accumulation
of CPX, which attained a saturation value of ~140 nM/mg of cell, after an incubation
period of 9.0 min (Figure 2.6A). Notably, upon subsequent addition of 10 uM C8, there
was a prominent increase in CPX accumulation in MRSA (~232 nM/mg of cell) after a
total incubation period of 21 min. The level of CPX accumulated in C8-treated cells was
distinctly higher than in MRSA treated with CPX only (~148 nM/mg of cell) after a total
incubation period of 21 min (Figure 2.6A). Collectively, these results clearly suggested
that C8 hindered the efflux phenomenon and thereby favored CPX accrual in MRSA

cells.
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Figure 2.6. (A) Determination of the level of accumulation of ciprofloxacin (CPX) in S. aureus
4s cells treated with 10 uM C8. (B) Effect of C8 on norA gene expression in S. aureus 4s cells.
* indicates p value < 0.001 in one-way ANOVA.

Manifestation of efflux pump activity in S. aureus 4s (Figure 2.5B-2.5C) suggested the
presence of NorA protein, given that in clinical MRSA strains NorA is associated with
efflux of EtBr and CPX (Li and Nikaido 2009; Jang, 2016). To this end, the presence of
norA gene in S. aureus 4s strain was indeed observed as PCR revealed the presence of a
gene specific amplicon having an expected size of ~ 100 bp in the MRSA strain (Figure
A2.3 in Appendix). Interestingly, gqRT-PCR based experiments indicated a prominent
reduction in norA gene expression level (~0.63-fold) in S. aureus 4s cells treated with 10
M C8 as against untreated cells (Figure 2.6B). In the presence of 25 uM and 50 uM C8,
norA gene expression levels in MRSA was remarkably suppressed, with the fold-change
in gene expression levels amounting to ~0.12 and ~0.03, respectively (Figure 2.6B). The
significant suppression of norA gene expression in MRSA by C8 may hold potential

therapeutic implications.

2.3.5. Effect of Combinatorial Treatment of C8 and CPX on MRSA

The MIC of CPX against S. aureus 4s was measured as 32 puM (10.6 pg/mL), akin to the
reported MIC in a previous study (Thiyagarajan et al., 2017) A checkerboard assay in
the combinatorial treatment experiments indicated that the MIC of CPX was reduced
with an increase in the concentration of C8 (Table 2.3). Notably, the MIC of CPX against
the MRSA strain was reduced to 4.0 uM in combination with 5.0 uM, 20 uM and 40 uM
C8 (Table 2.3). It may be mentioned here that in the presence of 10 uM C8,
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Table 2.3. Absorbance values (Asoo £ standard deviation) obtained in the checkerboard assay to

ascertain the combined effect of C8 and ciprofloxacin on S. aureus 4s cells.

Cc8 Concentration of Ciprofloxacin (uM)
(nM)

2.0 4.0 8.0 16 32

0 0.651+0.085  0.750 + 0.025 0.696 £0.029  0.560+0.033  0.024 * 0.022*
5.0 0.165+0.029 0.036 £ 0.023*  0.024+0.021  0.024 +0.020 0.026 = 0.019
10 0.070 +£ 0.041* 0.052 +0.025 0.026 £0.023  0.040 +0.020 0.045 +0.030
20 0.204 £ 0.022 0.043 £ 0.022* 0.025+0.022 0.044 +£0.021 0.048 +0.033

40 0.230+0.127 0.061 +0.011*  0.044 +0.014 0.062+0.018 0.052 +0.023

* Indicates minimum inhibitory concentration (MIC) of ciprofloxacin (CPX) obtained in the checkerboard
assay. MIC of CPX was assigned as the lowest concentration of the antibiotic, which resulted in Agoo value
of <0.1 in the checkerboard assay.

the MIC of CPX was 2.0 uM and reduced by 16-fold (Table 2.3). With regard to decrease
in the MIC of CPX in presence of C8, a dose-response relationship was evident in
presence of 5.0 uM and 10 uM C8 (Table 2.3). However, this dose-response relationship
could not be observed at 20 uM and 40 uM of C8 (Table 2.3). At higher concentrations,
C8 is likely to self-assemble in aqueous medium, leading to a decrease in the effective
concentration of the ligand. Consequently, the tandem effect in presence of 20 uM and
40 uM C8 was not as significant as with 10 uM C8 and a dose-response effect was not
captured. An analogous phenomenon was also noted in EtBr efflux assay, wherein
inhibition of EtBr efflux was less in presence of 40 uM C8 as compared to that observed
in presence of 5.0 uM C8 (Figure A2.2 in Appendix). It is also probable that C8 at higher
concentrations (20 uM and 40 uM) can undergo self-assembly and CPX may interact
with the assembly thereof, leading to a decrease in the effective concentration and
potency of CPX against MRSA during combination treatment.

In the combinatorial treatment regimen, C8 (10 pM) was essentially non-
bactericidal as considerable growth of MRSA cells could be observed (~73% growth)
(Figure 2.7A). Cell growth was robust when MRSA cells were grown in presence of 2.0
MM CPX (~91% growth) (Figure 2.7A). Interestingly, in presence of 10 uM C8 and 2.0
MM CPX, growth of MRSA was remarkably suppressed (~6.0 % growth) (Figure 2.7A).
The magnitude of inhibition of MRSA observed in presence of 10 uM C8 and 2.0 uM
CPX was on par with 32 uM CPX alone (~8.0 % growth). FESEM analysis
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Figure 2.7. (A) Growth of S. aureus 4s cells upon treatment with C8 and CPX. * indicates
p value < 0.001 in one-way ANOVA. (B) FESEM-based images of S. aureus 4s cells treated with
(i) C8 and CPX and (ii) CPX alone. Arrow in the panels denote perturbation of cell morphology.

Scale bar in panel (i) and (ii) is 300 nm and 1.0 um, respectively.

revealed a significant morphological distortion in S. aureus 4s cells treated with 10 uM
C8 and 2.0 uM CPX and this effect was similar to that observed upon treatment with 32
UM CPX (Figure 2.7B). The remarkable cell disruption noted in MRSA upon treatment
with 10 uM C8 and 2.0 uM CPX was also evident when compared to untreated cells as
well as cells treated with C8 or CPX (Figure A2.4 in Appendix). In essence, the
combinatorial treatment assay revealed that C8 heightened the antibacterial effect of

CPX and rendered annihilation of MRSA in presence of very low levels of CPX.

2.3.6. Potential of C8 in Preventing Development of Ciprofloxacin Resistance in MRSA
In order to establish the potential of C8 as an adjuvant in combination therapy targeting
MRSA, it was worthwhile to determine the ability of C8 in preventing development of
CPX-resistance in MRSA subjected to an extended combinatorial treatment with C8 and
CPX. To this end, in separate sets S. aureus 4s cells were treated for 120 generations with
either 32 uM CPX or a combination of 10 uM C8 and 2.0 uM CPX. When treated with
32 uM CPX alone (equal to MIC of CPX against S. aureus 4s), MRSA cell growth was
arrested only till 40 generations (Figure 2.8A). Thereafter, MRSA cells displayed a
notable recovery of growth, which reached ~90% after 120 generations (Figure 2.8A-
2.8B). These results indicated that when the antibiotic was used alone, development of

CPX-resistance in the target MRSA increased as the cells traversed through successive
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Figure 2.8. (A) Estimation of the growth of S. aureus 4s cells propagated for several generations
either in presence of CPX or a combination of C8 and CPX. (B) Magnified view of (A) indicating

the percentage growth of MRSA cells attained over several generations.

growth cycles and reached large number of generations. This phenomenon can perhaps
be accounted by the presence of an efflux phenomenon in MRSA cells as evidenced in
earlier studies (Figure 2.5B). However, when MRSA cells were treated with 10 uM C8
and 2.0 uM CPX, cell growth was completely arrested till 120 generations (Figure
2.8A-2.8B). This suggested that as a consequence of inhibition of MRSA efflux pump
rendered by C8, the development of ciprofloxacin resistance in the target cells was
effectively suppressed. Hence, in the combination treatment format, C8 holds
considerable potential to counter a fundamental resistance mechanism and mediate
killing of MRSA by CPX during therapy extending over several generations of cell
growth.
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2.4. Significant Findings
The salient findings of the present study can be enlisted as follows:
1. Amongst a set of urea ligands, C8 was most effective as an EPI (~95 % efflux

inhibition) and was even superior than reserpine, a known efflux pump inhibitor.

2. C8 could elevate the magnitude of ciprofloxacin (CPX) accumulation in MRSA

cells as well curb expression of norA gene implicated in efflux of CPX in MRSA.

3. A combination of 10 uM C8 and 2.0 uM CPX could lead to a 16-fold reduction
in the MIC of CPX against MRSA and the growth inhibition rendered on target
MRSA cells was remarkable (only ~6.0 % growth) as compared to equivalent
levels of C8 (~73 % growth) or CPX alone (only ~91 % growth).

4. Interestingly, upon treatment with 10 uM C8 and 2.0 uM CPX, resistance
development against CPX in MRSA cells was prevented and cell growth was

completely arrested till 120 generations.

Based on the aforementioned results, it is apparent that C8 holds considerable promise
as an adjuvant to flout CPX-resistance and enhance CPX-mediated killing of MRSA.
However, to leverage the therapeutic potential of C8, development of a biocompatible
cargo, which will favor sustained release of C8 is pertinent. To this end, generation of a
C8-loaded nanocarrier for potential therapeutic applications targeting MRSA is
described in the next chapter.
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Chapter 3

Development of C8-loaded Nanocarrier as an
Adjuvant for Mitigation of MRSA in
Combination Therapy

This chapter illustrates the generation of C8-loaded PLGA nanocarrier (C8-PNC) and
its application as an adjuvant in combination therapy for effective killing of MRSA and

for prevention of MRSA adhesion onto collagen.
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ABSTRACT

This chapter described the development of a payload nanocarrier and ascertains its
potential in combination therapy for targeting MRSA. C8-loaded PLGA nanocarrier (C8-
PNC) was generated by incubating PLGA nanoparticle (PNP) with varying concentration
of C8. C8-PNC was spherical having an average particle size of ~250 nm. The loading
efficiency (LE) was observed to saturate at ~60 uM of C8 and at the maximum
concentration of 70 uM C8, LE was ~86%. In HEPES buffer and simulated body fluid
(SBF), both having a physiologically relevant pH, release of C8 from the loaded
nanocarrier was sustained and the magnitude of cumulative release of the ligand
following 24 h of incubation was estimated to be ~38% (~30 uM) and ~60% (~48 uM),
respectively. An EtBr efflux assay revealed that C8-PNC could render considerable
reduction in efflux activity exhibited by the tested MRSA strain S. aureus 4s.
Interestingly, in presence of C8-PNC (loaded with 50 uM C8) and CPX (2.0 uM) MRSA
cell growth was significantly arrested (~7.0 % growth) and the MIC of CPX was reduced
16-fold. A similar combinatorial treatment could also render a substantial reduction of
MRSA cell adhesion onto collagen as against MRSA treated with 2.0 uM CPX or 32 uM
CPX. Further, qRT-PCR analysis indicated a remarkable suppression of norA gene
expression in non-adhered MRSA cells when MRSA cells were subjected to adhesion
assay in presence of C8-PNC (having a loading concentration of 50 uM C8) and 2.0 uM
CPX. An MTT assay indicated that C8-PNC was essentially non-toxic to cultured HEK
293 cells.

44
TH-3020_166106018



Introduction Chapter 3

3.1. Introduction

The prevalence of drug-resistant MRSA in the clinics is a serious healthcare concern.
Given that efflux pumps in MRSA are largely associated with the resistance phenotype
observed against therapeutic antibiotics, it is conceived that a viable strategy to counter
the menace of MRSA is to deploy synthetic molecules that can effectively target efflux
pump present in the pathogen. Earlier studies (Chapter 2) revealed that the rationally
designed urea ligand C8 could effectively hinder efflux activity prevalent in MRSA,
potentiate cellular uptake of CPX and reinstate susceptibility of the pathogen to low
concentrations of CPX. Moreover, in a combinatorial therapy regimen, ligand C8 could
thwart development of CPX resistance in MRSA over several generations when the target
cells were grown in presence of C8 and CPX.

In order to leverage the leads obtained in the previous study and explore the
prospect of C8 in combination therapy against MRSA, development of a robust delivery
system that can ensure sustained release and enhance the bioavailability of ligand C8 in
a physiological milieu is critical. In this regard, the use of nanoscale materials for
encapsulation and delivery of bioactive ligands is an interesting option. Particularly, the
high surface area to volume ratio and unique physicochemical traits of nanomaterials are
favorable to attain a heightened antibacterial activity. The application of nanoscale
materials for facile delivery of antibacterial agents as well as to render enhanced
solubility, sustained and stimuli-responsive release of drug is well documented (Huh and
Kwon, 2011; Goswami, et al., 2014; Duncan et al., 2015; Thiyagarajan et al., 2017; Yeh
et al.,, 2020). Various types of nanoscale materials have been used to develop
antibacterial agents ranging from metallic nanoparticles (Bajaj et al., 2017; Adhikari et
al., 2013), polymeric nanoparticles (Silva et al., 2015; Radovic-Moreno et al., 2012),
liposomes (Yamakami et al., 2013), lipid-based nanoparticles (Lewies et al., 2017)
mesoporous silica nanoparticles (Tenland et al., 2019) and others.

Amongst various choices for developing nanocarriers as a cargo for delivery of
antibacterial agents, poly(lactide-co-glycolide) (PLGA)-based nanoparticle is
particularly selected in therapeutic applications as the polymer is generally regarded as
safe (GRAS) and approved by FDA, exhibits biocompatibility and biodegradability and
can render protection and extended residence time for the entrapped drug (Danhier et al.,
2012; Swider et al., 2018). To this end, development of effective bactericidal agents
based on PLGA nanoparticles as a delivery system has been demonstrated (Thiyagarajan
etal., 2017; Wan et al., 2020; Zhang et al., 2022). Based on the aforementioned rationale,
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in the present study a C8-loaded PLGA nanocarrier (C8-PNC) was generated for
potential therapeutic applications targeting MRSA. The payload nanocarrier displayed
EPI activity, reinstate CPX-mediated elimination of the pathogen and also effectively

hinder adhesion of MRSA onto collagen in presence of CPX.

3.2. Materials and Methods

3.2.1. Compounds and Reagents

5 (and 6)-carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), ethidium bromide
(EtBr), poly(D,L-lactide-co-glycolide) lactide:glycolide (50:50), molecular weight
30,000-60,000 (PLGA) , poly(vinyl alcohol) average molecular weight 85,000-124,000,
87-89% hydrolyzed (PVA), ciprofloxacin, reserpine, collagen type IV, Dulbecco's
Modified Eagle Medium (DMEM), trypsin-EDTA and 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) were procured from Sigma-Aldrich (USA).
Brain-Heart Infusion (BHI) broth was procured from HiMedia, Mumbai, India. Dimethyl
sulfoxide (DMSO) was obtained from Merck, India. Fetal bovine serum (FBS) was
obtained from PAA Laboratories, USA. N-2- hydroxyethyl piperazine N-2 ethane
sulphonic acid (HEPES buffer) was procured from Sisco Research Laboratories SRL,

Mumbai, India.

3.2.2. Development of C8-loaded Nanocarrier

Initially PLGA nanoparticle (PNP) was prepared as described previously (Carteria et al.,
2009). Subsequently, PNPs (1.0 mg/mL in sterile MilliQ water) and C8 (1.25 uM - 100
uM) were incubated overnight in separate sets under shaking conditions at room
temperature. Following incubation, the samples were subjected to centrifugation at
10000 rpm for 5.0 min to recover C8-loaded PLGA nanocarrier (C8-PNC), which was
then stored at -20 °C prior to subsequent use. Microscopic and spectroscopic technigques

were used to characterized PNPs and C8-PNC as described in the following section.

3.2.3. Characterization of PNP and C8-PNC

3.2.3.1. FESEM and FETEM Analysis

To accomplish FESEM analysis, a 10 pL aliquot each of PNP (1.0 mg/mL in sterile
MilliQ water) and C8-PNC (1.0 mg/mL PNP having 50 uM C8) was separately drop-
casted onto aluminium foil. The sample was then dried overnight in a laminar hood,

visualized in a field emission scanning electron microscope (Zeiss Sigma, USA) and the
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obtained images were recorded. In case of FETEM analysis, 10 pL aliquot each of PNP
(1.0 mg/mL in sterile MilliQ water) and C8-PNC (1.0 mg/mL PNP loaded with 50 uM
C8) were separately drop-casted onto a carbon-coated copper grid. The sample was then
dried overnight in a laminar hood, analyzed by FETEM (Model 2100F, JEOL) operating
at 200 kV and their images were captured.

3.2.3.2. Atomic Force Microscope (AFM) Analysis

A 10 pL aliquot of PNP (1.0 mg/mL in sterile MilliQ water) and C8-PNC (1.0 mg/mL
PNP loaded with 50 uM C8) was separately spotted onto a sterile glass cover slip
(18 mm x 18 mm). The cover slip was then air dried overnight in a laminar hood. AFM
images were acquired in non-contact mode over a 10 um x 10 pum area at a scan rate of
0.5-1.0 line/s (Oxford Instruments plc, U.K). Cantilevers made up of silicon nitride were
used having a resonant frequency of ca. 150 to 200 kHz. Analysis of the amplitude
channel and topographic images was accomplished by using the WSxM v5.0 Develop

6.5 image viewer software.

