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Synopsis

Infections caused by the bacteria and microbes are continued to be one of the most
challenging problems that requires continuous attention of the scientific community in
handling the healthcare of the society. Currently, beta-lactam antibiotics (like Penicillin) are
used clinical drugs for the treatment of bacterial infections; however, unprecedent mutations
in microbes quickly develop high resistance against majority of these antibiotic drugs.
Antimicrobial are seen as a nature’s selection for the treating bacterial infectious; however,
tedious multi-step synthesis for large scale production, hemolytic side effects and in vivo
toxicity pose huge challenge for AMPs long-term feasibility in therapeutics. Last one-
decade, synthetic cationic polymers are emerging as a new alternative artificial antimicrobial
agent to treat bacterial infections. The next generation antimicrobial polymers are essential
to be smart multitasking probes having capability to exhibit both therapeutics and
diagnostics together (theranostics) in single system so that maximum impact could be
accomplished in single dose of drug administration. Further, the probe or antimicrobial
polymers come in direct contact with the healthy tissues (or cells), proteins and red blood
cells (RBCs) while testing the activity which introduce unwanted toxicity issues, and
therefore, the incorporation of biodegradation property is essential component in theranostic
probe design for safer biomedical applications. To address this important problem, this thesis
work is emphasized in designing new “biodegradable theranostic antibacterial
nanoprobes” based on cationic polycaprolactone (PCL) platform. The thesis has been
divided into four chapters:

» Chapter 1 provides brief account on the antimicrobial antibiotics, antimicrobial
peptides, and synthetic macromolecules. The role of the polymer structure and their
function on antimicrobial action has been reviewed in detail and efforts have been
put to bring the impact and need for the next generation biodegradable-based
antimicrobial agents for both therapeutics and diagnostic purpose.

» Chapter 2 describes the development of new class of cationic polycaprolactone,
study their structure-property relationship, test their biological activity, and further
employ them as theranostic nanoprobe for direct visualization and qualitative
determination of bactericidal activity by confocal fluorescent assay which could
distinguish live and dead bacteria in real case scenario.

» Chapter 3 is empathized to develop confocal image-based FRET-gate probe
technology. Aggregation induced emission (AIE) active chromophore was
chemically conjugated on the cationic biodegradable polycaprolactone (PCL) to
yield blue-luminescent “lighting up antimicrobial FRET donor” on the bacteria
membrane surface. The membrane slit-through action of the TPE donor polymer
“Gate-Opened ” and allowed the localization of CV at the peptidoglycan layer that
brought together the donor-acceptor chromophores at the nano-confinement for
membrane-reinforced FRET action.

» Chapter 4 is dedicated to expand the scope of the PCL polymer design to make
linear and star block copolymers having identical chemical composition but differ in
their polymer topology. The topology of polymers was found to play significant role

iv



on their biomaterials action; and these results revealed that the star-shaped polymer
seems to be outperforming its linear counterpart in terms of antimicrobial activity,
hemolysis and cytotoxicity in mammalian cell lines. Azithromycin- a ribosomal
inhibiting antibody was encapsulated in the star-polymer to study the combination
effect of antimicrobial action by the polymer membrane disruption mechanism and
enzyme-inhibiting pathway by the antibody together in a single nanoplatform.

The last chapter provide the overall summary of the thesis with future perspectives. The
detail account on chapters 2 to 4 is described below in detail.

In chapter 2, new cationic-charged polycaprolactone (PCL) was tailor-made and self-
assembled into well-defined tiny 5.0 £ 0.1 nm aqueous nanoparticle (NP) with Zeta potential
of +45 mV to maximize the impact on the bacterial membrane disruption. Electron
microscopic studies were evident for membrane disruption mechanism with respect to their
high selectivity for antibacterial activity at 10.0 ng/mL concentration was accomplished in
gram-negative bacteria E. coli. Hemolysis assay revealed that RBCs were extremely stable
in presence of polymer with % hemolysis values as negligible as 0.64 + 0.003 with a
selectivity index (HCso/MICso) >10 times showing non-toxicity of polymer in the blood
stream. Anionic biomarker  g,qotheriar cents
HPTS was loaded in the NP soame
via electrostatic interaction
to yield new fluorescent o\

Biodegradable

Visualization & Quantification Assay
Cationic PCL 5

oM 4ai$:,ri"yu“’_ S

Fluorophore

theranostic nanoprobes to  Non-toxic p——
accomplish both Frovi
therapeutics and

diagnostics  together in RBC:._..L e N 7N, Bactericidal
single nano-system. In the Non-Hemolytic _ Theranostic Nanoprobes o+ Activity

absence of bactericidal New Biodegradable Fluorescent Theranostic Antimicrobial Nanoprobe

activity, the theranostic probe function exclusively as bio-marker to exhibit strong green-
fluorescent signals in live E coli. Once it became active, the theranostic probe induce
membrane disruption on E coli. which enabled the co-staining of nuclei by red-fluorescent
propidium iodide. As a result, live and dead bacteria could be visualized as green and orange
signals (merging of red+green), respectively, during the course of antibacterial activity by
the theranostic probe. This has enabled the development of new image-based fluorescence
assay to directly visualize and quantitatively estimate the real-time antibacterial activity.
Time-dependent bactericidal activity was coupled with selective photo-excitation in
confocal microscope to demonstrate the proof-of-concept of the working principle of
theranostic probe in E.coli with very good reproducibility.