3.2.3.3. Dynamic Light Scattering (DLS) Analysis

In order to estimate the particle size, PNPs were resuspended in sterile MilliQ water (1.0
mg/ml) and 0.2 ml aliquot of the sample was further dispersed in 0.8 ml sterile MilliQ
and subjected to DLS analysis (Zetasizer, Malvern, UK). In a separate set, C8-
PNC (1.0 mg/mL PNP loaded with 50 pM C8) was dispersed in sterile MilliQ water
(final volume of 1.0 mL). A 0.1 mL aliquot of this solution was further diluted in sterile
MilliQ water to a final volume of 1.0 mL and subjected to particle size estimation by
DLS. The DLS experiments were performed in three independent sets and every set
consisted of three replicates.

3.2.3.4. UV-Visible Absorbance Spectroscopy

The absorbance spectra of C8 (50 uM), PNP (1.0 mg/mL) and C8-PNC (1.0 mg/mL PNP
loaded with 50 uM C8) was recorded in a spectrophotometer (Lambda 25, Perkin-Elmer)
in scanning mode from 200 nm to 800 nm. Absorbance measurements were acquired

from three independent experimental samples.
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3.2.4. Loading Efficiency (LE) and Adsorption Isotherm

In order to estimate the loading efficiency, PNPs (1.0 mg/mL) were incubated in separate
sets with variable concentrations of C8 (1.25 uM - 70 uM) for 12 h on a rocker at room
temperature. Following incubation, the solution was subjected to centrifugation at 120000
rpm for 10 min and C8-PNC was recovered as the pellet and was resuspended in sterile
MilliQ water. In every set, the concentration of C8 in the supernatant (free or residual
C8) was ascertained by using a previously generated calibration plot for C8. The loading

efficiency (LE) was calculated as follows:

w -w
LE = Total C8 Free C8 % 100%

WTotal Cc8

where Wrotal cs IS the total amount of C8 used during preparation of C8-PNC and
Wrree cg iS the amount of free or residual C8 recovered in the supernatant by
centrifugation. All the experiments were performed in triplicates. Data analysis and
calculation of standard deviation was performed with Microsoft Excel 2010 (Microsoft
Corporation, USA).

In order to measure the adsorption isotherm, C8 in varying concentrations (1.25
uM - 80 uM) were added in separate sets to PNPs (1.0 mg/mL) in a total working volume
of 1.0 mL and then incubated for 30 min at room temperature under mild shaking.
Subsequently, the samples were subjected to centrifugation at 20000 rpm for 10 min. The
residual C8 present in the supernatant was aspirated and its absorbance was measured
UV-visible spectroscopy. The absorbance value was then used to calculate the
concentration of the residual or non-adsorbed C8 using a previously generated calibration
plot. The adsorption capacity, ge (mg/mg) was calculated as described in a previous
method (Saha et al., 2011). All the experiments were carried out in triplicates and data
analysis and calculation of standard deviation was performed with Microsoft Excel 2010
(Microsoft Corporation, USA).

3.2.5. Potential of C8-PNC in Efflux Pump Inhibition
To ascertain inhibition of efflux pump activity rendered by C8-PNC or PNP, an EtBr

efflux assay was conducted as described earlier in section 2.2.5.
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3.2.6. Potential of C8-PNC in Combination Therapy against MRSA

In a 96-well microtitre plate, S. aureus 4s (~10° CFU in BHI medium) was grown in
separate sets in presence of C8-PNC (loaded with 50 UM C8) and CPX (2.0 uM) at
37 °C and 180 rpm for 6 h. In separate sets, MRSA cells were also grown in presence of
either CPX (2.0 pM or 32 pM) or C8-PNC (loaded with 50 uM C8). Following
incubation, the growth of cells was ascertained by recording the absorbance of the culture
at 600 nm in a microtitre plate reader (Infinite M200, TECAN, Switzerland). FESEM
analysis was also performed to determine the effect of the combination treatment of C8-
PNC and CPX on MRSA. The protocol followed for FESEM analysis was similar to that
described in section 2.2.8.

3.2.7. MRSA Cell Adhesion onto Collagen in Presence of C8 and C8-PNC

A standard collagen adhesion assay was performed as outlined in an earlier study
(Mukherjee and Ramesh, 2015). Initially, a tissue culture plate (six well) was coated with
collagen solution (final concentration of 500 pg/mL) overnight at 4 °C, followed by
washing and blocking of the wells as described previously (Mukherjee and Ramesh,
2015). For the adhesion assay, S. aureus 4s cells were labelled with cFDA-SE (Singh et
al., 2012) and the solution-based fluorescence of cells recorded at 518 nm (excitation
wavelength of 488 nm) was noted as total fluorescence (Ft). cFDA-SE labelled S. aureus
4s cells were then added to collagen-coated wells (1.0 mL aliquot each) and incubated in
separate sets for 1 h at 4 °C in presence of (i) C8 (10 uM), (b) CPX (2.0 uM), (c) C8-
PNC (loaded with 50 uM C8), (d) CPX (32 uM) and (e) combination of CPX (2.0 uM)
and C8-PNC (loaded with 50 uM CB8). Subsequently, the non-adhered cells were
carefully pipetted and their fluorescence emission intensity at 518 nm was noted as a
measure of non-adhered cells (Fna). A quantitative estimation of MRSA cells adhered
onto collagen (Fa) was derived by determining the between Frand Fna. A schematic
representation of the collagen adhesion assay in shown in Figure 3.1. In a separate
experiment, RNA was extracted from non-adhered S. aureus 4s cells harvested from the
tissue culture wells following various treatment in adhesion assay and the expression of
norA gene in non-adhered cells was ascertained by gRT-PCR analysis as mentioned
before in section 2.2.7. Detection of collagen-adhered MRSA cells was accomplished by
fluorescence microscope analysis (Eclipse Ti-U, Nikon, USA). A schematic

representation of the CPX accumulation assay in shown in Figure 3.1.
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Figure 3.1. Schematic of the protocol followed for estimation of MRSA cell adhesion onto
collagen in presence of C8-PNC and CPX.

3.2.8. Cytotoxic Potential of C8 and C8-PNC

An MTT-based assay was conducted to ascertain the cytotoxic potential of C8 (5.0 uM -
40 uM) and C8-PNC (loaded with 1.25 uM - 70 uM of C8) against HEK 293 cells (human
embryonic kidney cells). The growth conditions for HEK 293 cells and the protocol for
conducting the MTT assay was similar to the method described in an earlier study.
(Thiyagarajan et al., 2017)

3.3. Results and Discussion

3.3.1. C8-loaded PLGA Nanocarrier (C8-PNC)

The potential of C8 as an adjuvant for combination therapy against MRSA was clearly
established from the results obtained in the previous Chapter (Chapter 2). However, to
leverage the therapeutic prospect of C8, a biocompatible delivery vehicle, which will
favor slow release of the payload will be required. To this end, PLGA nanoparticle (PNP)
was synthesized by a single emulsion method (Carteria et al., 2009) and chosen as a
delivery agent as it was conceived that PNPs will be biocompatible and would support
sustained delivery of the payload C8. FESEM analysis of PNPs indicated that the
nanoparticles were spherical in shape with an average particle size of ~200 nm (Figure
3.2A). The spherical shape of PNPs was also evidenced in TEM and AFM analysis
(Figure 3.2B-3.2C). The average height profile of PNP as ascertained by AFM was ~225
nm (Figure 3.2D-3.2E). The average hydrodynamic radius of PNP
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Figure 3.2. Characterization of PLGA nanoparticle (PNP) by (A) FESEM, (B) TEM,(C-
E) AFM analysis and (F) dynamic light scattering (DLS) analysis. Scale bar in (A) and (B) is
1.0 um. (C) and (D) indicate 2D and 3D topography AFM image of PNP, respectively.
(E) Height profile of PNPs determined by analysis of the image in (D). (F) Estimation of
hydrodynamic radius of PNP by DLS. Inset depicts size distribution histogram.

determined by DLS was ~396 nm (Figure 3.2F). Akin to PNPs, C8-PNC was also
spherical (Figure 3.3A-3.3B). However, FESEM analysis indicated that compared to
PNPs, C8-PNC was larger in size (average particle size of ~250 nm as against ~200 nm
for PNPs). The larger size of C8-PNC as compared to PNPs was further substantiated as
the average height profile of C8-PNC was ~421 nm (Figure A3.1A-A3.1B in Appendix)
and the average hydrodynamic radius of C8-PNC was ~531 nm (Figure 3.3C). Loading
of C8 in C8-PNC was confirmed as UV-visible absorbance spectroscopy could clearly
reveal the presence of the characteristic absorbance peak of C1 in the loaded nanocarrier
(Figure A3.1C in Appendix). With regard to the loading efficiency (LE) of C8, it was
observed that there was a significant increase in the magnitude of LE with an increase in
the concentration of C8 and at ~60 uM of C8, a saturation effect was apparent (Figure
3.3D). Further, in presence of 70 uM C8 (maximum loading concentration of C8), LE
was ~86% (Figure 3.3D). Determination of the parameters in adsorption studies with C8
revealed that the nature of adsorption of
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Figure 3.3. (A) FESEM analysis of C8-loaded PLGA nanocarrier (C8-PNC). Scale bar is
1.0 um. (B) AFM analysis of C8-PNC. (C) DLS analysis of C8-PNC. Inset represents size
distribution histogram. (D) Estimation of the loading efficiency of C8 in PLGA nanopatrticle. (E)
Adsorption isotherm profile of C8. (F) Estimation of the cumulative release of C8 from C8-PNC

incubated in various buffer systems.

C8 onto PNPs followed a Langmuir isotherm model (Figure 3.3E), which implied
homogeneous and a monolayer type of adsorption (Saha et al., 2011). It can be
conjectured that the efficacy of a candidate adjuvant in the host associated physiological
ambience would depend on its effective concentration, which in turn will be largely
governed by its interactions with host plasma proteins, body fluids and tissue. Hence for
therapeutic intervention, it is desirable to use high levels of the adjuvant in order to
guarantee bioavailability and achieve the desired levels of therapeutic dose. Based on
this tenet, in the current investigation, C8-PNC loaded with 80 pM C8 was used in the
release kinetics studies. Upon incubation for 24 h in an acidic buffer (pH 3.0), the
cumulative release of C8 was quite low, amounting to ~27% (Figure 3.3F). Interestingly,
in HEPES buffer (pH of 7.4) and SBF (pH 8.0), a sustained release profile for C8 was
evident and the magnitude of cumulative release of C8 was apparently higher than that
observed in case of the acidic citrate buffer (Figure 3.3F). A quantitative estimation
revealed that the cumulative release of C8 in HEPES buffer and SBF was ~38% and
~60%, respectively, following 24 h (Figure 3.3F). It is significant to mention that the
quantum of C8 released in HEPES buffer and SBF was ~30 pM and ~48 uM,
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respectively, which is in excess of the effective dose of the ligand required for efflux
pump inhibition in S. aureus 4s strain. This suggested that the favorable release profile
of C8 rendered by C8-PNC is likely to be amicable for therapeutic applications against
the MRSA strain.

3.3.2. Potential of C8-PNC as an EPI and in Combination Therapy against MRSA

The favorable release profile of C8 obtained from C8-PNC in buffer solution having
physiological relevance was encouraging. The subsequent aim of the investigation was
to ascertain whether the efflux pump inhibition rendered by ligand C8 against MRSA
was also manifested when MRSA cells were treated with C8-PNC. To this end, a
prominent inhibition of EtBr efflux was indeed noted in S. aureus 4s cells treated with
C8-PNC (Figure 3.4A, Table A3.1 in Appendix), which was similar to the trend observed
earlier with MRSA cells treated with C8 (Figure 2.5B). Further, it was also noted that
upon treatment of MRSA cells with C8-PNC, a nominal efflux of EtBr was observed till
2.0 min, following which prominent inhibition of EtBr efflux was recorded (Figure
3.4A). This phenomenon suggested that the cumulative release of C8 from C8-PNC
during the initial 2.0 min perhaps lead to attainment of an effective concentration of C8
in solution. Consequently, a significant inhibition of efflux pump activity in MRSA cells
was observed thereof.

With regard to the effect on cell growth, it was observed that although S. aureus
4s displayed appreciable growth upon treatment with C8-PNC (~70% growth) or
2.0 uM CPX (~91% growth) (Figure 3.4B), a significant growth inhibition (only ~7.0 %
growth) was observed when the target pathogen was grown in presence of both C8-
PNC (having 50 uM C8) and CPX (2.0 uM) (Figure 3.4B). The magnitude of growth
inhibition rendered by the combination treatment of C8-PNC and CPX was on par with
32 uM CPX (Figure 3.4B). Further, the MIC of CPX was reduced 16 x in case of the
combination treatment. The antagonistic effect of the combination treatment on MRSA
cells was also captured in FESEM analysis, which indicated prominent perturbation of
MRSA cell morphology in comparison to control cells (Figure 3.4C). Thus, C8-PNC
could not only render sustained release of C8 but could also effectively reduce the dose
of CPX required to eliminate MRSA.
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Figure 3.4. (A) Measurement of EtBr efflux in S. aureus 4s cells treated with C8-PNC. Positive
control encompassed cells treated with 40 uM reserpine. (B) Growth of MRSA cells in presence
of C8-PNC (having 50 uM C8) and CPX (2.0 uM). * represents p value < 0.001 in one-way
ANOVA. (C) FESEM analysis of (i) Untreated MRSA cells and (ii) MRSA cells treated with
C8-PNC and CPX. White arrow in panel (ii) specifies perturbation of characteristic cell
morphology. Scale bar is 200 nm.

3.3.3. Effect of Combination Treatment with C8-PNC and CPX on Adhesion of MRSA
onto Collagen

It is widely acknowledged that adhesion of S. aureus cells onto collagen can serve as a
trigger to initiate large-scale infection of extracellular matrix by the pathogen (Lee et al.,
2018; Foster et al., 2014). Hence, it is perceived that inhibiting the adhesion of MRSA
cells onto collagen can be a rational therapeutic approach to hinder MRSA-mediated
infection. In the current study, it was encouraging to observe that C8-PNC in combination
with CPX could efficiently eliminate MRSA cells. Hence, it was conjectured that this
combination treatment regimen may also serve to inhibit MRSA cell adhesion onto
collagen. To ascertain this tenet a collagen adhesion assay was performed, wherein
untreated MRSA cells could adhere onto collagen in high numbers (~95% adhesion).
Upon treatment with C8-PNC (having 50 uM C8) or CPX (2.0 pM),
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Figure 3.5. (A) Estimation of S. aureus 4s cell adhesion onto collagen in different treatment sets.
* in (A) represents p value of <0.001 in one-way ANOVA. (B) Fold adhered cells of

S. aureus 4s estimated during collagen adhesion assay performed in various treatment sets.
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Figure 3.6. Fluorescence microscope analysis of S. aureus 4s cells adhered onto collagen in case

of different treatment sets. Scale bar is 20 pum.

the extent of adhesion was decreased to a marginal extent and measured to be ~87% and

~88% adhesion, respectively (Figure 3.5A). Interestingly, there was a significant
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decrease in MRSA cell adhesion onto collagen (~65% adhesion) when the cells were
subjected to the adhesion assay in presence of C8-PNC (having 50 uM CB8) in
combination with 2.0 uM CPX (Figure 3.5A). Further, MRSA cell adhesion onto
collagen in presence of the combinatorial treatment with C8-PNC and CPX was
significantly lower in comparison to the adhesion of cells treated with 2.0 uM or 32 uM
CPX (Figure 3.5A). A quantitative estimation of the fold adhered cells (adhered: non-
adhered MRSA cells) also revealed that proportion of MRSA cells adhered onto collagen
was significantly lower in combination treatment regimen (~1.87 fold) in comparison to
cellssubjected to treatment with either 2.0 uM CPX (~7.56 fold) or 32 uM CPX (~4.16
fold)(Figure 3.5B).

Fluorescence microscope analysis could also corroborate the results as the
numbered of adhered MRSA cells observed upon combinatorial treatment was distinctly
less in comparison to untreated (control) as well as other treatment sets (Figure 3.6).
Based on the results of the adhesion assay, it was apparent CPX alone may not hinder
MRSA cell adhesion onto collagen. However, in the combination treatment regimen, C8-
PNC (having 50 uM C8) likely countered efflux pump activity and enhanced the potency
of CPX against target MRSA cells leading to in a significant reduction in MRSA cell
adhesion onto collagen.

3.3.4. Effect of C8-PNC and CPX on norA Gene Expression in MRSA During Collagen
Adhesion

During collagen adhesion assay, treatment of S. aureus 4s cells with 2.0 uM CPX could
induce a notable increase in norA gene expression (~4.0 - fold) in non-adhered cells
(Figure 3.7). Literature reports indicate that norA is associated with CPX efflux in MRSA
(Li and Nikaido, 2009; Jang, 2016) In the light of this premise, norA gene transcription
level is likely to be high in MRSA cells treated with 2.0 uM CPX. When S. aureus 4s
cells were treated with 32 uM CPX (equivalent to MIC against the MRSA strain), norA
gene expression in non-adhered cells was quite high (~3.0-fold upregulation), albeit
slightly reduced as compared to cells treated with 2.0 uM CPX (Figure 3.7). When used
at MIC level, CPX perhaps can render copious physiological or cellular perturbations in
S. aureus 4s cells, leading to a reduction in the level of norA gene transcription in
comparison to MRSA cells treated with 2.0 uM CPX. This tenet can be verified through
more rigorous experiments in the future. Interestingly, when S. aureus 4s cells were

treated with C8-PNC (having 50 uM C8) singularly or in conjunction with
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Figure 3.7. Quantitative real-time PCR analysis to estimate the fold change in norA gene
expression in non-adhered MRSA cells subjected to various treatment sets in collagen adhesion
assay. * indicates p value < 0.001 in one-way ANOVA.

2.0 uM CPX, a remarkable suppression in the level of norA gene expression was
observed in non-adhered as against untreated cells (Figure 3.7). Collectively, the
aforementioned results suggest that during collagen adhesion, C8-PNC in conjunction
with low levels of CPX can downregulate the expression of norA gene in MRSA cells
and thus bears interesting prospect as an anti-adhesion agent for mitigation of MRSA

infection in collagen.