In chapter 3, A smart aggregation induced emission (AIE) theranostic polymer was
built to act as real-time lighting up probe while breaching the bacterial membrane and also
tightly regulates the outer-membrane gate-opening event for the permeabilization of
peptidoglycan binding AlE-active biomarker crystal violet (CV) in the construction of the
first-ever membrane-reinforced FRET probe for real-time visualization and quantification in
bacterial research. For this purpose, AlE-activated cationic fluorescent amphiphilic
polycaprolactone homo- and block copolymers were designed and developed by ring
opening polymerization methodology. These polymers were readily self-assembled through
selective segregation of hydrophobic TPE-chromophores at the core and hydrophilic cationic
chains at the periphery to yield 20.5 + 6.5 nm in size, strong blue-fluorescent nanoparticles
in water. Electrostatic binding of these cationic-TPE nanoparticles on the E. coli membrane
exhibited remarkable antimicrobial activity along with “lighting up” phenomena by
exhibiting significant
fluorescence signal
enhancement upon binding to
the bacterial membrane and
enabled the real-time
visualization and quantification
of membrane disruption by
confocal microscopic image
readout. Membrane-binding
fluorescent signal enhancement
in the TPE polymer
substantiated its role as
excellent energy donor and its ability to in-situ gate-open for CV staining (as acceptor)
brought the TPE-CV chromophores at appropriate nano-confinement in the peptidoglycan
layer and facilitated the efficient photoexcitation energy transfer for the occurrence of FRET.
This FRET probe is principally non-functional in solution (or in media) and exclusively
active only on bacterial membrane, and thus, it opened new avenue for the development of
real-time confocal image-based assay by direct visualization and quantification of
bactericidal activity. Detail photophysical studies were done to establish the functioning of
the FRET probe and selective photoexcitation in confocal microscope imaging protocols
were optimized to demonstrate the proof-of-concept successfully in gram negative bacteria
E. coli. Time dependent confocal microscopic assay revealed that the FRET probe was
efficient in membrane disruption and nearly 90 % killing was accomplished in less than 4 h.

AIE-FRET Acceptor
Crystal Violet (CV)

ent)
SRS
ate Closed

In chapter 4, the role of polymer topology control is investigated in detail by carefully
designed 1D rod-shape (linear) and 3D star-shaped diblock (non-linear) core-shell cationic
polymers of similar molecular weights, repeating units, size, morphology, and
hydrophilic/hydrophobic content. These two different polymeric topologies were explored
to understand the effect of chain architecture on infiltrating the biological membranes. Even
though, minimum inhibitory action (MICgs) for both the architectures were similar, star
architecture was found to be less toxic to WT-MEF cell lines (mammalian cells) and RBCs.
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Moreover, effective loading of a hydrophilic
bioprobe (HPTS) facilitated direct imaging of
E.coli cells while encapsulation of hydrophobic
clinical broad-spectrum bacteriostatic macrolide
antibiotic ~ (azithromycin)  maximized the
antibacterial action impact via synergistic
combination therapy. The development of such
polytherapy treatment builds the foundation for
substantial enhancement of drug efficacy along
with reduced drug resistance by reducing their
systemic dose amount.
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The tailor-made biodegradable polymer structures have been studied extensively on
gram negative bacteria E.coli and the study could not be expanded to other microbes like
gram positive (S. aureus) due to the non-availability of facilities to handle the infectious
bacterial strains. Nevertheless, the in-depth knowledge generated in this thesis work towards
the electrostatic adherence of positively charged polymer NP on the negatively charged
bacterial membrane would open up new avenue for futuristic engineering of smart
macromolecular systems in biomaterial research. The PCL linear and star-shaped
antimicrobial polymers and the bacterial-membrane reinforced FRET probe development in
this thesis work, in principle could be expanded to many other biodegradable systems to
study for both fundamental understanding as well as making therapeutic formulation in
improving the treatment of infectious diseases in long-term.
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Introduction

1.1 Antimicrobial Research in Health Care

The study of interactions between prokaryotic and eukaryotic organisms is
fundamental to understand their coexistence, ecology, and productivity. These interactions
could be symbiotic (a mutually beneficial relationship), parasitic (one organism feeding on
another organism) or commensal (one organism gains benefit while another is neither
benefitted nor harmed) are extremely important for their metabolic and regulatory
processes.! Herein, symbolic examples of various micro and macro-organisms are shown

organized based on their relative sizes as shown in Figure 1.1.

|_| > Microbial invasion

Mammals

Beetles

Fungi Amoeba

Bacteria

Virus B
\ \ | | | | I \ \
108 107 10® 10° 104 103 102 101 1.0 (in meter)

Figure 1.1: Schematic representation of various organisms based on their sizes.