3.3.5. Cytotoxic Potential of C8-PNC

In order to deploy C8-PNC as a potential adjuvant for therapeutic intervention against
MRSA, it is vital that the developed payload nanocarrier is biocompatible towards host
cells. To this end, an MTT assay revealed that C8-PNC was not detrimental to cultured
HEK 293 cells, with the viability of cells being greater than 80% even with a loading
concentration of 50 uM C8 (Figure 3.8). It may be mentioned here that C8-PNC loaded
with 50 uM C8 exhibited EPI activity and could eliminate MRSA in conjunction with
2.0 uM CPX (Figure 3.4A-3.4B). It was also worth noting that although 10 uM C8
displayed EPI activity (Figure 2.5B), the ligand per se was toxic and could significantly
hamper the growth of HEK 293 cells (~42% viability) (Table A3.2 in Appendix).
Conceivably, upon treatment with C8, the concentration of the ligand in the vicinity of

HEK 293 cells is expected to be high, and consequently a cytotoxic effect is
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Figure 3.8. MTT assay-based estimation of the cytotoxic effect imparted by C8-PNC on cultured
HEK 293 cells. The loading concentration of C8 is depicted in the figure. Data point obtained

from six experimental samples were used to ascertain mean * standard deviation.

manifested. On the contrary, when HEK 293 cells are treated with C8-PNC, sustained
release of the payload can decrease the local concentration of C8 and thus reduce the

toxic implications.

3.4. Significant Findings
The key findings of the present study can be stated as follows:
1. In order to harness the potential of C8 as an efflux pump inhibitor, C8-loaded
PLGA nanocarrier (C8-PNC) was developed having a loading efficiency of ~86%
in presence of 70 uM C8.

2. In HEPES buffer and simulated body fluid (SBF), a sustained release profile of
C8 from the nanocarrier was observed, with the cumulative release of C8 being
~38% (~30 uM) and ~60% (~48 uM) after 24 h of incubation.

3. C8 could elevate the magnitude of ciprofloxacin (CPX) accumulation in MRSA

cells as well curb expression of norA gene implicated in efflux of CPX in MRSA.

4. C8-PNC (loaded with 50 uM C8) in conjunction with 2.0 uM CPX could render
a remarkable suppression of MRSA cell growth (~7.0 % growth) as well as lower
the MIC of CPX by 16-fold.
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5. Interestingly, C8-PNC (having 50 uM C8) and CPX (2.0 puM) could also
effectively hinder MRSA cell adhesion onto collagen as well as suppress the

expression of norA gene in non-adhered MRSA cells.

6. C8-PNC (loaded with 50 uM C8) was observed to be non-toxic to cultured HEK
293 cells.

Based on the salient results obtained in this study, it is apparent that the developed
nanomaterial holds prospect as a therapeutic in combination therapy to mitigate MRSA
cell adhesion onto collagen. In future, these leads can perhaps be substantiated through
separate in vivo invasive MRSA infection models in soft tissue. In the constant endeavor
to overcome the scarcity of therapeutic approaches against MRSA infections, an
interesting prospect is in the development of membrane-targeting synthetic adjuvants.
Conceivably, resistance development against such antibacterials acting on a vital target
such as the membrane is less likely. Further, the potential of combining such membrane-
targeting adjuvants with therapeutic antibiotics for eradication of MRSA is also worth
exploring. To this end, in the subsequent chapter, quinoxaline ligands are screened for
their membrane-targeting bactericidal activity against MRSA planktonic cells and

biofilm is ascertained.
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Bactericidal Potential, Membrane-directed Activity
and Antibiofilm Activity of Quinoxaline-based
Ligands for Targeting MRSA

This chapter describes the antibacterial potential of quinoxaline-based synthetic ligands
C1-C4 against MRSA. The membrane-targeting activity and antibiofilm potential of C2,

the most potent molecule is also presented in this chapter.
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ABSTRACT

In this study, the antibacterial potential of quinoxaline-based synthetic ligands (C1-C4)
against MRSA is evaluated. Amongst the tested ligands, only C2 exhibited notable
antibacterial activity against the clinical MRSA strain S. aureus 4s, with an MIC of
32 uM against the pathogen. FETEM analysis could substantiate the anti-MRSA activity
of C2, wherein copious cellular damage and distortion of the salient morphology
manifested in cells treated with 32 uM C2. A dose-dependent membrane-directed
activity rendered by C2 on MRSA cells was evidenced through a cFDA-SE dye-based
assay. Solution-based crystal violet and MTT assay revealed that C2 imparted a dose-
dependent effect on the biomass and metabolic activity of MRSA biofilm. The minimum
biofilm inhibitory concentration (MBIC) of C2 against the S. aureus 4s biofilm was
observed to be 32 uM. The antagonistic effect of C2 on MRSA biofilm was also
evident in FESEM and AFM analysis, wherein the prominent cell-cell adhesion typically
observed in MRSA biofilm was disrupted. A quantitative real-time PCR analysis
indicated that the expression of agrC, which is implicated in the regulation of adhesins
in S. aureus decreased in a dose-dependent manner upon treatment with C2. The
antibiofilm potential of C2 was also corroborated by downregulation of the adhesin genes

fnbA and cnbA in S. aureus 4s cells upon treatment with C2.

63
TH-3020_166106018



Introduction Chapter 4

4.1. Introduction
The emergence of MRSA in the clinics is a contemporary and global healthcare problem
as the pathogen is armed with efficient countermeasures that can evade the action of
many therapeutic antibiotics (Lee et al., 2018; Turner et al., 2019; Chambers and Deleo,
2010; Liu et al., 2011). Most of the therapeutic antibiotics are known to perturb essential
cellular processes such as DNA synthesis, cell wall synthesis, protein synthesis and folate
synthesis (Collinetal., 2011; Hurdle et al., 2011; McCoy et al., 2011; Lange et al., 2007).
However, the use of therapeutic antibiotics to curb MRSA infection has been undermined
since the pathogen has acquired resistance traits, foil the action of antibiotics, evade the
host defense mechanism and thereby pose a persistent challenge in the clinics (Lee et al.,
2018; Turner et al., 2019; Mwangi et al., 2007; Chen et al., 2015; Weigel et al., 2003).
The bacterial cell membrane has a characteristic organization, which enables it to
render a host of critical physiological functions. Hence, it is conceived that bactericidal
agents that can breach the membrane or disrupt its function hold significant prospect as
a therapeutic (Chen et al., 2010; Van Bambeke et al., 2008; Hurdle et al., 2011). In
contrast to antibiotics, which essentially target basic cellular processes and are thus liable
to trigger resistance development, the prospect of developing resistance against
membrane-acting agents would necessitate large-scale renewal of damaged membrane
components, which can be a physiologically demanding task for the bacteria (Steinbuch
and Fridman, 2016). In this context, membrane-acting antimicrobial peptides (AMPS)
that exhibit broad-spectrum antibacterial activity are promising candidates (Wright 2011;
Wimley and Hristova, 2011). However, there are acute challenges in leveraging their
therapeutic potential due to an incumbent high cost of manufacturing, inferior
pharmacokinetics, susceptibility to proteolysis and lower in vivo efficacy (Chen et al.,
2012; Marr et al., 2006). In order to overcome these limitations, AMP-mimicking
synthetic amphiphiles hold considerable therapeutic potential owing to their facile
synthesis, a large repertoire of synthetic variants that can be exploited for activity, their
resistance to proteolysis and high membrane-directed activity (Findlay et al., 2010).
Several studies have indeed described the membrane-targeting and bactericidal activity
of synthetic amphiphilic molecules (Kuroda and DeGrado 2005, Findlay et al., 2010;
Hoque et al., 2012; Gokel and Negin 2012; Bera et al., 2010; Goswami et al., 2013;
Thiyagarajan et al., 2014; Dey et al., 2018). Studies have also demonstrated the potential
of membrane-targeting synthetic amphiphiles against MRSA (Thiyagarajan et al., 2017;
Moretti et al., 2019; Tyuleva et al., 2019; Dey et al., 2020).
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In the light of the aforementioned tenet, the bactericidal and membrane-directedactivity
of rationally designed quinoxaline-based ligands (C1-C4) is evaluated in this chapter. A
detailed characterization of the membrane-directed activity and antibiofilm activity of
the most potent antimicrobial C2 against the MRSA strain S. aureus 4s is also reported

in this chapter.

4.2. Materials and Methods

4.2.1. Materials

5 (and 6)-carboxyfluorescein diacetate succinimidyl ester (c(FDA-SE), alamar blue, 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were procured
from Sigma-Aldrich (USA). Brain-Heart Infusion (BHI) broth was procured from
HiMedia, Mumbai, India. Dimethyl sulfoxide (DMSO) was obtained from Merck, India.
TRIzol™ Max™ Bacterial RNA Isolation Kit and superscript III platinum SYBRgreen
gRT-PCR 1 step kit was obtained from Invitrogen.

4.2.2. MRSA Growth Conditions
Staphylococcus aureus 4s strain was cultured in BHI broth at 37 °C and 180 rpm for 12
h as mentioned previously in section 2.2.2.

4.2.3. Quinoxaline-based Ligands

Synthesis and characterization of the quinoxaline-based ligands (C1-C4) is described in
the Appendix of Chapter 4. The ligands were kindly provided by Professor Gopal Das,
Department of Chemistry, Indian Institute of Technology Guwahati. Stock solution for
each ligand (10 mg/mL) was prepared in DMSO and the specific working concentration
of each ligand required for a particular experiment was prepared fresh from the stock
solution.

4.2.4. Bactericidal Activity of Ligands against MRSA

4.2.4.1. Microtitre Broth Dilution Assay

The bactericidal activity of the ligands C1-C4 (0.5 uM-1024 uM each) against
S. aureus 4s strain was ascertained in a 96-well microtitre plate using a broth dilution
assay as outlined in section 2.2.4. The anti-MRSA activity of the synthetic ligands was
calculated from three independent experiments, each having three replicas. Data analysis
and calculation of standard deviation was performed with Microsoft Excel 2010
(Microsoft Corporation, USA).
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4.2.4.2. Alamar Blue Assay

S. aureus 4s cells were grown in presence of the ligands C1-C4 (0.5 uM-1024 uM each)
in BHI medium incorporated with alamar blue dye (30 pg/mL final concentration).
Following overnight incubation of MRSA cells with the ligands, the absorbance of a 100
uL aliquot of medium from each sample was measured at 570 nm as well as 600 nmin a
multiplate reader (Infinite M200, TECAN, Switzerland). The proliferation of cells was
determined based on % resazurin reduction in the alamar blue dye reduction assay (Das
et al., 2013) The dye reduction assay was ascertained from three independent
experiments, each having three replicas. Data analysis and calculation of standard

deviation was performed with Microsoft Excel 2010 (Microsoft Corporation, USA).

4.2.4.3. Microscopic Analysis

The antibacterial activity of C2 against MRSA was also ascertained by FESEM,
FETEM and AFM analysis. Overnight grown cells of S. aureus 4s were recovered by
centrifugation, washed twice with sterile PBS and resuspended in the same. The cells
were then treated with 32 UM of C2 in separate sets for 6 h and 12 h at 37°C. Following
incubation, untreated as well as treated cells were collected by centrifugation, washed
with sterile PBS and sterile MilliQ water and finally suspended in sterile MilliQ water.
In case of FESEM, the samples were prepared as described earlier in section 2.2.8.

For FETEM analysis, 10 pL aliquots of untreated and C2-treated MRSA cells
suspended in sterile MilliQ water were separately drop-casted onto a carbon-coated
copper grid and dried overnight in a laminar hood. The samples were then analyzed by
FETEM (Model 2100F, JEOL) operating at 200 kV and their images were recorded.

In case of AFM analysis, aliquots of untreated and C2-treated MRSA cells
suspended in sterile MilliQ water were separately spotted onto a sterile glass cover slip
(18 mm x 18 mm) and air dried overnight in a laminar hood. Atomic force microscopic
images were then acquired in non-contact mode for a 10 um x 10 um area at a scan rate
of 0.5-1.0 line/s (Oxford Instruments plc, U.K). Cantilevers made up of silicon nitride
were used having a resonant frequency of ca. 150 to 200 kHz. Analysis of the amplitude
channel and topographic images was performed using the WSxM v5.0 Develop 6.5

image viewer software.
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4.2.5. Membrane-targeting Activity of C2 against MRSA

The membrane-targeting activity of C2 against S. aureus 4s was ascertained by cFDA-
SE assay. Initially, S. aureus 4s cells were labelled with cFDA-SE as described earlier
(Thiyagarajan et al., 2014). cFDA-SE labelled S. aureus 4s cells were then incubated in
separate sets with equimolar concentrations of the ligands (8.0 uM, 16 uM and 32 uM)
at 37°C and 180 rpm for 6 h. Following incubation, cells were removed by centrifugation
and leakage of carboxyfluorescein from treated MRSA cells was ascertained by
measuring the fluorescence of the dye in the supernatant (Thiyagarajan et al., 2014). The
cells were resuspended in sterile PBS and the fluorescence of the cell suspension was
also measured at an excitation wavelength of 488 nm and emission wavelength of 518
nm. Fluorescence measurements were acquired from three independent experimental

samples.

4.2.6. Potency of C2 against MRSA Biofilm

4.2.6.1. Crystal Violet Assay and cFDA-SE Assay

S. aureus 4s biofilm was grown in BHI media supplemented with 0.25% glucose in sterile
96 well microtiter plate in presence of varying concentrations of C2 (0.5 uM - 512 uM)
and incubated for 48 h in a static and humid chamber at 37 °C. Following incubation,
media from the wells was carefully aspirated and the wells were washed with sterile PBS
to remove non-adherent bacterial cells. Subsequently, the biofilm biomass and metabolic
activity of biofilm cells were ascertained in separate sets by performing a crystal violet
assay and MTT assay and the minimum biofilm inhibitory concentration (MBIC) of C2

was determined as described previously (Goswami et al., 2014).

4.2.6.2. FESEM and AFM Analysis

S. aureus 4s biofilm was grown on sterile glass cover slips by following an earlier
described method (Goswami et al., 2014) in presence of 32 UM C2 for 48 h. Following
incubation, the biofilm samples were subjected to FESEM and AFM analysis by

following a previously described method (Goswami et al., 2014).
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Table 4.1. Sequence of primers used in quantitative real-time PCR-based gene expression

studies.

SI.  Target Oligo Sequence (5' to 3")
No. Gene

1. agrC  Forward:
CCAGCTATAATTAGTGGTATTAAGTACAGTAAACT
Reverse: AGGACGCGCTATCAAACATTTT

2. fnbA  Forward: ACCAGTACCACCTGCCAAAG
Reverse: ACCAATGAAGCAATCAGAAAACACT

3. cnbA  Forward: AATAGAGGCGCCACGACCGT
Reverse: GTGCCTTCCCAAACCTTTTGAGCA

4.2.7. Effect of C2 on agrC, fnbA and cnbA Gene Expression in MRSA

Cells of S. aureus 4s (~10° CFU/mL) were grown in separate sets in BHI media
incorporated with C2 (8.0 uM and 16 uM) at 37 ‘C and 180 rpm for 9 h. Following
treatment, the total RNA from MRSA cells was isolated using TRIzol™ Max™ Bacterial
RNA Isolation Kit and 200 ng of RNA from each sample was used for quantitative real-
time PCR under conditions described previously (Dey et al., 2020). The sequence of the
primers for agrC, fnbA and cnbA gene used in gRT-PCR is depicted in Table 4.1. The
fold change in the expression of the target genes was evaluated by the 44Cr method
(Livak, et al., 2001). Statistical analysis for fold change in target gene expression was

performed by a one-way analysis of variance (ANOVA).

4.3. Results and Discussion

4.3.1. Design Rational of Quinoxaline-based Ligands (C1-C4)

Given the widely acknowledged resistance of MRSA against therapeutic antibiotics,
deployment of small synthetic ligands that can breach the fundamental resistance
mechanism and potentiate the bactericidal efficacy of an antibiotic will provide
significant therapeutic dividend. In this regard, quinoxaline-based ligands (C1-C4) were
synthesized having varying functional groups (Basak et al., 2021; Basak and Das, 2021;
Ghosh et al., 2022; Appendix Chapter 4). The quinoxaline scaffold was selected based
on previous reports on their antibacterial and other pharmacological attributes (Cheng et
al., 2016; Shintre et al., 2017). The quinoxaline-based ligands C1-C4 (Figure 4.1) were
planar in nature and possess H-bond acceptor/donor groups. To understand the
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Figure 4.1. Structure of quinoxaline-based synthetic ligands (C1-C4).

role of the electronic nature of the ligands in bactericidal activity, three derivative
molecules (C2 to C4) were synthesized. C2 was derivatized with the strong electron
withdrawing -NO> group to make the scaffold electron deficient, whereas C3 and C4

were functionalized with electron donating basic (-NH2) and acidic (-COOH) group.

4.3.2. Antibacterial Activity of Ligands

With regard to bactericidal activity against MRSA, it was observed that only C2
exhibited prominent antibacterial activity against the clinical MRSA strain S. aureus 4s
(Figure 4.2B). This suggested that the presence of a strong electron-deficient group (-
NO- group) perhaps contributes to the antibacterial activity of C2. The MIC of C2
against S. aureus 4s strain was determined to be 32 uM (Figure 4.2B), which was
equivalent to that of CPX against the MRSA strain. The anti-MRSA activity of C2 was
also captured in alamar blue dye assay, wherein reduction of resazurin, which can be

considered as an index of the metabolic activity of live cells was dramatically reduced
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Figure 4.2. Bactericidal activity of quinoxaline-based ligands (C1-C4) determined against
S. aureus 4s strain by microtiter well broth dilution assay. Dashed arrow in (B) indicates the MIC
level of C2 (32 uM) against the target MRSA strain.
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Figure 4.3. Bactericidal activity of quinoxaline-based ligands (C1-C4) determined against
S. aureus 4s strain by alamar blue assay. Dashed arrow in (B) indicates the magnitude of dye
reduction rendered by the target MRSA strain treated with 32 uM C2.
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Control Treated (6 h) Treated (12 h)
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Figure 4.4. Bactericidal activity of C2 (32 uM) against S. aureus 4s cells ascertained by (i-
iii) FESEM, (iv-vi) FETEM and (vii-ix) 2D AFM analysis. Scale bar for the images in (i-iii) is

C2-treated MRSA cells.

upon treatment with C2 at a concentration of 32 uM and above (Figure 4.3B). The
metabolic activity exhibited by the target MRSA strain remain virtually unaffected in
presence of ligands C1 and C4 (Figure 4.3A-4.3D), while C3 could render a notable
effect on the metabolic activity of MRSA only at very high concentrations of 256 uM
and above (Figure 4.3C).

In order to substantiate the anti-MRSA activity of C2, microscopic analysis was
pursued. In FESEM analysis, untreated cells of S. aureus 4s revealed a uniform margin
and a morphology, characteristically associated with staphylococci (Figure 4.4,

Panel i). However, cells treated with 32 uM of C2 exhibited a distorted shape and were

FETEM analysis of C2-treated MRSA cells (Figure 4.4, Panels iv-vi). The effect of C2
on MRSA cells was also observed through AFM analysis, wherein the characteristic

spherical morphology of MRSA cell clusters was severely affected due to large scale cell
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disruption (Figure 4.4, Panels vii-ix). The extent of cell damage in MRSA was validated
by analysis of average height profile, which was observed to reduce from ~ 460 nm for
untreated cells to ~ 341 nm and ~ 298 nm in case of cells treated with C2 for 6 h and 12

h, respectively (Figure A4.5 in Appendix).

4.3.3. Membrane-Directed Activity of Ligands

Given the strong bactericidal activity exhibited by the antimicrobial C2, experiments
were conducted with cFDA-SE labelled MRSA in order to determine the membrane-
directed activity of this ligand against the target pathogen. cFDA-SE labeled cells were
selected for the assay as the amine reactive fluorophore is known to conjugate with
intracellular proteins and thereby prevent passive leakage of the dye from viable cells
(Hoefel et al., 2003). The potency of a membrane-targeting bactericidal agent can then
be ascertained quantitatively by measuring the extent of retention of the cell-associated
dye following membrane damage and dye leakage from treated cells. In the present
study, it was observed that there was a systematic increase in the leakage of cFDA from
MRSA cellsupon treatment with an increasing concentration of C2. Herein, the extent of
dye leakage from MRSA cells treated with 8.0 uM, 16 uM (0.5 x MIC) and 32 uM
(equal to MIC level) was estimated to be ~20%, ~48% and ~80%, respectively (Figure
4.5A). Further, in case of untreated cells (control), the relative cell-associated cFDA-SE
fluorescence intensity was high, which suggested the presence of a large population of
viable cells (Figure 4.5B). Upon treatment with an increasing concentration of C2, there
was a notable decrease in the cFDA-SE fluorescence intensity associated with MRSA
cells, and apparently this phenomenon exhibited a dose-dependent effect (Figure 4.5B),
akin to the earlier results obtained for dye leakage (Figure 4.5A). It can thus be
conjectured that C2 displayed membrane-directed activity against MRSA wherein the
ligand inducedmembrane damage and leakage of cFDA-SE dye from the affected cells.
Consequently, the population of cFDA-SE labelled viable cells was also reduced

significantly in a dose-dependent manner as captured in the assay (Figure 4.5B).

4.3.4. Antibiofilm Activity of C2 against MRSA

S. aureus is of serious healthcare concern in the clinics as it is known to form resilient
biofilms, which pose considerable therapeutic challenge (Turner et al., 2019; Stoodley et
al., 2011; Oliveira et al., 2018; Darouiche, 2004; Hall-Stoodley et al., 2004). Given
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Figure 4.5. (A) Membrane disruption activity of C2 against S. aureus 4s cells ascertained by
measuring (A) leakage of cFDA-SE dye and (B) retention of cFDA-SE dye in C2-treated cells.
* in (B) indicates a p-value of <0.001 in one-way ANOVA.
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Figure 4.6. (A) Crystal violet assay to determine the effect of C2 on MRSA biofilm biomass.
(B) MTT assay to ascertain the effect of C2 on MRSA biofilm metabolic activity.

that the antimicrobial C2 displayed significant bactericidal and membrane-directed
activity, it was pertinent to ascertain the antagonistic effect of C2 against MRSA
biofilm. To this end, solution-based assays based on crystal violet staining for biofilm
biomass and MTTassay for biofilm metabolic activity revealed that C2 could impart a
dose-dependent effect on the biomass as well as viability of MRSA biofilm (Figure
4.6A-4.6B). This observation indicated that the bactericidal effect of C2 against MRSA
cells was retained even in the complex environment of a biofilm formed by the
pathogen. It was also observed that the minimum biofilm inhibitory concentration
(MBIC) of C2 against the tested MRSA strain S. aureus 4s was 32 uM, which also
coincided with its MIC againstthe pathogen. The antagonistic effect of C2 on MRSA
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Figure 4.7. (i-ii) FESEM, (iii-iv) 2D-AFM and (v-vi) 3D-AFM analysis to evaluate the
antibiofilm effect of C2 (32 puM) against S. aureus 4s biofilm treated for 48 h.

biofilm by C2 was also evident in FESEM analysis wherein the quintessential cell-cell
adhesion associated with MRSA biofilm was breached (Figure 4.7. Panels i-ii). AFM
analysis provided further evidence of the activity of C2 against MRSA biofilm, wherein
the typical cell morphology was obliterated and the average height profile of treated

biofilm was reduced significantly as against the control cells (Figure 4.7, Panels iii-vi).

4.3.5. Effect of C2 on the Expression of agrC, fnbA and cnbA Genes in MRSA

In the context of wound-site infections and biofilm formation on medical devices by
staphylococci, expression of cell surface adhesins that are implicated in binding to host
extracellular matrix such as collagen and fibronectin have a critical role (Lee et al., 2018;
Aricola et al., 2012; Archer et al., 2011). In S. aureus, the accessory gene regulator (agr)
locus is a key regulator, which governs the expression of several virulence factors such
as enterotoxins, exfoliatin, cytotoxins, and the adhesins involved in binding to collagen,
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Figure 4.8. Evaluation of agrC, fnbA and cnbA gene expression in S. aureus 4s treated with C2.
* indicates p value < 0.001 in one-way ANOVA.

fibronectin and fibrinogen (Novick, 2003; Jarraud et al., 2000; Aricola et al., 2012). It
is also acknowledged that in S. aureus, agr is not involved significantly in early biofilm
formation, while it accentuates biofilm dispersion (Aricola et al., 2012). However,
following early biofilm development, there is an upregulation ofthe agr genes, which
results in suppression of adhesins expression (Archer et al., 2011). In the current
investigation, it was observed that the antimicrobial C2 displayed considerable activity
against MRSA biofilm. Hence, it was conceived that it would be pertinent to conduct
experiments and ascertain the effect of C2 on the expression of agr and the adhesin
specific genes fnbA and cnbA coding for fibronectin binding protein and collagenbinding
protein, respectively, in MRSA. A qRT-PCR analysis indicated that the expression of
agrC gene (coding for histidine kinase element of the agr operon) in MRSA was
significantly downregulated upon treatment with sub-MIC levels of C2 in a dose-
dependent manner (Figure 4.8A). To this end, the fold change in the expression ofagrC
in MRSA upon treatment with 8.0 uM and 16 pM C2 was observed to be ~0.30 and
~0.09, respectively (Figure 4.8A). The ability of C2 to downregulate agrC augers well
as suppression of agr expression is likely to lead to lower levels of toxin productionby
MRSA, which in turn may reduce the risk of invasive as well as skin and soft tissue
infections caused by the pathogen (Lee et al., 2018; Cheung et al., 2011). In case of the
adhesin genes, it was observed that in presence of 8.0 uM C2, expression of fnbA and
cnbA genes in the MRSA strain were elevated with the fold change in expression being
~3.0 and ~1.7, respectively (Figure 4.8B-4.8C). A suppressed level of expression of agrC
observed earlier in presence of 8.0 uM C2 (Figure 4.8A) may account for the higher
levels of fnbA and cnbA gene expression in MRSA, since it is known that agr can
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negatively regulate adhesin gene expression agr genes, which results in suppression of
adhesins expression (Archer et al., 2011). In comparison to the treatment with 8.0 uM
C2, it was interesting to observe that in presence of 16 UM C2, which is equivalent to 0.5
x MIC against the tested MRSA strain, expression of both fnbA and cnbA genes were
diminished with the fold change in expression being ~1.5 for both the genes (Figure
4.8B-4.8C). It is envisaged that the ability of C2 to dampen the expression levels of the
adhesin genes fnbA and cnbA in a dose-dependent manner will be beneficial as a
preventative therapeutic strategy against MRSA biofilm formation. To this end, it may
be mentioned that in the current study, solution-based crystal violet and MTT assay have
indeed revealed significant inhibition of MRSA biofilm formation when C2 was used at
concentrations in excess of 16 UM (Figure 4.6). Based on its effect on the expression
levels of the adhesin genes fnbA and cnbA, it is also envisioned that C2 can hold
considerable potential as an anti-MRSA coating agent on catheters and other implanted
medical devices as these adhesins are implicated in colonization of MRSA on medical
devices and other abiotic surfaces (Lee et al., 2018; Aricola et al., 2012).

4.4. Significant Findings
The salient findings of the present study can be stated as follows:
1. Amongst a set of rationally designed quinoxaline-based synthetic ligands (C1-
C4), the ligand C2 displayed strong bactericidal activity against the MRSA strain
S. aureus 4s, with an MIC of 32 uM.

2. A cFDA-SE dye-based fluorescent assay revealed a dose-dependent membrane-
directed activity rendered by C2 on MRSA cells.

3. A dose-dependent activity of C2 against MRSA biofilm was evidenced in
solution-based crystal violet and MTT assay, wherein the minimum biofilm
inhibitory concentration (MBIC) of C2 against S. aureus 4s biofilm was observed
to be 32 uM.

4. A quantitative real-time PCR analysis indicated that the expression of the
regulator element agrC and the adhesin genes fnbA and cnbA, which are

implicated in biofilm formation were suppressed upon treatment with C2.
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Based on the key leads obtained in this study, it is evident that the quinoxaline
antimicrobial C2 may hold therapeutic potential as an antibacterial to mitigate MRSA
infections. Besides,the membrane-directed activity of C2 can perhaps be leveraged in a
combinatorial treatment regimen to heighten the activity of a conventional antibiotic for
elimination of MRSA. To this end, in the following chapter, the adjuvant potential of
C2 in enhancing the efficacy of CPX is ascertained against planktonic cells as well as
biofilm of MRSA.
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Chapter 5

Potential of Quinoxaline-based Antimicrobial (C2)

in Combination Therapy for Mitigation of MRSA in

anln Vitro Bone Cell Infection Model

This chapter evaluates the adjuvant potential of C2 in enhancing the efficacy of CPX

against MRSA. The efficacy of the combination treatment of C2 and CPX in curbing

MRSA invasion in an in vitro bone cell infection model is also presented in this chapter.
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ABSTRACT

The present chapter illustrates the results of the studies performed to determine the
adjuvant potential of C2 in enhancing the efficacy of CPX against MRSA. A
checkerboard assay indicated that the MIC of CPX against S. aureus 4s was decreased
to 8.0 uM (4-fold reduction) in combination with 10 uM, 12 uM and 16 uM C2, and in
presence of 10 uM C2 and 8.0 uM CPX, growth of MRSA was significantly reduced
(~ 7.0 % growth). Further, in case of the combinatorial treatment regimen, growth of the
target MRSA cells was completely arrested till 360 generations as the membrane-
targeting activity of C2 could effectively deter the emergence of ciprofloxacin resistance
trait in MRSA cells. A combination of 10 uM C2 and 12 uM CPX rendered a prominent
inhibition of MRSA biofilm formation, wherein the biofilm metabolic activity was
reduced to only ~ 11%. Moreover, the MBIC of CPX against S. aureus 4s biofilm was
12.0 uM (~ 10-fold reduction) and a synergistic interaction was observed between C2
and CPX based on an estimation of the FIC index. Superior inhibition of MRSA biofilm
in the combination treatment was also captured in FESEM and AFM analysis, which
revealed extensive disruption of cell integrity and cell-cell adhesion. Based on the
encouraging leads, the therapeutic potential of the combination treatment regimen was
assessed in an in vitro bone cell infection model for MRSA. An adhesion assay indicated
that only ~ 17% of MRSA cells adhered onto cultured MG-63 cells (human osteosarcoma
cells) in case of the combinatorial treatment (12 pM CPX and 10 uM C2), which was
significantly lower than that observed in case of treatment with either 12 uM CPX or 10
uMC?2 alone. A similar trend was also observed in an invasion assay wherein in case of
the combinatorial treatment regimen, the relative MRSA cell invasion onto MG-63 cells
was estimated to be only ~ 0.37%. A dual-label fluorescence microscopic analysis
provided additional evidence of the efficacy of the combinatorial treatment regimen in
reducing MRSA cell invasion into MG-63 cells. The therapeutic benefit of the
combinatorial treatment of C2 and CPX was evident as the viability of cultured MG-63

cells was observed to be ~ 91 %.
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5.1. Introduction

The global healthcare burden of infections caused by MRSA in the clinics and the
community setting has reached an epidemic proportion (Chambers and Deleo, 2008;
Tong et al., 2015; Lee et al., 2018; Turner et al., 2019; Craft et al., 2019). Therapeutic
interventions against MRSA advocate the use of antibiotics such as vancomycin,
daptomycin or linezolid (Lee et al., 2018; Liu et al., 2011), whereas other antibiotics
such as ceftaroline, telavancin and delafloxacin are emerging in the pipeline for
therapeutic use against MRSA (Lee et al., 2018). However, due to a rapid evolution of
antimicrobial resistance traits in MRSA strains against critical antibiotics (Weigel et al.,
2003; Rossi et al., 2014; Richter et al., 2011; Wuthrich et al., 2019), there is an urgent
demand for alternate therapeutic intercessions that can curb MRSA infections. Moreover,
MRSA is also known to readily form biofilms in tissues and implantable medical devices,
wherein a matrix envelope can not only protect the embedded cells from the host immune
system but can also act as a permeability barrier and impede the penetration of
chemotherapeutic agents and antibiotics (Arciola et al., 2018; Stoodley et al., 2011;
Oliveira et al., 2018; Hall and Mah, 2017; Craft et al., 2019).

The limitations and poor efficacy of antibiotic-mediated monotherapy combined
with the protracted process of drug discovery against MRSA has further exacerbated the
crisis in the clinics. In order to overcome this challenge, combination therapy has been
perceived as a promising approach for alleviation of MRSA infections (Yu et al., 2020;
Hawas et al., 2022; Cascioferro et al., 2021). For instance, studies have demonstrated
that antibiotic combinations can be deployed for countering MRSA infections (Yu et al.,
2020; Yan et al., 2018; Wang et al., 2020; Gidari et al., 2020). However, combination of
antibiotics may often bear host-directed toxic implications. In this regard, the potential
of small synthetic molecules to breach the resistance in target cells is worth exploring in
restoring susceptibility of the pathogen to therapeutic antibiotics. To this end, some
recent studies have indeed validated this premise and have demonstrated the use of
various rationally designed polymeric as well as small molecules as adjuvants for
rendering an efficient combination therapy directed against MRSA (Namivandi-
Zangeneh et al., 2021; Wang et al., 2022; Vermote et al., 2017; Thappeta et al., 2020;
Lee et al., 2022; Berndsen et al., 2022).

In case of a combination therapy directed against MRSA, small molecule
adjuvants that can counter a core resistance barrier such as the membrane in target cells

and thereby enhance antibiotic uptake can hold interesting prospect in re-establishing
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susceptibility of the pathogen to antibiotics. Herein, membrane-targeting adjuvants
emerge as potent candidate molecules that can increase the therapeutic efficacy of
antibiotics in combination therapy (Dey et al., 2018; Kim et al., 2018; Kang et al., 2021;
Thappeta et al., 2020; Xiong et al., 2022). Based on this notion, in the current study, the
potential of the membrane-acting quinoxaline antimicrobial C2 as an adjuvant to
potentiate the efficacy of ciprofloxacin against MRSA planktonic cells as well as
biofilm is investigated. Further, in this chapter, the therapeutic potential of the
combination treatment regimen of C2 and ciprofloxacin against MRSA is also assessed

in an in vitrobone cell infection model.

5.2. Materials and Methods

5.2.1. Materials

5 (and 6)-carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), ciprofloxacin,
Dulbecco’'s Modified Eagle Medium (DMEM), trypsin-EDTA and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were procured from Sigma-
Aldrich (USA). Brain-Heart Infusion (BHI) broth was procured from HiMedia, Mumbai,
India. Dimethyl sulfoxide (DMSO) was obtained from Merck, India. Fetal bovine serum
(FBS) was obtained from PAA Laboratories, USA.

5.2.2. MRSA Growth Conditions
Staphylococcus aureus 4s strain was cultured in BHI broth at 37 °C and 180 rpm for

12 h as mentioned previously in section 2.2.2.