The growing inflation of microbial invasion in various aspects of environment has
primarily infiltered global health care at large.? According to a recent report in science news,
resistant bacterial infections are leading cause of death around the world wherein around
1.27 million deaths were estimated in 2019 due to antimicrobial resistance which was more
than HIV or malaria.>® Antimicrobial resistance (AMR) to frontline antibiotics is a gruesome
concern as it would pose a risk to infections which were earlier routinely abolished by drugs
but will not be effective in the present.5° Escherichia coli (E.coli), Klebsiella pneumoniae
and Staphylococcus aureus are among the top three bacteria responsible for fatal drug-
resistant infections. A photograph of Klebsiella pneumoniae, one of the most infectious bacterial
resistant culture grown in a culture dish is shown in Figure 1.2. These pathogens along with other
hospital-acquired infections (HAIs) causes non-treatable infections to patients with
weakened immune systems causing diseases such as pneumonia, tuberculosis, diarrhea and
infections of the blood, wounds, and the urinary tract.1%-'? For almost every antibiotic, there
has been a steady decrease in drug susceptibility with time. If the present trend continues,



Introduction

world would slowly move towards “post-antibiotic” era where AMR would claim lives as

much as 10 million by 2050 (as shown in Figure 1.3).13

Figure 1.2: A photograph of culture dish showing Klebsiella pneumoniae as one of the bacteria
responsible for fatal drug-resistant infections worldwide in 2019. (Adapted from
https://www.sciencenews.org/article/antimicrobial-resistance-cause-death-antibiotic-bacteria)

AMR in 2050
10 million

Tetanus

60,000 \
Road traffic —
accidents > e Can_cer
1.2 million ~ = 8.2 million

700,000
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\
Measles L\ ) g

/| /
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130,000 100,000~
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disease . ot Diabetes
1.4 million 1.5 million

Figure 1.3: Deaths attributable to AMR every year, comparable to major causes of deaths (adapted
from The Review on Antimicrobial Resistance, 2014 Chaired by Jim O’Neill, Welcome Trust)
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This emphasized that funding and promoting antimicrobial research for the
development of new antibacterial drugs along with novel approaches in understanding drug
resistant mechanisms of bacterial infection, enhancing host defense system, combination
therapy of drugs are primary steps required to be taken towards this problem. Different
antimicrobial agents in the market can be broadly classified into three different generations
based on their developmental sequence as shown in Figure 1.4. The first generation
comprises of clinical antibiotics which are extremely efficient antimicrobial agents. But due
to their singular mode of action, it is easy for microbes to develop resistance against them.
This is mainly due to the fast-doubling time of micro-organisms. For example; in case of E.
coli, the doubling time is around twenty minutes under optimum conditions, which means in
an hour there would be 3 generations (n). So, in six hours, the number of generations would
be 6 X 3 = 18 generations and the number of cells would be 2.5 X 10° cells, according to the
formula Fi = F X n wherein, Fi = Total number of cells, F = initial number of cells and n =
number of generations. As the time progresses, there is a fast exponential growth in cells
which increases the chances of mutations and inclusion of resistant genes in the affected

populations which leads to reduced drug efficacy.

The next generation comprises of natural antimicrobial peptides (AMPs) which are
also extremely efficient and since their mode of action is generally membrane disintegration,
it is difficult to develop resistance against them. They are extremely effective but due to their
toxicity to RBCs, mammalian cell lines, unwanted interaction to blood protein,
immunogenicity, nephrotoxicity, and cardiotoxicity their activity is compromised.** To
compensate the same, synthetic antimicrobial agents came into existence which comprises
third generation antibacterial agents. They are generally composed of cationic amphiphilic
macromolecules which are efficient antimicrobial agents as wells as carriers to encapsulate
antimicrobial drugs (generation first) in their nano-cavity to show dual action for synergistic
combination therapy. The opportunity to tune their architecture in order to bring in additional
properties is an added advantage towards these antimicrobial agents. They can be broadly
divided into two categories biodegradable polymers which are prone to undergo microbial
degradation and non-biodegradable polymers which are made up of non-degrading
materials. A few examples of synthetic antimicrobial agents are shown in Figure 1.4. This

thesis provides a detail explanation for the antimicrobial agents.
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1.2. Small molecule based Clinical Antibacterial Therapeutics