5.2.3. Combinatorial Effect of C2 and Ciprofloxacin (CPX) on MRSA Cells

A checkerboard assay was performed in a sterile 96-well microtitre plate to ascertain the
combination effect of C2 and ciprofloxacin on MRSA cells. In the assay, sub-MIC levels
of C2 (8.0 uM, 10 uM, 12 uM and 16 uM) were selected in separate sets with every
chosen concentration of CPX (1.0 uM - 16 uM). Following the combinatorial treatment
at 37 °C and 180 rpm for 12 h, growth of S. aureus 4s cells was recorded by measuring
absorbance at 600 nm (Infinite M200, TECAN, Switzerland) and expressed as
percentage growth as compared to untreated cells. In the combinatorial treatment
regimen, the MIC of CPX in presence of C2 was determined and the fractional inhibitory
concentration (FIC) index for the combination treatment was determined by following a

previously described method (Giacometti et al., 2000). In a separate experiment, the
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magnitude of dye leakage from cFDA-SE labelled S. aureus 4s cells subjected to
treatment with 8.0 uM C8 and 8.0 uM CPX was also determined. Statistical analysis for
cell growth and cFDA-SE dye leakage observed in MRSA cells upon combinatorial
treatment (8.0 uM C8 and 8.0 uM CPX) as compared to cells treated with either 8.0 uM
C8 or 8.0 uM CPX was performed by a one-way analysis of variance (ANOVA) using
Sigma Plot version 11.0.

The potential of C2 in enhancing the potency of CPX against MRSA cells was
also ascertained by FESEM analysis. Overnight grown cells of S. aureus 4s were
recovered by centrifugation, washed twice with sterile PBS and resuspended in the same.
The cells (~10° CFU/mL) were then incubated in separate sets with either 8.0 uM of C2
or 8.0 uM CPX or a combination of CPX (8.0 uM) and C8 (8.0 uM) for 12 h at 37 °C
and 180 rpm. Untreated cells (control) were also incubated in sterile PBS under the same
conditions. Following incubation, untreated as well as treated cells were processed for
FESEM analysis by essentially following the protocol described in section 2.2.8. The
prepared samples were analyzed in a field emission scanning electron microscope (Zeiss

Sigma, USA) at 3.0-5.0 kV and their images were recorded.

5.2.4. In Vitro Resistance Development in MRSA against CPX in Presence of C2

In vitro resistance development in S. aureus 4s cells against (a) 32 uM C2 and (b) a
combination of 8.0 uM C2 and 8.0 uM CPX was ascertained by measuring MRSA cell
growth in sequential cycles of growth as described in section 2.2.10. The experiment was

conducted for a total of 360 generations of S. aureus 4s cell growth.

5.2.5. Effect of the Combinatorial Treatment of C2 and CPX on MRSA Biofilm

S. aureus 4s biofilm was grown in BHI media supplemented with 0.25% glucose in a
sterile 96 well microtiter plate in presence of varying concentrations of C2 and CPX for
48 h in a static and humid chamber at 37 °C. MRSA biofilm was grown in separate sets
wherein varying levels of C2 (8.0 uM or 10 uM) were selected for every chosen
concentration of CPX (8.0 uM or 12 uM). Following incubation for 48 h, the spent media
from the wells was carefully aspirated and the wells were washed with sterile PBS to
remove non-adherent cells. Subsequently, estimation of metabolic activity of biofilm
cells and microscopic analysis of biofilm cells (FESEM and AFM analysis) was
accomplished by following methods similar to that of C2 alone against MRSA biofilm

as described earlier in section 4.2.6. The minimum biofilm inhibitory concentration of
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CPX and the FIC index for the combination treatment was determined by following a

previously described method (Thiyagarajan et al., 2017).

5.2.6. In Vitro Bone Cell Infection Model

Prior to the bone cell infection experiment, the cytotoxic potential of 10 uM C2, 12 uM
CPX and a combination of both (10 uM C2 and 12 uM CPX) against cultured MG-63
cells was ascertained by performing an MTT assay. The growth conditions for MG-63
cells and the basic protocol of the MTT assay was similar to an earlier described method
(Mullick et al., 2021). Studies to evaluate the ability of C2 in combination with CPX to
mitigate MRSA infection in bone cells were conducted in a cell culture model by
essentially following a protocol described earlier for a bacterial infection model in cancer
cells (Singh et al., 2019). Initially, MG-63 cells (human osteosarcoma cells) were seeded
in 96-well microtitre plate (~10* cells/well) and grown in DMEM medium supplemented
with 10% FBS, penicillin (100 pg/mL) and streptomycin (100 pg/mL) at 37 °C under a
humidified atmosphere of 5% CO> for 24 h. The MG-63 cells were then washed twice
with sterile PBS and overnight grown cells of S. aureus 4s suspended in antibiotic-free
DMEM medium were then added to MG-63 cells at a MOI (multiplicity of infection) of
100:1. Subsequently, in separate sets, the following were added to MRSA infected MG-
63 cells: (a) CPX (12 uM), (b) C2 (12 uM), (c) C2 (32 uM), (d) CPX (32 uM) and (e) a
combination of CPX (12 puM) and C2 (12 puM). In one set, MRSA-infected MG-63 cells
subjected to the aforementioned treatment sets were then incubated under 5% CO- for 2
h, washed with sterile PBS to remove excess MRSA, lysed with 0.1% Triton X-100 and
plated in BHI agar to enumerate MRSA cells. The cell numbers obtained for control
sample (MG-63 cells infected with MRSA and devoid of any treatment with either C2 or
CPX) was considered as a reference for MRSA cell adhesion (100% adhesion) and
adhesion for other treated samples were expressed relative to the control. In another set,
MRSA-infected MG-63 cells subjected to various treatment and incubated under 5% CO>
for 2 h were washed with sterile PBS to remove excess MRSA and then incubated again
in DMEM medium for another 2 h under 5% CO to allow MRSA cell invasion. The cells
were then lysed with 0.1% Triton X-100 and plated in BHI agar to enumerate MRSA
cells. As described earlier for cell adhesion, the cell numbers obtained for control sample
was considered as a reference for MRSA cell invasion (100% invasion) and invasion for

other treated samples were expressed relative to the control. In case of imaging studies,
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S. aureus 4s cells were labelled with cFDA-SE (Singh et al., 2012) and MG-63 cells
were labelled with DAPI (Mukherjee and Ramesh, 2017). The labelled cellswere then
used in performing the infection experiment as outlined before. Herein, MG- 63 cells
were seeded into confocal dish (20 mm diameter) instead of 96-well microtitre plate.
MRSA-infected MG-63 cells subjected to various treatment regimen were washedthrice
with sterile PBS and their images were captured using a confocal microscope (Zeiss
LSM 880, Germany). During cell imaging, the excitation wavelength used for thelaser

was 405 nm for blue emission and 488 nm for green emission.

5.3. Results and Discussion

5.3.1. Combinatorial Effect of C2 and Ciprofloxacin (CPX) on MRSA Cells

In an earlier study it was observed that the MIC of CPX against the MRSA strain
S. aureus 4s was 32 uM (Thiyagarajan et al., 2017). Interestingly, a checkerboard assay
performed in the present study revealed that the MIC of CPX against S. aureus 4s was
decreased in presence of an increasing concentration of C2 (Table 5.1). For instance, the
MIC of CPX against the MRSA strain was reduced to 8.0 uM (4-fold reduction) in
combination with 10 uM, 12 uM and 16 pM C2 (Table 5.1). In a control experiment, it
was observed that MRSA cell growth was substantial in presence of 8.0 uM CPX alone
(~ 81% growth) (Figure 5.1A). On the other hand, MRSA cell growth was also notable
in presence of 10 uM C2 alone (~ 60% growth) (Figure 5.1A). Interestingly, in presence
of 10 pM C2 and 8.0 pM CPX, growth of MRSA was significantly reduced
(~ 7.0 % growth) (Figure 5.1A). It may also be mentioned here that for this
combination (10 uM C2 and 8.0 uM CPX), an additive effect was observed based on the
estimation of theFIC index. The potency of the combinatorial treatment regimen against
MRSA was also captured in a cFDA-SE leakage assay, which indicated considerably
higher degree of membrane damage in the target cells (Figure 5.1B). Herein, the extent
of dye leakage from MRSA cells treated with 8.0 uM CPX or 8.0 uM C2 singularly was
estimated to be ~ 22% and ~ 48%, respectively (Figure 5.1B). However, the dye
leakage from MRSA cells subjected to the combinatorial treatment (10 uM C2 and 8.0
MM CPX) was estimated to be ~ 80%, which was equivalent to the magnitude of dye
leakage observedin case of MRSA cells treated with MIC level (32 uM) of either C2 or
CPX alone (Figure5.1B). These results suggest that in the combinatorial treatment, C2
could perhaps breachthe membrane barrier and enhance CPX uptake in MRSA cells.
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Table 5.1. Absorbance values (Asoo £ standard deviation) obtained in the checkerboard assay for

S. aureus 4s cells treated with a combination of C2 and ciprofloxacin.

C2 Ciprofloxacin (uM)
(nM)
1.0 2.0 4.0 8.0 16

0 1.076 £0.005 0.992+0.036 0.927+0.029 0.816 +0.016 0.514 +0.016
8.0 0.389+0.020 0.351+0.012 0.356+0.008 0.162+0.001 0.051 +0.001*
10 0.339+0.010 0.339+0.011 0.290+0.001 0.094 + 0.002* 0.050 £ 0.001
12 0325+0.016 0.327+0.013 0.268 £0.007 0.062 £ 0.002* 0.048 + 0.001
16 0.278+0.012  0.155+0.005 0.108 £0.014  0.055 + 0.003* 0.068 + 0.023

* Indicates minimum inhibitory concentration (MIC) of ciprofloxacin (CPX) obtained in the

checkerboard assay. MIC of CPX was assigned as the lowest concentration of the antibiotic, which resulted

in Agoo value of <0.1 in the checkerboard assay.
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Figure 5.1. (A) Effect of the combinatorial treatment of C2 and CPX on the growth of
S. aureus 4s. (B) Analysis of membrane-directed activity for the combinatorial treatment regimen
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Figure 5.2. (A) Estimation of S. aureus 4s cell growth propagated for multiple generations either
in presence of 32 uM C2 or a combination of 8.0 uM C2 and 8.0 uM CPX. (B) Magnified view

of (A) indicating the percentage growth of MRSA cells attained over several generations.

The tandem effect of C2 and CPX thus resulted in significant cell death and membrane
damage as evident from the high degree of dye leakage (~ 80%) observed in the treated
cells (Figure 5.1B). FESEM analysis provided additional evidence of heightened cellular
damage in MRSA following treatment with CPX and C2 in combination (Figure 5.1C),
in contrast to the partial morphological distortion in MRSA cells treated with 8.0 pM
CPX or 10 uM C2 singularly or the typical spherical morphology observed in case of

untreated control cells (Figure 5.1C).

5.3.2. Potential of C2 in Preventing Development of Ciprofloxacin Resistance in MRSA
In order to ascertain the merit of C2 as an adjuvant in combination therapy against
MRSA, it was pertinent to probe whether C2 could preventing development of CPX-
resistance in MRSA cells when subjected to a combination treatment with C2 and CPX.
To this end, S. aureus 4s cells were treated for 360 generations in separate sets with either
32 uM C2 (equal to MIC of C2 against S. aureus 4s) or with a combination of 10 uM
C2and 8.0 uM CPX. In presence of 32 uM C2 alone (MIC level) growth of S. aureus 4s
cells was remarkably arrested till 360 generations (Figure 5.2A). This suggested the
inability of MRSA cells to develop any resistance against the action of the ligand C2 over
multiple generations of growth. With regard to CPX, an earlier study had indicated that

S. aureus 4s cells displayed a propensity to develop high resistance against the antibiotic,
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especially when MRSA cells were grown beyond 40 generations (Figure 2.8A-2.8B).
Interestingly, in the current study, when S. aureus 4s cells were treated with a
combination of 10 uM C2 and 8.0 uM CPX (four-fold lower concentrations than MIC of
CPX against S. aureus 4s), cell growth was completely subdued (only ~ 1.0 growth) till
360 generations (Figure 5.2A-5.2B). This implied that even in presence of low
concentrations of C2 and CPX, development of CPX resistance in the target cells was
prevented. Thus, in the combination treatment regimen, the ligand C2 holds considerable
potential to breach the membrane-associated resistance mechanism and mediate
elimination of MRSA by low levels of CPX in a therapeutic cycle extending over several

generations of cell growth.

5.3.3. Combinatorial Effect of C2 and Ciprofloxacin (CPX) on MRSA Biofilm

MRSA biofilm is resistant to conventional antibiotic therapy and is implicated in a large
number of tissue- as well as implant-based infections (Turner et al., 2019; Lee et al.,
2018; Oliveira et al., 2018; Stoodley et al., 2011). In order to hinder MRSA biofilms,
combination of antimicrobials has been advocated as an effective therapeutic strategy.
For instance, studies have demonstrated the feasibility of using anti-biofilm agents in
combination with antibiotics or using multiple antibiotics in tandem in order to
effectively curb MRSA biofilm (Cascioferro et al., 2021; Feldman et al., 2020; Lam et
al., 2020; Thappeta et al., 2020). In the present investigation, it was observed that the
ligand C2 could hinder MRSA biofilm formation and the MBIC of C2 against S. aureus
4s biofilm was 32 uM (Figure 4.6 in Chapter 4). Further, it was envisaged that the potent
membrane-directed activity of C2 against MRSA (Figure 4.6 in Chapter 4) can perhaps
be leveraged to breach the membrane in the matrix encased cells of MRSA biofilm and
restore their susceptibility to the action of antibiotics in combination therapy. To this end,
antibiofilm assay was performed in presence of C2 and CPX used at various
concentrations. When 8.0 uM C2 was used in conjunction with either 8.0 uM CPX or 12
uM CPX, a dose-dependent effect on MRSA biofilm was evident through estimation of
biofilm metabolic activity (Table 5.2). For instance, S. aureus 4s biofilm metabolic
activity was estimated to be ~ 50% and ~ 42% in presence of a combination of either 8.0
uM C2 and 8.0 uM CPX or 8.0 uM C2 and 10 uM CPX, respectively (Table 5.2). This
dose-dependent effect of the combination therapy on MRSA biofilm was unequivocal
and was also captured when 10 uM C2 was used in conjunction with either 8.0 uM
CPX or 12 uM CPX (Table 5.2). Interestingly, the inhibition of MRSA
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Table 5.2. Determination of S. aureus 4s biofilm biomass and metabolic activity obtained in

presence of a combination treatment with C2 and ciprofloxacin.

Combination Treatment MRSA Biofilm Metabolic Activity
(% = Standard Deviation)

C2 (8.0 pM) + CPX (8.0 pM) 50.56 + 2.22
C2 (8.0 uM) + CPX (12 uM) 42.34 +1.97
C2 (10 pM) + CPX (8.0 pM) 38.65+ 1.79
C2 (10 gM) + CPX (12 pM) 11.22+1.33
C2 (10 uM)

12 uM)  + CPX (12 uM)
iy 2 Yiv)

Control C2(10 CPX

Average Height Average Height  Average Height  Average Height
~360.9 nm ~211 nm ~258 nm ~78 nm

Figure 5.3. Effect of combinatorial treatment of C2 and CPX on S. aureus 4s biofilm ascertained
by (i-iv) FESEM, (v-viii) AFM 2D and (ix-xii) AFM 3D image analysis. White arrow in panel
(iv) and yellow arrow in panel (viii) indicate distorted morphology of MRSA cell subjected to
the combinatorial treatment. Scale bar for the images in (i-iv) is 1.0 um.

biofilm formation was remarkable in presence of 10 uM C2 and 12 uM CPX, wherein
the biofilm metabolic activity was reduced to ~ 11%, (Table 5.2). It may be mentioned
here that in presence of 10 uM C2, the MBIC of CPX against S. aureus 4s biofilm was
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12.0 uM (~ 10-fold reduction in MBIC), whereas the estimation of the FIC index
suggested that a synergistic interaction was achieved between C2 and CPX.

Inhibition of MRSA biofilm in the presence of 10 uM C2 and 12 uM CPX was
further substantiated by microscopic analysis. FESEM analysis revealed that in case of
control MRSA biofilm (untreated), the typical spherical shape of S. aureus cells and the
characteristic cell-cell adhesion associated with biofilm formation was apparent (Figure
5.3, Panel i). A marginal distortion of both the cell morphology as well as the cell-cell
adhesion was observed when S. aureus 4s biofilm was grown in presence of either
combination treatment (10 uM C2 and 12 pM CPX), there was a prominent disruption
of cell-cell adhesion and the biofilm associated MRSA cells were largely disintegrated
(Figure 5.3, Panel iv). AFM analysis further provided evidence of the potential of the
combination treatment for mitigation of MRSA biofilm (Figure 5.3, Panels v-xii).
Herein, a 3D topography image analysis revealed that the height profile reduced
significantly from ~ 360 nm for untreated MRSA biofilm to ~ 78 nm in case of MRSA
biofilm treated with 10 uM C2 and 12 uM CPX for 48 h (Figure 5.3, Panels ix-Xii).
Collectively, the results of the combination treatment experiments indicated that the
membrane-directed activity and the antibiofilm activity displayed by ligand C2 against
MRSA planktonic cells, which was determined in earlier studies (Figure 4.5-4.7 in
Chapter 4) could be leveraged to potentiate the efficacy of CPX and thereby curb MRSA
biofilm formation effectively. The results also reinforce the utility of deploying a
membrane-acting agent in combination therapy for mitigation of MRSA biofilm as
reported in earlier studies (Guo et al., 2021; Kim et al., 2019; Thiyagarajan et al., 2017;
Goswami et al., 2014; Xiong et al., 2022; Kang et al., 2021; Thappeta et al., 2020).