The first-generation antibacterial agents basically comprise of small molecule based
clinical antibiotics categorized as penicillin, macrolides, ciprofloxacin, quinolones etc. They
are extremely efficient classes of antibiotics with a specific mode of action which involves
inhibiting one or the other cellular machinery for bacterial inhibition.*>! But unfortunately,
due to extremely fast mutations in micro-organisms, their efficacy gets compromised within
a decade which gives rise to antimicrobial resistance.!’?° The antibacterial agents are
survival vectors against microbial invasion and they can be divided based on their target site.
For example, quinolones inhibit the DNA synthesis by targeting catalytic activity of
topoisomerase IV and DNA gyrase.?! Rifamycin are responsible for inhibiting RNA
synthesis??, Sulfonamides interfere with folic acid synthesis due to their structural similarity
to para-amino benzoic acid (PABA).Z Penicillin and Cephalosporins target bacterial cell
wall synthesis machinery by inhibiting the action of penicillin binding proteins (PBPs)?,
Polymyxins disrupt the cell membrane integrity so on and so forth.?® (see Figure 1.5a).

Quinolones

(a) Targeting sites in bacteria Rifamycins Aminoacridines

Sulfonamides

Ny

Penicillins ——f— @ Nocler . A
Cephalosporins ucleic materia &

Cycloserine

° o o0
- &
vy ribosomes o 9" o°
Polymyxins ———) 2 ﬂ ¢

Peptidoglycan layer

Periplasmic space

Tetracyclines / Plasma membrane
Erythromycin

H N
(b) Clinical Antibiotics ‘

NHZ CHy  HN
3 2l
/y NH Hiv H3°
oy OH 0 HOHO o oy — HaC
e el e e X oi
OH ”H2 HO T S R (S Vi
//\OH
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Figure 1.5. (a) Diagrammatic representation of bacterial cell along with different antibiotics and
their specific target sites. (b) Structural representation of few clinical antibiotics differentiated based
on their molecular weights.
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Based on molecular weights, antibiotics can be characterized into two categories,
compounds in the size range of 500 Da (including Penicillin, Streptomycin, Tetracycline)
and secondly compounds with higher molecular weight which includes cationic
oligopeptides i.e., antimicrobial peptides (AMPs) which are in the size range of 1000-2000
Da as shown in Figure 1.5b. Some of the recent breakthrough advancements in
understanding the mechanism of action of few antibiotics is described. Beta-lactam
Antibiotics are one of the most-widely used therapeutic class of medicine. They comprise a
group of antibiotics which include beta-lactam ring in their structure i.e., Penicillin,
cephalosporin, and other beta-lactams. They are known to disrupt peptidoglycan (PG)
biogenesis by targeting penicillin binding protein (PBPs) which are responsible for cell wall
synthesis. Their primary target involves covalently binding and modifying transpeptidase
(TP) active site of PBPs which induces imbalance in the activities of PG synthases and PG
hydrolases enzymes and ultimately leads to cell lysis.?® It has been recently developed that
beyond simply blocking the active site of transpeptidase, these beta lactams cause cell wall

degradation by inducing depletion of cellular PG precursors.

a Before polymyxin E incubation After polymyxin E incubation

Figure 1.6: Polymyxin forms two-dimensional crystalline structures in bacterial outer membranes
that correlate with antimicrobial activity. Scale bars, 200 nm (overview) and 20 nm (zoom-in).
(adapted from Nat. Commun. 2022, 13, 6195)

One interesting example includes petrification of bacterial membrane by
polymyxins. Polymyxins (Polymyxin E, also known as colistin and polymyxin B) are a class
of antibiotics which are last-resorts against multi-drug resistant infections. They are known
to interact with lipopolysaccharide (LPS) through cationic side chains and hydrophobic
interactions which would alter the outer membrane stability due to replacement of divalent
cationic (Mg?* and Ca?*) from its surface.?” This would destabilize and permeabilize the
outer membrane followed by its progression into LPS molecules at inner membrane and

ultimately lead to cell death.
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It has been recently discovered that polymyxin crystallizes the cell membrane of
bacteria (see Figure 1.6).%" It forms hexagonal crystals with LPS and divalent cations, which
converts the flexible bilayer membrane to thin brittle sheets which would make them
vulnerable and easy to break. In order to elucidate resistance mechanisms in bacteria,
fluorophore conjugated antibiotics are extremely helpful. Through this class of antibiotics,
drug target interactions can be tracked at microscopic level (at bacterial surface) and
macroscopic level (within organelles, whole cells as well as entire animals). The four major
applications of fluorescent antibiotics involve resistance studies, toxicity studies,
determination of mode of action via target visualization and diagnosis. One example of each
of these applications are shown in Figure 1.7.28 In order to access drug accumulation in
wild type and mutant Escherichia coli, fluorescent trimethoprim (TMP) conjugates were
utilized. Trimethoprim was covalently conjugated to three comparative fluorophores, 7-
(dimethylamino)-coumarin-4-acetic acid (DMACA), 7-nitrobenzofurazan (NBD), and
dansyl (DNS, dimethylaminosulfonyl).?° They were treated with wild type E. coli and efflux