5.3.4. Potential of Combination Therapy with C2 and CPX in an In vitro Bone Cell
Infection Model

MRSA has been largely implicated in chronic bone infections like osteomyelitis and
prosthetic joint infections (Lee et al., 2018; Turner et al., 2019; Tong et al., 2015).
Studies on the interaction of S. aureus with osteoblasts suggest that the capability of the
pathogen to invade and internalize into osteoblasts is critical in the pathogenesis of
osteomyelitis and persistence of the pathogen and is also an underlying reason for
antibiotic-refractive infections (Musso et al., 2021; Bongiorno et al., 2020; Sinha and
Fraunholz, 2010; Horn et al., 2018; Ellington et al., 2006; Jevon et al., 1999;
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Figure 5.4. Estimation of (A) MRSA cell adhesion and (B) MRSA cell invasion in cultured MG-

63 cells in presence of various treatment regimen.

Tuchscherr et al., 2011). In the context of the interaction between S. aureus and
osteoblasts, the phenomenon of pathogen adhesion and invasion hold the key to efficient
internalization. Hence, it can be conceived that an antibacterial therapeutic which can
deter the process of MRSA adhesion or invasion onto osteoblast is likely to hold
considerable promise as an effective intervention to prevent bone cell infection by the
pathogen. Based on this notion, experiments were conducted to assess the potential of a
combinatorial treatment regimen encompassing 10 uM C2 and 12 uM CPX on curbing
the adhesion and invasion of MRSA cells onto cultured osteoblast like MG-63 cells. It
may be mentioned here that in these experiments, treatment with 10 uM C2 and
12 uM CPX was based on the results of earlier studies that revealed the potency of this
combinatorial treatment against MRSA biofilm (Table 5.2, Figure 5.3). Prior to the bone
cell infection experiment, the cytotoxic potential of 10 uM C2, 12 uM CPX and a
combination of both (10 pM C2 and 12 uM CPX) against cultured MG-63 cells was
ascertained by performing an MTT assay. Interestingly, it was observed that the viability
of MG-63 cells subjected to treatment with 10 uM C2, 12 uM CPX and a combination
of both (10 uM C2 and 12 pM CPX) was estimated to be ~ 89%, ~ 99.9% and ~ 91%,
respectively (Table A5.1 in Appendix). This suggested that the concentration of C2 or
CPX used in the bone cell infection experiments either singularly or in combination were
not detrimental to the growth of MG-63 cells. In the bone cell adhesion experiment, an
essential observation was the decrease in the magnitude of MRSA cell adhesion across
every treatment regimen in comparison to the untreated control sample (Figure 5.4A).
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Herein, the extent of MRSA cell adhesion onto MG-63 cells was estimated to be ~ 69%
and ~ 43% when subjected to treatment with 12 uM CPX and 10 uM C2, respectively
(Figure 5.4A). Interestingly, treatment with a combination of 12 uM CPX and 10 pM C2
led to a dramatic reduction in the magnitude of adhered MRSA cells, which amounted to
only ~ 17% (Figure 5.4A). It can be conjectured that during the combination treatment
with 12 uM CPX and 10 uM C2, the membrane-acting ligand C2 is likely to induce
significant membrane damage in MRSA cells and concomitantly render enhanced killing
of the pathogen by potentiating the activity of CPX. It can be presumed that membrane-
compromised cells and non-viable disintegrated cells resulting from the combination
treatment would fail to adhere onto MG-63 cells. Consequently, there will be a
considerable reduction in the extent of MRSA cells adhered onto MG-63 cells, when
subjected to the combinatorial treatment regimen.

In the bone cell invasion experiment, the extent of MRSA cell invasion across
every treatment regimen was again considerably less as compared to the untreated control
sample (Figure 5.4B). It may be noted here that following cell adhesion and washing of
the loosely adhered cells, MG-63 cell-S. aureus 4s co-cultures were further incubated for
2 h to facilitate cell invasion. The 2 h co-culture time period chosen in the current study
conformed with previous studies that ascertained uptake of model bacterial pathogens by
mammalian cells in a cell culture model (Jevon et al., 1999; Rasigade et al., 2013;
Singhet al., 2019). In the current study, the relative MRSA cell invasion onto MG-63
cells wasestimated to be ~ 27% and ~ 11% when subjected to treatment with 12 uM
CPX and 10uM C2, respectively (Figure 5.4B). Treatment with a combination of 12
MM CPX and 10 pM C2 resulted in a remarkable reduction in the quantum of MRSA
cell invasion, which was estimated to be only ~ 0.37% (Figure 5.4B). Further, it was also
observed thatthe efficacy of the combinatorial treatment regimen in curbing MRSA cell
invasion onto MG-63 cells was on par with that observed in case of treatment with
either CPX or C2 alone at MIC level (32 uM each). The degree of cell invasion would
largely depend on the initial population of MRSA cells adhered onto MG-63 cells. Prior
results seem to suggest that the population of MRSA cells adhered onto MG-63 cells in
the combinatorial treatment (~ 17%) was significantly lower than the untreated sample
(Figure 5.4A). Further, when a low population of adhered MRSA cells are further
subjected to an invasion assay for an additional 2 h, it is likely that the MRSA cells,

which are still adhered onto the surface
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Figure 5.5. Fluorescence microscope analysis to ascertain MRSA cell invasion in cultured MG-

63 cells in presence of various treatment regimen.

of MG-63 cells are vulnerable to the combinatorial treatment of CPX and C2, which
consequently leads to a significant decrease in the fraction of MRSA invading MG-63
cells. The results obtained in the invasion assay in case of combination treatment with 12
MM CPX and 10 uM C2 was further substantiated by fluorescence microscope analysis
wherein the number of cFDA-SE labelled S. aureus 4s cells invading DAPI-stained MG-
63 cells were distinctly less than that observed in case of untreated cells as well as cells
treated singularly with either 12 uM CPX or 10 uM C2 (Figure 5.5). Collectively, the
leads obtained from the combinatorial treatment experiments are encouraging as they
seem to suggest that the membrane-targeting ligand C2 in conjunction with CPX was
able to effectively hinder MRSA infection in cultured osteoblast like bone cells.
Considering the ramifications of MRSA-mediated bone infection and the challenges
associated with antibiotic-refractory therapy, the ligand C2 emerges as a potential
adjuvant that can restore the susceptibility of the pathogen to CPX and offer a possible
therapeutic strategy to mitigate bone cell infection. In future, these results can be further

strengthened through rigorous animal model experiments.

5.4. Significant Findings
The essential findings of the present study can be stated as follows:
1. On the basis of a checkerboard assay. it was evident that the MIC of CPX against
S. aureus 4s cells was decreased 4-fold (8.0 uM) in combination with
10 uM, 12 uM and 16 pM C2.
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2.

In presence case of the combinatorial treatment regimen (10 puM C2 and
8.0 uM CPX), growth of the target MRSA cells was completely subdued till 360
generations.

A significant inhibition of MRSA biofilm formation was observed in presence of
a combination of 10 uM C2 and 12 uM CPX, with the biofilm metabolic activity
estimated to be only ~ 11%. The MBIC of CPX against S. aureus 4s biofilm was
reduced ~ 10-fold (12.0 uM) and a synergistic interaction ensued between C2 and
CPX.

In an in vitro bone cell infection model for MRSA, only ~ 17% cells adhered onto
cultured MG-63 cells in presence of 12 uM CPX and 10 uM C2), which was
significantly lower as compared to treatment with either 12 uM CPX or
10 uM C2 alone.

An analogous trend was also observed in an invasion assay wherein the relative
MRSA cell invasion onto MG-63 cells was only ~ 0.37% in case of the
combinatorial treatment regimen.

A dual-label fluorescence microscopic analysis corroborated the efficacy of the
combinatorial treatment regimen in reducing MRSA cell invasion into MG-63
cells.

The therapeutic merit of the combinatorial treatment with 10 uM C2 and 12 uM
CPX was evident as the growth characteristic of cultured MG-63 cells subjected
to the treatment was not adversely affected, wherein the cell viability was
estimated to be ~ 91 %.

Based on the salient results obtained in this study, it is evident that the membrane-

targeting quinoxaline antimicrobial C2 could be harnessed in a combinatorial treatment

regimento heighten the activity of ciprofloxacin for effective elimination of MRSA

planktonic cells and prevention of biofilm formation. Moreover, the therapeutic

potential of the combinatorial treatment regimen was also evident in an in vitro bone

cell infection model, wherein MRSA adhesion and invasion into cultured MG-63 cells

could be hindered to a significant extent. However, to leverage the adjuvant potential of

C2, development of a non-toxic cargo, which will render sustained release of the

molecule is critical. To this end, generation of a C2-loaded nanocarrier for potential

therapeutic applications against MRSA is described in the next chapter.
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Chapter 6

Development of a Quinoxaline Ligand-loaded
Nanocomposite for Anti-MRSA therapy and
Alleviation of MRSA invasion in an

Orthopaedic Implant

This chapter evaluates the anti-MRSA activity of C2-loaded HSA nanocarrier (C2-
HNC). The potential of the combination treatment of C2-HNC and CPX in mitigation of

MRSA invasion onto an orthopaedic titanium wire is also illustrated in thischapter.
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ABSTRACT

This study describes the therapeutic potential of C2-loaded HSA nanocarrier (C2-HNC)
for mitigation of MRSA biofilm in an orthopaedic implant. Initially, HSA nanoparticle
(HNP) was prepared by a desolvation method. C2-HNC was generated by incubating
HNPs with varying concentration of C2. FETEM analysis revealed that C2-HNC was
spherical with an average particle size of ~197 nm. The loading efficiency (LE) for the
nanocarrier reached a saturation level of ~ 82% at a loading concentration of 375 uM C2.
At pH 3.0, release of C2 was ~ 52% in 24 h, while at higher pH of HEPES buffer and
simulated body fluid (SBF), the release of C2 was sustained and reached ~ 90% and ~
81%, respectively, after 24 h. C2-HNC displayed a dose-dependent anti-MRSA activity,
wherein the growth for S. aureus 4s cells treated with C2-HNC loaded with 45 uM, 90
MM, 180 pM and 360 uM C2 was estimated to be ~ 71%, ~ 49%, ~ 20% and ~ 18%,
respectively. A combinatorial treatment with C2-HNC (loaded with 90 pM C2) and CPX
(16 pM) resulted in a remarkable growth inhibition in MRSA cells (~ 9.0 % growth) and
the nanocarrier was non-toxic to cultured MG-63 cells upto a loading concentration of
360 uM C2. A Ti wire was coated with collagen type | solution containing 128 pM C2
by a standard dip coating method and characterized by FESEM, EDX, FETEM-based
mapping and FTIR analysis, which supported the presence of collagen and C2 in coated
Ti wire. FESEM analysis indicated that C2-incorporation could significantly hinder
MRSA biofilm formation on collagen-coated Ti wire. Interestingly, the eluates from the
Ti wire samples were non-toxic to cultured MG-63 cells indicating that the coated Ti
wires were biocompatible. In presence of a combinatorial treatment with C2-HNC
(loaded with 90 uM C2) and CPX (16 uM), sparse adhesion of MRSA cells was observed
on collagen-coated Ti wire upon, which suggested that the developed payload
nanocarrier could impart a bactericidal as well as adjuvant effect and effectively thwart

MRSA invasion in the implant.
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1. Introduction

Methicillin-resistant Staphylococcus aureus is implicated in a large number of clinical
infections such as bacteremia, endocarditis, periprosthetic joint infections (PJIs),
osteomyelitis, skin and soft tissue, pulmonary and device-related infections (Chambers
and DelLeo, 2008; Tong et al., 2015; Lee et al., 2018; Turner et al., 2019; Craft et al.,
2019). Therapeutic interventions against MRSA are challenging since the pathogen
displays a unique physiological adaptation and can form resilient biofilms in tissues and
in medical implant (Arciola et al., 2018; Stoodley et al., 2011; Oliveira et al., 2018;
Darouiche, 2004; Ribeiro et al., 2012). The biofilm-associated cells are embedded in a
matrix, that can shield the cells from the host immune response and also present a
permeability barrier to antibiotics (Hall and Mah, 2017; Fuente-Nunez et al., 2013; Otto,
2008). Hence, in medical implants, colonization by a robust biofilm can trigger the
infection process, lead to high rates of implant failure and even cause osteomyelitis in
case of orthopaedic devices. In case of PJIs, the associated complications are even more
as a revision surgery may be required to remove the infected implant and insert a new
implant.

Invasion of implantable medical devices by MRSA biofilm can perhaps be
forestalled by accomplishing a surface modification of the device and reduce attachment
of cells, or by incorporating antibacterials in the device, which can either kill the
planktonic cells or perturb the initial events of biofilm formation (Visperas et al., 2022;
Ghimire and Song, 2021). Notwithstanding the studies which illustrate the demonstration
of such approaches, the beneficial outcome has been rather limited (Hetrick and
Schoenfisch, 2006; Aricola et al., 2012). In case of implant infection, a fundamental
problem is that the implant colonization may encompass the deposition of host
macromolecules like collagen and fibronectin onto the surface of the implant. It is
acknowledged that collagen adhesion is implicated in the pathogenesis of S. aureus
(Kouidhi et al., 2010) and thus bone, cartilage and skin tissues, which are collagen-rich
are prone to S. aureus infections. Moreover, the high propensity of S. aureus to adhere
onto collagen can also facilitate formation of recalcitrant biofilm and subsequent
infection of the implant. Hence, there is a need to discover potential drug candidates that
can hinder MRSA biofilm formation on collagen and thereby minimize the risk of device-
related infections.

Titanium (Ti)-based devices possess favorable traits such as high

biocompatibility, anti-corrosive property and superior mechanical attributes and thus
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render a high degree of osseointegration as an orthopaedic implant (Gulati et al., 2018).
However, to achieve the desired clinical outcome as an orthopaedic implant, it is critical
that the Ti implants display significant bactericidal property. In this regard, there are
studies which demonstrate the functionalization of Ti-based implants for rendering high
bactericidal activity and minimizing the risk of pathogen colonization (Hu et al., 2012;
Bakhshandeh et al., 2017; Zhao et al., 2019). In order to generate a Ti implant displaying
bactericidal property, a critical parameter which needs to be considered is that an implant
coating should be a potent molecule and should be released adequately in order to in kill
the invading pathogen in large numbers and thereby prevent adhesion of the pathogen on
the implant surface. Based on the aforementioned rational, the current study describes
the generation of a Ti wire coated with the anti-MRSA quinoxaline antimicrobial C2,
which could effectively deter colonization of the model implant by the pathogen. The
study also illustrates the generation of HSA nanocarrier-loaded with ligand C2 and
explores the feasibility of deploying the nanocarrier in a combinatorial therapy regimen
with ciprofloxacin in order to prevent MRSA adhesion onto a model Ti-based

orthopaedic implant.

6.2. Materials and Methods

6.2.1. Materials

5 (and 6)-carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), ciprofloxacin,
Dulbecco's Modified Eagle Medium (DMEM), trypsin-EDTA and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium  bromide (MTT), potassium  bromide,
paraformaldehyde, titanium wire (0.25 mm diameter), pepsin, pancreatin and collagen
type | were procured from Sigma-Aldrich (USA). Brain-Heart Infusion (BHI) broth was
procured from HiMedia, Mumbai, India. Dimethyl sulfoxide (DMSQ) and methanol was
obtained from Merck, India. Fetal bovine serum (FBS) was obtained from PAA
Laboratories, USA.

6.2.2. MRSA Growth Conditions
Staphylococcus aureus 4s strain was cultured in BHI broth at 37 °C and 180 rpm for

12 h as mentioned previously in section 2.2.2.
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6.2.3. C2-loaded HSA Nanocarrier (C2-HNC)

HSA nanoparticles (HNPs) were initially generated by following a previously described
desolvation method (Langer et al., 2003). For generation of C2-loaded HSA nanocarrier
(C2-HNC), HNPs (1.0 mg/mL in sterile MilliQ water) were incubated in separate sets
overnight under rocking condition at room temperature with C2 (25 uM - 1254 puM).
Subsequently, C2-HNC was recovered by centrifugation at 10000 rpm for 5.0 min and

stored in -20 °C till further use.

6.2.4. Characterization of HNP and C2-HNC

A 10 pL aliquot each of HNP (1.0 mg/mL in sterile MilliQ water) and C2-HNC 1.0
mg/mL HNP having a loading concentration of 360 UM C2) was separately drop-casted
onto aluminium foil. The sample was then dried overnight in a laminar hood, visualized
in a field emission scanning electron microscope (Zeiss Sigma, USA) and the obtained
images were recorded. In case of AFM analysis, a 10 uL aliquot of HNP (1.0 mg/mL in
sterile MilliQ water) and C2-HNC (1.0 mg/mL HNP having a loading concentration of
360 uM C2) was separately spotted onto a sterile glass cover slip (18 mm x 18 mm).
The cover slip was then air dried overnight in a laminar hood. AFM images were
acquired in non-contact mode over a 10 um x 10 um area at a scan rate of 0.5-1.0 line/s
(Oxford Instruments plc, U.K). Cantilevers made up of silicon nitride were used having
a resonant frequency of ca. 150 to 200 kHz. Analysis of the amplitude channel and
topographic images was accomplished by using the WSxM v5.0 Develop 6.5 image
viewer software. For estimation of particle size, HNPs were resuspended in sterile MilliQ
water (1.0 mg/ml) and 0.2 ml aliguot of the sample was further dispersed in 0.8 ml sterile
MilliQ and subjected to DLS analysis (Zetasizer, Malvern, UK). In a separate set, C2-
HNC ((1.0 mg/mL HNP having a loading concentration of 360 UM C2) was dispersed in
sterile MilliQ water (final volume of 1.0 mL). A 0.1 mL aliquot of this solution was
further diluted in sterile MilliQ water to a final volume of 1.0 mL and subjected to particle
size estimation by DLS. The DLS experiments were performed in three independent sets
and every set consisted of three replicates.