pump deficient E. coli mutant strain.
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Figure 1.7: Visual representation of various applications of fluorescent antibiotics, including: study
of bacterial resistance, examining toxicity, determination of mode of action (MOA) and diagnostic
imaging of bacterial infection. (adapted from Trends Biotechnol. 2018, 36, 523-536)
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Figure 1.8: Use of fluorescently labeled antibiotics to assess efflux in Gram-negative bacteria
without cell lysis: (A) in vitro enzyme inhibition (1Cso), enzyme binding and inhibition by fluorescent
antibiotic; (B) whole cell activity (MIC), fluorescent probe loses MIC activity due to efflux pumps.
Fluorescence intensity can quantify the efflux effect. (adapted from ACS Infect. Dis. 2016, 2,
688—701)

It was observed that fluorophore conjugated TMP probe showed in vitro inhibition
of dihydrofolate reductase (¢eDHFR) which confirmed the retention of drug’s activity upon
fluorophore conjugation (as shown in Figure 1.8).2° Incubation of TMP with two different
strains of E. coli at MIC concentration, revealed efflux pump dependent change in
fluorescence intensity of fluorophore. In case of W.T. E. coli wherein efflux pumps were
upregulated, less fluorescence intensity was observed due to poor accumulation of drug. For
efflux pump deficient E. coli mutant, high fluorescence intensity was observed due to
retention of drug. Another example includes, fluorescently labelled macrolide to visualize

cellular and tissue distribution of azithromycin.*
1.3. Antimicrobial Peptides (AMPS)

AMPs are another class of naturally occurring antibiotics which are also a part of
our innate immune system. They have a broad activity to kill fungi, bacteria, viruses and
even cancer cells.3134 Lysozyme is the first reported human antimicrobial protein which was
identified by Alexander Fleming in 1922.3! Cationic AMPs consist of 10 to 50 amino acids
with cationic and hydrophobic residues facing opposite sides of three-dimensional structure.
These are water soluble oligopeptides due to positive charge (generally +2mV to +9mV).
They represent three different basic secondary structures: a) alpha helix, b) beta sheet and c)
extended AMPs. Alpha-helical AMPs include magainin, LL37 etc.>>*® which does not
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exhibit secondary structure in aqueous environment but in non-polar environment, like
bacterial membrane. Beta-sheet structure in defensins and bactenecins are stabilized by
disulfide bonds. Extended AMPs does not contain a particular secondary structure but rich

in amino acids like histidine, arginine, glycine, or tryptophan, for example indolicidin.

The antimicrobial action is due to the presence of cationic and hydrophobic residues.
The positive charge ensures accumulation on the polyanionic surface of bacterial membrane
due to the presence of acidic units such as lipopolysaccharides and teichoic acids in case of
gram-negative and gram-positive cells respectively.3! Once they interact with the anionic
surface of the cytoplasmic membrane, the hydrophobic part of the antimicrobial peptide
starts disrupting the membrane through one of the known models for membrane disruption
as shown in Figure 1.9.

. r o
2

=

Carpet model Barrel-stave model Toroidal “pore” model  Detergent “like” model

Figure 1.9: Schematic Representation of different models by which antimicrobial peptides (AMPS)
disrupt bacterial membrane

In case of carpet model, there is a distribution of individual peptide chains on the
surface of bacterial membrane in horizontal position which results in swamping of
membrane charge by a “carpet” of peptides at the surface while for barrel-stave model,
individual peptide chains arrange vertically across the bilayer membrane which give rise to
formation of barrel-like assembly as shown in Figure 1.9. Toroidal “pore” formation leads
to membrane cleavage via formation of pores by individual chains while formation of
detergent-like dissolution of patches of membrane is predicted in detergent “like” model.?
Few examples of AMPs include nisin, gramicidin, defensins, thionin, indolicidin etc. The
widespread development of resistance against AMPs by bacterial colonies is unlikely as

compared to small molecule-based antibiotics like penicillin. AMPs attacks low-affinity
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targets (bacterial membrane) as compared to high-affinity targets of conventional
antibiotics.®” Therefore, it is difficult and more challenging for bacteria to develop a single
resistance mechanism and defend themselves by changing the composition of membrane and
reorganize its lipids. Moreover, according to recently published reports, AMPs are not only
categorized as potent antibiotics but also efficient modulators of inflammatory responses to
bacterial toxins.38=3° It is important to control pro inflammatory responses because excessive
production of proinflammatory responses can lead to harmful consequences like sepsis. For
example, in human body, AMPs like LL-37 and bovine lactoferricin are reported to reduce
secretion of TNF-alpha and IL-6 during recognition of foreign endotoxins like
lipopolysaccharides (LPS). Moreover, LL-37 also limits the secretion of cytokines like TNF-
alpha, IL-1beta, IL-6 and IL-8 from primary monocytes during an unwanted invasion of

lipopolysaccharide (LPS) and lipoteichoic acid (LTA).