6.2.5. Estimation of Loading Efficiency (LE) and Cumulative Release Kinetics
Initially, a UV-visible absorbance spectrum of varying concentrations of C2 (10 uM -

1000 uM) was recorded at 280 nm in a spectrophotometer (Lambda 25, Perkin-Elmer).
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The absorbance maxima of C2 at 280 nm was recorded to generate a standard curve,
which was subsequently used for estimation of loading efficiency (LE) of C2. For
estimation of LE, HNPs (1.0 mg/mL in sterile MilliQ water) were incubated with varying
concentrations of C2 (100 uM - 500 uM) for 12 h on a rocker at room temperature.
Following incubation, the solution was centrifuged at 10000 rpm for 5 min. The pellet,
which represents C2-HNC was resuspended in sterile MilliQ water. The concentration
of free C2 in the supernatant was determined from the previously generated calibration
curve for the ligand. LE was determined using a standard calculation as described
previously in section 3.2.4. All the experiments were performed in three independent sets
and every set consisted of three replicates. Data analysis and calculation of standard
deviation was performed with Microsoft Excel 2010 (Microsoft Corporation, USA).

In order to ascertain the in vitro release kinetics, C2-HNC (1.0 mg/mL HNPs
loaded with a final concentration of 325 uM C2) was dispersed in separate sets in
1.0 mL each of 10 mM HEPES buffer (pH 7.4), 10 mM citrate buffer (pH 3.0) and
simulated body fluid (SBF, pH 8.0). The composition of SBF was as described earlier
(Kokubo et al., 1990). The samples were incubated in an orbital shaker at 120 rpm and
37 °C. Samples were withdrawn at regular intervals (0.5 h, 1 h, 2 h, 6 h, 12 h and 24 h)
and centrifuged at 10000 rpm for 3.0 min. The supernatant from each sample was
transferred into a fresh microcentrifuge tube and absorption spectra of the solution was
measured at 280 nm in a spectrophotometer. A previously generated calibration curve
for C2 was used to quantify the release of C2 from C2-HNC at various time periods and
expressed as % cumulative release. All the experiments were performed in three

independent sets and every set consisted of three replicates.

6.2.6. Anti-MRSA Activity and Cytotoxic Potential of C2-HNC

In a 96-well microtitre plate, S. aureus 4s (~10° CFU in BHI medium) was grown in
separate sets in presence of varying concentration of C2-HNC (loaded with 45 uM,
90 uM, 180 puM and 360 puM C2) at 37 °C and 180 rpm for 12 h. Following incubation,
the growth of MRSA cells was ascertained by recording the absorbance of the culture at
600 nm in a microtitre plate reader (Infinite M200, TECAN, Switzerland) and expressed
as percentage growth compared to untreated cells. An MTT-based assay was conducted
to ascertain the cytotoxic potential of C2-HNC (loaded with 45 uM, 90 uM, 180 uM and
360 UM C2) against MG-63 cells (human osteosarcoma cells). The growth conditions for
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MG-63 cells and the protocol for conducting the MTT assay was similar to the method

described in an earlier study (Mullick et al., 2021).

6.2.7. Effect of the Combinatorial Treatment of C2-HNC and CPX on MRSA

A 10 pL aliquot of S. aureus 4s cell suspension (~10° CFU suspended in BHI) was
inoculated into a sterile 96-well microtitre plate containing 100 puL. BHI medium
supplemented in separate sets with 4.0 uM, 8.0 uM and 16 uM CPX. For combination
treatment sets, C2-HNC (loaded with 45 uM, 90 uM and 180 uM C2) was used in
separate sets with every chosen concentration of CPX. The treatment of cells was
accomplished at 37 °C and 180 rpm for 12 h. Cell growth was ascertained by measuring
absorbance at 600 nm (Infinite M200, TECAN, Switzerland) and expressed as
percentage growth compared to untreated cells. The magnitude of decrease in MIC of
CPX in presence of C2-HNC was also determined. Statistical analysis for MRSA cell
growth upon combinatorial treatment (90 uM C2-HNC and 16 uM CPX) as compared to
cells treated with either 90 uM C2-HNC or 16 pM CPX was performed by a one-way
analysis of variance (ANOVA) using Sigma Plot version 11.0. The adjuvant potential of
C2-HNC was also ascertained by FESEM and TEM analysis.

6.2.8. Titanium Wire Coated with C2-Incorporated Collagen (C2-Co-TW)

Titanium (Ti) wire was cut into multiple pieces of 1.5 cm length each. The wire surface
was cleaned, sterilized and then subjected to dip-coating in separate wells of a 6-well
tissue culture plate with either type I collagen alone (1.0 mg/mL in sterile tissue culture
grade water) or varying concentrations of C2 (128 uM or 512 uM) added to type |
collagen solution (1.0 mg/mL in sterile tissue culture grade water). The essential steps of
process of cleaning, sterilization and dip-coating of the Ti wires was based an earlier
described procedure (Mullick et al., 2022). The coating was accomplished at 37°C in
static condition overnight. Subsequently, the coating solutions were removed and the
collagen-coated Ti wire (Co-TW) and C2-incorporated collagen-coated Ti wire (C2-Co-
TW) were dried overnight in a laminar hood. The coated as well as bare Ti wire (TW)
was characterized by FESEM (Zeiss, Germany), EDX analysis and FTIR spectra by
following the procedure described previously (Mullick et al., 2022). The Ti wires were
also visualized by FETEM mapping studies (INCA, JEOL JEM 2100F, Japan).
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6.2.9. Anti-MRSA Activity and Cytotoxic Potential of C2-Co-TW

S. aureus 4s cells were inoculated at 1% level in BHI medium and grown overnight at 37
°C and 180 rpm. Subsequently, 12-well tissue culture plates were inoculated with the
grown MRSA culture (~ 10® CFU/mL) in BHI media having 0.25% glucose and Co-TW
as well as C2-Co-TW having varying coating concentrations of C2 (128 uM or 512 uM)
were introduced into the wells in separate sets. The plate was then incubated at 37 °C
under static condition in separate sets for 6 h and 12 h. Following incubation, the spent
media was carefully aspirated and the wires containing the grown MRSA were removed,
dried under sterile laminar air flow and then visualized under FESEM. In order to
evaluate the cytotoxic potential of the coated Ti wires, Co-TW as well as C2-Co-TW
having varying coating concentrations of C2 (128 pM or 512 pM) were incubated
overnight in separate tubes containing DMEM media at 37 °C and 180 rpm for elution of
C2 into the media. The eluates were now added to MG-63 cells grown to 80% confluency
and a standard MTT assay was performed to ascertain the cell viability. The basic
protocol for MTT assay was similar to the procedure described earlier (Mullick et al.,
2021).

6.2.10. Effect of the Combinatorial Treatment of C2-HNC and CPX on Adhesion of
MRSA onto Collagen-coated Titanium Wire

Initially, 1.5 cm pieces of collagen-coated Ti wire (Co-TW) was placed in separate wells
of a 12-well tissue culture plate having BHI media incorporated with 0.25% glucose.
Overnight grown S. aureus 4s cells were inoculated into 12 well tissue culture and
incubated at 37 °C under static condition for 24 h in presence of C2-HNC (loading
concentration of 90 uM C2) and 16 uM CPX (0.5 x MIC). Following incubation, the
spent media was gently removed and the Ti wires containing the grown MRSA biofilm

were removed, dried under sterile laminar air flow and visualized under FESEM.

6.3. Results and Discussion

6.3.1. Generation of C2-HNC

Earlier studies had established the potential of the quinoxaline-based ligand C2 as an
adjuvant for combination therapy against MRSA (Chapter 5). However, to harness the
therapeutic prospect of C2, it is critical to develop a biocompatible delivery vehicle,
which will support slow release of the ligand. To this end, HSA nanoparticle (HNP) was

generated by a desolvation method (Langer et al., 2003) and tested as a deliver
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Figure 6.1. Characterization of HSA nanoparticle (HNP) by (A) FESEM, (B) TEM, (C-
E) AFM analysis Scale bar in (A) is 1.0 um. (C) and (D) indicate 2D and 3D topography AFM
image of HNP, respectively. (E) Height profile of HNPs determined by analysis of the image in

(D). (F) Estimation of hydrodynamic radius of HNP by DLS. Inset depicts size distribution
histogram.
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Figure 6.2. Characterization of C2-loaded HSA nanocarrier (C2-HNC) by (A) FESEM,
(B) TEM, (C) AFM analysis. Scale bar in (A) is 1.0 um. (D) Estimation of hydrodynamic radius
of C2-HNC by DLS. Inset depicts size distribution histogram.
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Table 6.1. Estimation of the loading efficiency (LE) of C2 in HSA nanoparticle.

Loading Concentration of C2  Loading Efficiency

(kM) (%0)
100 25.37
125 40.31
190 57.01
250 75.30
375 82.55
500 82.81

100 [*=pH30 =pH74 - pHBO

Cumulative Release (%

0 1 2 4 8 12 24
Time (h)
Figure 6.3. Estimation of the cumulative release of C2 from C2-HNC incubated in various buffer

systems.

agent. FESEM analysis revealed that HNPs were spherical in shape with an average
particle size of ~ 182 nm (Figure 6.1A). The spherical shape of HNPs was also observed
in TEM and AFM analysis (Figure 6.1A-6.1B). The average hydrodynamic radius of
HNP assessed by DLS was ~ 342 nm (Figure 6.1F). With regard to C2-HNC, FESEM
and FETEM analysis indicated that the nanocarrier was also spherical in shape (Figure
6.2A-6.2B), albeit larger in size (average particle size ~ 197 nm) as compared to HNPs
(average particle size of ~ 182 nm). The spherical shape of C2-HNC was also captured
in AFM analysis (Figure 6.2C). The average hydrodynamic radius of C2-HNC was ~ 396
nm (Figure 6.2D).

With regard to the loading efficiency (LE) of C2, it was observed that there was

an increase in the quantum of LE as a function of the concentration of C2 and at
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~ 375 uM of C2, a saturation effect was observed (Table 6.1). Further, in presence of 500
uM C2 (maximum loading concentration of C2), LE was ~ 82% (Table 6.1). For
ascertaining the release kinetics, C2-HNC loaded with 325 uM C2 was used. Following
incubation for 24 h in an acidic buffer (pH 3.0), the cumulative release of C2 was
~ 52% (Figure 6.3). On the other hand, in HEPES buffer (pH of 7.4) and SBF (pH 8.0),
a sustained release profile for C2 was observed and the extent of cumulative release of
C2 was apparently higher than that observed in citrate buffer (Figure 6.3). Quantitative
estimation indicated that the cumulative release of C2 in HEPES buffer and SBF was
~90% and ~ 81%, respectively, after 24 h of incubation (Figure 6.3). It may be mentioned
here that the concentration of C2 released in the physiologically relevant HEPES buffer
and SBF was significantly higher than effective dose of the ligand required for
bactericidal activity against the MRSA strain S. aureus. Based on these results, it was
thus evident that C2-HNC supported a favorable release profile of C2, which is
amicable for therapeutic applications against the MRSA strain.

6.3.2. Anti-MRSA Activity and Cytotoxic Potential of C2-HNC

Based on the favorable release profile of C2 in physiologically relevant buffer system,
the subsequent aim of the study was to ascertain the anti-MRSA activity of the developed
nanocarrier. To this end, a distinct growth inhibition for S. aureus 4s cells was noted
upon treatment with C2-HNC (Figure 6.4A). Further, a dose-dependent effect was
observed when the MRSA cells were treated with C2-HNC loaded with an increasing
concentration of the ligand. For instance, the growth for S. aureus 4s cells treated with
C2-HNC loaded with 45 uM, 90 uM, 180 uM and 360 uM C2 was estimated to be
~ 71%, ~ 49%, ~ 20% and ~ 18%, respectively (Figure 6.4A). These results are
encouraging as they seem to suggest that the potent bactericidal activity of C2 against
the tested MRSA strain was conserved even after encapsulation in the HSA nanocarrier.
In the current study, a key objective was to develop a C2-loaded nanocarrier, which can
be leveraged for mitigation of MRSA invasion into orthopaedic implant. To this end, it
was also critical that the developed nanocarrier was biocompatible and non-toxic to
cultured bone cells. In order to ascertain this premise, the cytotoxic potential of C2-HNC
was assessed against cultured osteoblast like MG-63 cells. A standard MTT assay
indicated that C2-HNC loaded with varying concentrations of the ligand (45 puM - 360
M) was non-toxic to MG-63 cells as the cell viability was in excess of ~ 90% (Figure

6.4B). Collectively, the prominent
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Figure 6.4. (A) Estimation of MRSA cell growth in presence of C2-HNC loaded with varying
concentrations of C2. (B) MTT assay-based estimation of the cytotoxic effect rendered by C2-
HNC on cultured MG-63 cells. The loading concentration of C2 is shown in the figure. Data

point obtained from six experimental samples were used to ascertain mean * standard deviation.

anti-MRSA activity and the non-toxic nature observed for C2-HNC were encouraging
and suggested that the nanocarrier may hold interesting therapeutic prospects in

alleviation of MRSA infection in orthopaedic implants.

6.3.3. Effect of Combinatorial Treatment of C2-HNC and CPX on MRSA

The significant anti-MRSA activity exhibited by C2-HNC in conjunction with its
biocompatible nature were interesting leads. The subsequent aim of the investigation was
to ascertain whether C2-HNC could potentiate the activity of CPX against MRSA,
analogous to the free ligand alone. To this end, a checkerboard assay was set up to
ascertain MRSA cell growth in separate sets upon treatment with C2-HNC (loaded with
45 uM, 90 uM and 180 uM C2) in conjunction with 4.0 uM, 8.0 uM or 16 uM CPX. In
presence of C2-HNC (loaded with 90 uM C2), MRSA cell growth was estimated to be ~
49% (Figure 6.5). Further, it was observed that S. aureus 4s displayed ~ 44% growth
upon treatment with 16 uM CPX (0.5 x MIC) (Figure 6.5). Interestingly, a significant
growth inhibition (only ~ 9.0 % growth) was observed when MRSA cells were grown in
presence of both C2-HNC (loaded with 90 uM C2) and CPX (16 pM) (Figure 6.5).
Notably, the growth inhibition observed in presence of C2-HNC in combination with
CPX was comparable to that observed for CPX alone used at MIC level (32 uM).
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Figure 6.5. Estimation of MRSA cell growth in presence of C2-HNC (loaded with 90 uM C2)
and CPX (16 uM). * represents p value < 0.001 in one-way ANOVA.

C2-HNC (90 uM) CPX (16 M) + C2-HNC (90 uM)

i)

Figure 6.6. Effect of combinatorial treatment of C2-HNC and CPX on S. aureus 4s cells
ascertained by (i-iii) FESEM analysis and (iv-vi) TEM analysis. Yellow arrow in panels (i) and
(iv) indicate nanocarrier attached onto MRSA cells. White arrow in panels (ii), (iii), (v) and (vi)
indicate damaged MRSA cells. Scale bar for panels (i-iii) is 1.0 pm.
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Figure 6.7. Characterization of bare Ti wire, Ti wire coated with collagen type | solution (Co-
TW) and Ti wire coated with collagen type | solution containing 128 uM C2 (C2-Co-TW) by
(A) FESEM analysis and (B) EDX analysis. Scale bar for the images in (A) is 100 pm.

The antagonistic effect of the combination treatment on MRSA cells was also evident in
FESEM and TEM analysis. Herein, the HNPs could be observed adhering onto intact
target cells of MRSA in case of the control samples (Figure 6.6, Panels i and iv). A partial
disintegration of cells could be noted for MRSA cells treated with C2-HNC alone (Figure
6.6, Panels ii and v). For the combinatorial treatment regimen, a significant distortion of
MRSA cell morphology was evident in comparison to control cells (Figure 6.6, Panels

iii and vi).

6.3.4. Titanium Wire Coated with C2-Incorporated Collagen (C2-Co-TW)

Titanium (Ti) wire is a widely acknowledged orthopaedic implant material having a wide
range of bone repair and tissue engineering applications (Geetha et al., 2009; Spriano et
al., 2018). However, Ti implants require functionalization as they are essentially bioinert
in nature. Based on this premise, in the current study the Ti wire was coated with collagen
type I solution containing varying concentrations of C2 (128 uM or 512 uM). In FESEM
analysis, the bare titanium wire (TW) revealed a somewhat rough surface (Figure 6.7A),
whereas a thick corrugated surface was manifested in case of Co-TW as well as C2-Co-
TW (Figure 6.7A). FESEM-EDX analysis of Co-TW and C2-Co-TW indicated a notable
increase in the wt% of C and O
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Figure 6.8. Characterization of bare Ti wire, Ti wire coated with collagen type | solution (Co-
TW) and Ti wire coated with collagen type I solution containing 128 uM C2 (C2-Co-TW) by
FETEM-based mapping analysis.

as compared to bare Ti wire (Figure 6.7B). This indicated the deposition of collagen and
C2 upon the surface of Ti wire (Figure 6.7B). Elemental mapping analysis, which
revealed a distinct signal for elemental N also supported the coating of collagen and C2
upon the surface of Ti wire (Figure 6.8). Further, FTIR analysis also indicated the
presence of the signature stretching frequencies of C2 in C2-Co-TW (Figure A6.1).