Although many AMPs are at various clinical trials such as polymyxin, colistin,
daptomycin, gramicidin etc. their clinical success has been limited due to various factors like
in vivo toxicity, difficulty in industrial scalability and unwanted protease degradation. With
an exception of polymyxin, AMPs are more prone to induce nephrotoxicity and
neurotoxicity during their intravenous administration.’> Due to tedious synthesis, it is
difficult to increase the scalability of AMPs in industrial scale.*®3” One of the most common
disadvantages of natural peptides is their lability to proteases. Enzymes like chymotrypsin
can lead to unwanted degradation which would reflect on their pharmacokinetics.®’

1.4 Polymer based Antimicrobial agents

This is a class of artificial antimicrobial agent which self-assemble into nanoparticles
in the size range of 10-200 nm. They are positively charged polymeric nanoparticles with
hydrophobic component responsible for membrane disruption action. They are extremely
stable in aqueous environment due to positive charge (as shown in Figure 1.10). Moreover,
due to larger hydrophobic cavity, they can easily accommodate drugs and dyes in their
nanocavity and can be used for combination therapy or as theranostic agents respectively
(as shown in Figure 1.4).*% In these kinds of macromolecular architectures, we have the
flexibility to tune their structure and thus could make them more biocompatible and less
hemolytic. These polymeric biomaterials can be used as antimicrobial hydrogel#64°,
antimicrobial coatings®®->*, antimicrobial adjuvants®>®°, immunomodulating and antibiofilm

agents “% 8963 for preventing microbial infections. For the treatment of topical infection,
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hydrogels are best scaffold as they have high water retention ability and biocompatibility“®.
Polymeric adjuvants are widely investigated along with antibiotics to increase the
permeability of gram-negative bacteria as well as inhibiting the efflux pumps. Moreover,
they are also recognized as immunomodulators as they control the release of pro-
inflammatory cytokines such as TNF-ao. and IL-6. The over-expression of such cytokines
leads to hyperinflammation and can lead to sepsis. The classification of these antimicrobial

agents based on their molecular weights are shown in Figure 1.10.

Artificial Antimicrobial Agents: Small Molecules & Polymers

[ Presence of hydrophobic and cationic groups
[ Mass of the Vector: 500 Da to 50 KDa
1 Self-assembly of the Vector: 1.0 nm to 0.5um

\’

Small molecules

Macromolecules

5-10 nm

Isolated  Self-assembled

10-200 nm

Figure 1.10: Diagrammatic representation of two broadly classified types of artificial antimicrobial
agents: (a) Small amphiphilic molecules and (b) Large amphiphilic macromolecules

Small Amphiphilic molecules are a class of synthetic antimicrobial agents which are
mimics of AMPs but since they are man-made, they are found to be less toxic and omits the
shortcomings of natural AMPs. They can show antimicrobial activity in free as well as in
self-assembled state as shown in Figure 1.10. In 2014, Yinfeng et al. developed a series of
truncated derivatives containing 24 residues of amino acids known as G124 of antimicrobial
peptide PMAP-36.%* These derivatives were compared to a clinically relevant AMP, melittin
and it was observed that they were more antibacterial than melittin (MIC in the range of 1 to
4 uM) with extremely low hemolytic activity. The membrane permeabilizing action of G124
was determined by SEM and TEM techniques and the micrographs show that G124 shows

bacterial disruption through membrane disrupting action (see Figure 1.11). Upon comparing
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GI24 with PMAP-36 and melittin, it was observed that G124 treated cells showed more

disrupted cells with visible pores on the surface.

Figure 1.11: Transmission electron microscope micrographs of E.coli cells treated with various
peptides and control (no treatment) (adapter from PL0S One 2014, 9 , e86364)

Lucia et al. developed an antibacterial WMR peptide which was a modified sequence
of myxinidin.% In order to induce self-assembly, WMR was also attached to a peptide
sequence (AAAAAAA) with a hydrophobic tail. Induction of self-assembly is extremely
important to reduce cellular toxicity and hemolytic activity. These designed polymers self-
assembled onto fibers and eradicated the formation of biofilms of Pseudomonas aeruginosa
and Candida albicans. The importance of various self-assemblized structures were further
determined by Nathalia et al. wherein it was observed that micellar self-assemblized
nanoparticles are more effective with lower MIC values than rod-like structures.®® They
further concluded that parameters such as charge and hydrophobicity plays an important role
in correlating such structure-activity relationships. Synthetic amphipathic sulfono-y-
AApeptides were developed by Jianfeng Cai and coworkers to mimic magainin 2 and exhibit
bactericidal activity.%” These smart antimicrobial agents are multifunctional in nature due to
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various bacteria specific targeting sites and on-demand delivery options due to tunability in
stimuli responsiveness. Bacteria specific targeting can be divided into three major targeting
sites which includes (i) lectin binding site, (ii) lipopolysaccharide binding site and (iii)

peptidoglycan targeting site as shown in Figure 1.12.
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Figure 1.12: Smart antimicrobial designs by bacterial-specific targeting and on-demand delivery
approaches. (Adapted from Biomacromolecules 2022, 23, 1873—1891)

Lectin binding: Lectins are proteins which are responsible for adhesion of bacteria
to host cells. These are carbohydrate binding proteins and due to their abundance in bacterial
envelope, they are promising targeting sites. For example, FimH are proteins which are
present on the tip of E. coli fimbriae and they are widely explored as targeting sites for
mannose and glucose.® In case of P. aeruginosa, lectins such as LecA and LecB show high
binding affinity for galactose and fucose. So, it can be summarized that glycan functionalized

molecules can be used for lectins on bacteria.®®

Lipopolysaccharide (LPS) binding: LPS are major component of gram-negative
bacteria’s outer membrane. Its three major components are O-antigen, the core region and
lipid A. The negatively charged phosphate head group in the inner core region is responsible
for anionic charge on the membrane. LPS is also a highly toxic endotoxin which triggers

immunogenic and inflammatory response in humans. It has been understood that cholic acid
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derivatives bind strongly to LPS.” Pegylated antimicrobial peptide KYE28 is known to
conjugate with LPS.™

Peptidoglycan targeting molecules: B-lactam containing antibiotics are known to
target transpeptidase activity of peptidoglycan binding proteins (PBPS) thus interfering with
peptidoglycan stability.”> Moreover, peptidoglycan look alike substrates are also an efficient
strategy to inhibit the bacterial growth. Recently, peptidoglycan oligomers (PGOs) are
utilized for bacteria specific metabolic labelling.”" These oligomers are incorporated into
the cell wall and easily polymerized through trans glycosylation. Bacteria-triggered
activation of nano-formulations can be broadly classified into two different responsiveness

which includes pH sensitivity and enzyme responsiveness.
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Figure 1.13: (A) H. pylori colonization and the strategy for eradicating H. pylori using the pH-
sensitive ureido-conjugated chitosan/TPP targeted nanoparticles. (B) Representation of the
prepared amoxicillin-loaded ureido-conjugated chitosan/TPP nanoparticles. (adapted from
Biomacromolecules 2022, 23, 5, 1873-1891)

pH sensitivity: pH can be used as a stimulus for infected site targeted delivery as
bacterial growth causes change in physiological pH. So, any pH responsive nanomaterial
which would show swelling and deswelling with respect to change in pH can be used as pH
responsive delivery system. For example, Helicobacter pylori is an infective bacterial strain
which causes bacterial infection in stomach. It could sustain in the harsh acidic condition of
stomach by increasing the local pH inside the mucosal layer by hydrolyzing urea to ammonia

and bicarbonate.** So, it is extremely difficult to eradicate this infection as its colonies are
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hidden beneath the mucus layer where it is in replicative phase which is completely
inaccessible by antibiotics, while in the gastric acidic environment it exists in non-replicating
coccoid state which is not susceptible by antibiotics (see Figure 1.13a). This suggests that in
order to eradicate this infection pH dependent polymer/polypeptide is required to be tested.
One of such examples include, poly(y-glutamic acid)- graft-arginine (y-PGA-g-Arg)
zwitterionic polypeptide’, which could self-assemble and load an antibiotic at pH below 3
through electrostatic complexation. But at neutral pH, due to deprotonation of free amines,
self-assemblies are disrupted which leads to release of loaded cargo. This has helped to

release cargo at neutral infection site and eradicate the infection as shown in Figure 1.13b.

0 o)
)K/\ PEP
Y K\NHz ‘/\H N
O
0)

-PEP = YVWLKRKRKFCFI-NH,

_ Bacteria recognizing copolymer gl = /{/
@8m LPS on bacterial surface ™ 1 é; -

" Drig release*
Swarmer bacteria
Motion-induced

x\\ Bind.ing t(; LPS Mechanical stripping

¥

Figure 1.14: Lipopolysaccharide-affinity copolymer senses the rapid motility of swarmer bacteria
to trigger antimicrobial drug release via a mechanism of motion-induced mechanical stripping
(MIMS). (adapted from Nat. Commun. 2018, 9, 4277)

Enzyme/toxin responsiveness: Drug release can also be controlled by release of

bacterial toxins and enzymes in the affinity of a bacterial infection. Various virulence factors
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produced by bacterial infections include LPS, exotoxins, lipases, gelatinase, hyaluronidase,
metalloproteinase aureolysin, serine glutamyl endopeptidase, and cysteine proteinase
staphopain A etc.””% One such example involves detection of LPS on the surface of gram-
negative bacteria by polymer which would lead to release of antibiotics from the nano-
assemblies as shown in Figure 1.14.”" A copolymer pNIPAAmM-co-pAEMA was coated on
the surface of tobramycin-loaded mesoporous silica nanoparticles. Upon interacting with a
moving gram-negative bacterium, the polymer would interact to LPS and ultimately “peel

off” the polymer from silica surface which would lead to release of drug.