6.3.5. Anti-MRSA Activity of C2-Co-TW

Orthopaedic implants are highly prone to staphylococcal infections. In order to address
this problem, coating of the implant with a potent bactericidal agent is a viable solution.
Based on this tenet, in the present study, the quinoxaline antimicrobial C2, which
displayed high anti-MRSA activity was tested as an antibacterial coating on orthopedic
Ti wire. The antagonistic activity of C2-incorporated collagen-coated Ti wire (C2-Co-
TW) was studied by FESEM. In case of the collagen-coated Ti wire (Co-TW), adense
population of MRSA cells organized as a surface biofilm could be observed (Figure 6.9,
panelsiand iv). Further, the typical cell-cell adhesion associated with MRSAbiofilm was
evident on the surface of the Ti wire (Figure 6.9, panel iv). In case of C2- coated Ti
wire, a scanty population of MRSA cells were observed to adhere on the surface of the
Ti wire (Figure 6.9, panels ii and v) following 6 h of incubation. Moreover,the attached
MRSA cells appeared shriveled and lost their structural integrity (Figure 6.9, panel v).
The anti-MRSA activity rendered by C2-coating over Ti wire was even more
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Figure 6.9. FESEM images of S. aureus 4s cells grown on collagen-coated Ti wire (control) and
C2-incorporated collagen coated Ti wire (C2-Co-TW) for 6 h and 12 h. Scale bar for images in
panel (i-iii) is 2.0 pum. Magnification for images in panels i, ii and iii is 5.0 KX,
10 KX and 5.0 KX, respectively. Scale bar and magnification for images in panel (iv-vi) is 200

nm and 50 KX, respectively.
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Figure 6.10. MTT assay-based assessment of the cytotoxic potential of C2-HNC on cultured
MG-63 cells. The loading concentration of C2 is shown in parenthesis. Data point obtained from

six experimental samples were used to ascertain mean + standard deviation.

pronounced in case of an incubation period of 12 h (Figure 6.9, panels iii and vi).

Herein, the number of MRSA cells adhered onto the coated Ti wire were diminished
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Control C2-HNC (90 uM) (90 uM)

Figure 6.11. FESEM analysis to ascertain the effect of combinatorial treatment with C2-HNC
(loaded with 90 uM C2) and CPX (16 uM) on S. aureus 4s cells. Scale bar for (i), (ii) and (iii) is
2.0 pm, 1.0 pm and 1.0 pm, respectively. Scale bar for the images in (iv-vi) is 500 nm.
Magnification for images in panels i, ii and iii is 10 KX, 25 kX and 25 KX, respectively.
Magnification for images in panel (iv-vi) is 50 KX. Yellow arrow in panels (iv), (v) and (vi)
indicate nanocarrier attached onto MRSA cells. White arrow in panels (iv), (v) and (vi) indicate
MRSA cells.

further and the morphological distortion observed in the cells was alsomore profound
(Figure 6.9, panels iii and vi). Collectively, the results seem to imply thata sustained
release of the antibacterial ligand C2 from the coated Ti wire could not onlyeliminate
MRSA cells in the vicinity and thereby reduce large scale adhesion of the pathogen
onto Ti wire but could also annihilate the fraction of the adhered MRSA cells by a
contact killing effect. In order to test the therapeutic utility of the C2-coated Ti wireas
an orthopaedic implant, it was pertinent to evaluate its toxic potential. To this end,
eluates from the C2-coated Ti wires (coated with 128 uM and 512 uM C2) were non-
toxic to cultured MG-63 cells (Figure 6.10).
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6.3.6. Effect of the Combinatorial Treatment of C2-HNC and CPX on Adhesion of MRSA
onto Collagen-coated Titanium Wire

Colonization of implantable medical devices by MRSA biofilm is a significant problem
in the clinics. Deposition of human matrix protein such as collagen on the surface of an
implant can be a trigger point since collagen adhesion by plays a potential role in
pathogenesis and the infection process. In order to address this challenge, there is a
need for a therapeutic intervention that can that can either annihilate MRSA in the
vicinity ofthe implant and thereby minimize the extent of device-related infections or
deter colonization on the implant by the pathogen. Based on the potent anti-MRSA
activity and non-toxic attribute of C2-HNC towards cultured bone cells and the efficacy
of a combinatorial treatment regimen (90 uM C2-HNC and 16 pM CPX) in eliminating
MRSA (Figure 6.4-6.6), it was envisaged that the combination treatment regimen can
perhaps be leveraged to hinder MRSA invasion onto an orthopaedic Ti wire. In case of
treatment with only HNP (control), FESEM analysis of Ti wire indicated that MRSA
could profusely colonize the surface of the implant (Figure 6.11, panel i) and certain
fraction of HSA nanoparticle was observed to adhere onto MRSA biofilm formed on the
surface of Ti wire (Figure 6.11, panel iv). Colonization of MRSA on Ti wire was also
evident in case of treatment with 90 pM C2-HNC alone (Figure 6.11, panel ii and v).
However, in this case, the extent of colonization was slightly lower as compared to the
control sample and the cell integrity in some of the adhered MRSA cells was also
compromised (Figure 6.11, panel ii and v). Interestingly, FESEM analysis clearly
indicated that the combination treatment with 90 uM C2-HNC and 16 uM CPX was able
to significantly curb MRSA cell adhesion onto Ti wire and the few adhered cells of the
pathogen appeared quite distorted, indicating a significant loss of cell integrity. Based on
these results, it was apparent that the combinatorial treatment regimen (90uM C2-HNC
and 16 pM CPX) holds considerable potential as a therapeutic intervention to deter
MRSA-mediated infection of an orthopaedic implant.

6.4. Significant Findings
The key findings of the present study can be stated as follows:

1. C2-loaded HSA nanocarrier (C2-HNC) was generated which was spherical in
shape with an average particle size of ~197 nm. The loading efficiency (LE) for
the nanocarrier reached a saturation level of ~ 82% at a loading concentration of
375 uM C2.
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2. At a physiologically relevant pH of HEPES buffer and simulated body fluid
(SBF), the release of C2 was sustained and reached high levels amounting to
~ 90% and ~ 81%, respectively, after 24 h.

3. C2-HNC exhibited potent bactericidal activity against MRSA wherein the growth
for S. aureus 4s cells treated with C2-HNC loaded with 45 uM, 90 uM, 180 uM
and 360 uM C2 was estimated to be ~ 71%, ~ 49%, ~ 20% and ~ 18%,
respectively.

4. A combinatorial treatment with C2-HNC (loaded with 90 uM C2) and CPX (16
M) could effectively suppress the growth of MRSA cells (~ 9.0 % growth) and
the nanocarrier was non-toxic to cultured MG-63 cells.

5. C2-coated Ti wire could significantly prevent MRSA biofilm formation on the
wire surface and the eluates from the Ti wire samples were non-toxic to cultured
MG-63 cells suggesting that the coated Ti wires were biocompatible.

6. A combinatorial treatment with C2-HNC (loaded with 90 uM C2) and CPX
(16 uM) could effectively thwart adhesion of MRSA cells on collagen-coated Ti
wire, indicating that the bactericidal and adjuvant activity of the payload

nanocarrier could be leveraged to prevent MRSA colonization onto a Ti wire.

In the subsequent section, the essential findings emerging from the thesis work is
summarized and the future perspective is highlighted.
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The continuous challenge posed by MRSA in the clinics is a global healthcare concern.
Owing to this crisis, there is a critical need to develop antagonistic agents that can thwart
the inherent resistance mechanism and resensitize the pathogen against therapeutic
antibiotics. The current investigation is an endeavor to address this challenge and
illustrates the use of rationally designed low molecular weight ligands to counter the core
resistance mechanism in MRSA and thereby restore susceptibility of the pathogen to low
doses of a therapeutic antibiotic. The key accomplishments of the study and the future

prospects of the leads are as follows:

1. AKkey resistance mechanism prevalent in MRSA is the presence of efflux pumps,
which enable the pathogen to evade the action of an antibiotic. In order to address
this problem, urea-based ligands were rationally designed as potential efflux
pump inhibitor (EPI). Amongst structurally varying urea-based ligands, the
ligand C8 bearing a nitro group and reasonable hydrophobicity and polarity could
significantly inhibit efflux pump activity in a clinical MRSA strain. Interestingly,
C8 could suppress the expression of norA gene encoding a major efflux pump in
MRSA, reduce the MIC of ciprofloxacin (CPX) 16-fold and prevent emergence
of CPX resistance in MRSA for many generations in a combinatorial therapy
regimen. Based on the structural guidelines emerging from the current study, a
more rigorous structure-function study with a larger repertoire of synthetic EPIs
can be undertaken to strengthen the findings and discover a more potent candidate
molecule for anti-MRSA therapy.

2. The potency of C8 as an efflux pump inhibitor could be leveraged in C8-loaded
PLGA nanocarrier (C8-PNC), which breached the core resistance mechanism to
disarm the pathogen and could subsequently eliminate MRSA in combination
with only 2.0 uM ciprofloxacin. A significant highlight of the study is that the
developed nanomaterial (C8-PNC) was non-toxic and could hinder adhesion of
MRSA cells on collagen in combination with ciprofloxacin. In future, it would
be interesting to explore the potential of C8-PNC in combination with CPX for
mitigation of MRSA infection in collagen-rich tissues such as skin and bone in a

suitable in vivo model.
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3. The bacterial cell membrane is bedrock for critical physiological functions. The
membrane is also a formidable permeability barrier for antibiotics. Hence, it is
conceived that antibacterials that can breach the membrane or disrupt its function
hold significant prospect against MRSA. The quinoxaline-based ligand C2
evaluated in the present study offers a viable approach in anti-MRSA therapy.
Owing to its potent membrane-directed activity, the molecule C2 acts on a
profound target and is less likely to trigger resistance development.

4. The limitations of antibiotic-mediated monotherapy combined with the
prolonged process of drug discovery against MRSA has fueled a crisis in the
clinics. In order to tide over this crisis, combination therapy is professed as a
promising approach for mitigation of MRSA infections. The current investigation
demonstrates that the membrane-targeting C2 could be effectively leveraged as
an adjuvant molecule to bolster the potency of ciprofloxacin against MRSA as
well as effectively counter MRSA in an in vitro bone cell infection model. It
would be worthwhile to leverage the leads obtained from the current study and
validate the potential of the combination therapy regimen in an in vivo bone cell
infection model of MRSA.

5. Colonization of orthopaedic implant by recalcitrant MRSA biofilm can trigger
serious infections leading to high rates of implant failure and associated clinical
complications. In the current study, the adjuvant potential of the ligand C2 was
leveraged to develop a biocompatible HSA nanocarrier, which in combination
with CPX could prevent the invasion of MRSA onto Ti wire, used as a model
orthopaedic implant. In future it would be interesting to explore whether the
bactericidal nanocarrier can be further fortified with growth factors to support
bone cell growth on the implant.

6. In order to leverage the candidate molecules C8 and C2 for anti-MRSA therapy,
it will be crucial to establish their in vivo attributes. In this regard, an acute
toxicity and histopathological study with the ligands can be conducted in future
on animal models. Further, given the potent anti-MRSA activity of C2, it will be
interesting to assess in an animal model whether the ligand can be used as a
topical agent to prevent MRSA invasion in a wound and thereby promote wound

healing.
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The rational design of the adjuvants C8 and C2 is an illustration of judicious

medicinal chemistry to address a pertinent global healthcare problem. The nanomaterials

developed in the current study can serve as prototypes of therapeutic adjuvants to

mitigate invasive MRSA infections in soft tissue and bone implants. In the domain of
anti-MRSA therapeutics, C8 and C2 hold potential in combination therapy directed
against a serious human pathogen. A schematic representation of the significant findings

emerging from the present investigation is indicated in Scheme 1.
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Figure A2.1. Effect of urea-based ligands on EtBr efflux in S. aureus 4s cells. The data point
represents end-point analysis of samples following 10 minutes of treatment of S. aureus 4s cells
with urea-based ligands (10 uM each). Reserpine (40 uM) was used as positive control for the

assay.
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Figure A2.2. Effect of urea-based ligands on EtBr efflux in S. aureus 4s cells. The data point
represents end-point analysis of samples following 10 minutes of treatment of S. aureus 4s cells
with urea-based ligands (5.0 uM and 40 pM each). Reserpine (40 pM) was used as positive

control for the assay.
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Table A2.1. Statistical analysis for cellular fluorescence obtained in EtBr accumulation assay in

S. aureus 4s cells treated with C1 and C8.

Sl.
No.

Comparison Group

Significant Difference in
Cellular Fluorescence
Intensity Measured in EtBr
Accumulation Assay *

Concentration
of Compounds
in EtBr
Accumulation
Assay

C8 versus untreated cells
C8 versus positive control (+ glucose)
C8 versus Reserpine
C1 versus untreated cells
C1 versus positive control (+ glucose)
C1 versus Reserpine

Positive control (+ glucose) versus
untreated cells

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Reserpine: 40
UM

C1: 40 uM

C8: 10 uM

* Significant difference implies p value < 0.001 based on analysis of variance (ANOVA) followed by all
pair wise multiple comparisons (Holm-Sidak method) of relative end-point fluorescence measured in EtBr

efflux assay.

<«— 1000 bp

<«— 500 bp

<«—200bp

Figure A2.3. Agarose gel electrophoresis of amplicons obtained from the MRSA strain

S. aureus 4s using gene specific primers for norA and 16S rRNA gene. Lane 1: Amplicon for

norA gene; Lane 2: Amplicon for 16S rRNA gene; Lane 3: 100 bp DNA size marker.
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Control C8 (10 uM) CPX (2.0 pM)

Figure A2.4. FESEM analysis of (i) untreated, (ii) C8-treated and (iii) CPX-treated S. aureus
4s cells. Scale bar for the images is 1.0 pm.
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Figure A3.1. (A) 3D topography AFM image of C8-PNC. (B) Height profile of C8-PNC assessed
by analysis of the image shown in (A). (C) Characterization of C8-PNC by UV-visible absorption

spectroscopy.
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Table A3.1. Statistical analysis for relative end-point fluorescence obtained in EtBr efflux assay

using S. aureus 4s cells treated with C8-PNC or C8.

Sl. No.

Comparison Group

Significant Difference in
Relative End-point
Fluorescence Measured
in EtBr Efflux Assay *

Concentration of C8 in
EtBr Efflux Assay

5.

C8-PNC versus Control
(+ glucose)

C8-PNC versus Reserpine
C8-PNC versus C8

C8 versus Control
(+ glucose)

C8 versus Reserpine

Yes

Yes

Yes

Yes

Yes

C8-PNC: loaded with
50 uM C8

C8alone: 10 uM

* Significant difference implies p value < 0.001 based on analysis of variance (ANOVA) followed by all
pair wise multiple comparisons (Holm-Sidak method) of relative end-point fluorescence measured in EtBr

efflux assay.

Table A3.2. MTT assay to ascertain the cytotoxic effect of varying concentrations of C8 on
cultured HEK 293 cells.

sl. Concentratﬂsgw MMTT | Growth of HEK 293 Cells*
L (M) (% + Standard Deviation)
1 5.0 63.22 + 0.065
2 10 41.92 +0.174
4 20 23.73 + 0.047
4 40 10.41 + 0.010

* Each data point represents mean + standard deviation from six samples.

A4.1. Synthesis and Characterization of Ligands

Synthesis and spectroscopic characterization of C1, C2 and C3 have been reported
previously (Basak et al., 2021; Basak and Das, 2021; Ghosh et al., 2022). The same
protocol was essentially followed for synthesis of C4. To a suspension of
3,4- diaminobenzoic acid (152.15 mg, 1.0 mmol) in 20 ml glacial acetic acid, isatin

(176.56 mg, 1.0 mmol) was added portion-wise at room temperature. The reaction
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mixture was allowed to reflux overnight. After stirring for 24 hours, it was cooled to
room temperature, and crushed ice was added slowly to obtain a precipitate. The
precipitate was filtered and washed several times with methanol/acetic acid followed by

ether to obtain the pure product C4.

C4: brown solid (95% vyield); MALDI-MS (m/z): calculated for C1sH1oN3O2 [M+H] *:
264.077; found: 264.650; *H NMR (500 MHz, DMSO-ds): 12.118 (s, 1H), 12.044 (s,
1H), 8.953 (s, 1H), 8.427-8.413 (d, 1H), 8.336-8.323 (d, 1H) , 8.066-8.040(d, 1H), 7.910-
7.895 (d, 1H), 7.705-7.674 (t, 1H), 7.419-7.378 (dd, 1H) ; 3C NMR (150 MHz, DMSO-
de):167.68, 150.51, 149.53, 147.08, 146.54, 143.61, 137.83, 134.01, 130.77, 127.85,
125.06, 123.79, 1194.04, 116.28, 111.90; FT-IR (KBr pellets, cm™): 3418(0-H
stretching), 3097(N-H stretching), 2983(C-H stretching), 1708(C=0 stretching),
1596(C=N), 1391(C-N stretch), 747(N-H wagging).
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Figure A4.1. MALDI-MS spectra of C4 in dichloromethane in positive ionization mode.
Calculated Mass [M + H*] = 264.077; Obtained Mass [M + H] = 264.650.
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Figure A4.2. *H NMR of C4 in DMSO-ds at room temperature.
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Figure A4.3. *C NMR of C4 in DMSO-ds at room temperature.
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Figure A4.4. FTIR spectrum of C4 recorded at room temperature.
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Figure A4.5. Bactericidal activity of C2 (32 uM) against S. aureus 4s cells ascertained by AFM
analysis. Panels (i-iii) indicate 3D topography images and panels (iv-vi) represent the
corresponding height profile.
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Table A5.1. MTT assay to ascertain the cytotoxic effect of varying concentrations of C2 on
cultured MG-63 cells.

Treatment Growth of MG-63 Cells*
(% = Standard Deviation)

10 uM C2 89.15 + 1.50

12 uM CPX 99.95 + 0.66

10 uM C2 + 12 pM CPX 90.96 * 0.52

* Each data point represents mean + standard deviation from six samples.
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Figure A6.1. Characterization of bare titanium wire, collagen coated titanium wire (Co-TW) and
C2-incorporated collagen-coated titanium wire (C2-Co-TW) by FTIR analysis.
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