Polymers as drug adjuvants: Polymers are not only responsible as sole antibacterial
agents but they can also work along with antibiotics as adjuvants to enhance their effectivity.
Polymeric adjuvants can be broadly classified based on their two objectives: (a) Membrane

permeabilizers and (b) Efflux pump inhibitors as shown in Figure 1.15.
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Figure 1.15: (a) Bacterial membrane-related intrinsic resistance mechanisms (left) and
combination therapy with outer membrane permeabilizers and efflux pump inhibitors (right).
(Adapted from Chem. Sci. 2022, 13, 345-364)

Bacterial cells, especially gram-negative bacteria have intrinsic resistance to many
small molecule-based antibiotics due to the presence of outer-membrane. Mostly small and
hydrophilic molecules gain the access to cross the outer-membrane membrane through porin

proteins present across the membrane. And even though, a hydrophilic drug crosses the
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cytoplasmic membrane, its accumulation is highly restricted by presence of efflux pumps
which pumps out foreign substances once they encounter the same. Efflux pumps are one of
the major contributors of multi-drug resistant phenotypes.®* % So, membrane permeabilizers and

efflux pump inhibitors are extremely important to tackle multi-drug resistance.

(b) Chemical structures of antibiotic adjuvants
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Figure 1.16: Chemical structures of some of the outer-membrane permeabilizers and efflux pump
inhibitors. (Adapted from doi: Chem. Sci. 2022,13, 345-364)

Polymeric adjuvants also work as outer-membrane permeabilizers. Divalent cations
form ionic bridges with anionic phosphate groups in lipid A. Cationic polymers replace the
divalent cations like Ca?* and Mg?* from the outer-membrane and thus compromise the
membrane integrity. Few of such examples are shown in Figure 1.16. A glycosylated block-
co-beta-peptide polymer® (shown in Figure 1.16(1)) interacted with bacterial membrane
with electrostatic and hydrogen bonding. A glycine conjugated polymer (as shown in Figure
1.16 (2)) showed more antibacterial activity as compared to rifampicin.®” Not only the
replacement of divalent cations, cationic polymers disrupt the bilayer membrane by
producing pores in the membrane surface which would allow higher efflux of antibiotics into
the bacterial cells. A synergistic killing has been demonstrated between amphiphilic ternary

copolymer (structure shown in Figure 1.16 (5)) and doxycycline and colistin against P.
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aeruginosa and E. coli.8 Chan Park et al. demonstrated chitosan derivatives such as 2,6-
diamino chitosan (see structure in Figure 1.16 (6)) can be utilized to enhance the activity of
wide array of antibiotics such as amikacin, tobramycin, novobiocin and tazobactam by
synergistically working towards lung infection models.® Moreover, they are also
responsible for efflux pump inhibition. Efflux pumps are transmembrane proteins which are
present across the bilayer membrane. They are responsible for “pumping out” antibacterial
agents and toxins out of the bacterial cytoplasm. They are one of the most important
antibacterial resistant phenotypes responsible for multi-drug resistance. b-lactams,
macrolides, tetracyclines, quinolones, trimethoprim, sulfonamides are some of the most
important antibiotics which are susceptible to efflux pump effects.®>-% Cationic polymers
target bacterial cytoplasmic membrane due to which transmembrane proton motive force
(PMF) gets disrupted. Most of the efflux pumps are powered by transmembrane proton
motive force and due to disruption of cytoplasmic membrane, efflux pumps are inactivated.
Due to this efflux pump inhibiting action of polymers, the accumulation of antibiotics in the
bacterial cytoplasm is enhanced. One such example of cationic lipo- polypeptide is shown
in Figure 1.16 (7). ® This C12 chain containing polypeptide was able to potentiate
tetracycline and erythromycin antibiotics by disrupting efflux pumps. The glycosylated co-
beta-peptide polymer shown in Figure 1.16 (1) 8 was able to enhance the uptake of

novobiocin through affecting efflux pumps in gram-negative bacteria.

Polymers as antibiofilm agents: Biofilm is a community of micro-organisms which
are embedded in extracellular polymer matrix (EPS) which is a self-produced polymeric
substance that provides them resistance to unfavorable environmental conditions.®” % It has
been depicted by UN National Institutes of Health that more than 80% of hospital-acquired
infections are bio-film related.*® The maturation of a biofilm can be divided into two
consecutive steps” Firstly, the bacteria attach itself to a favorable substrate and secondly
there is a 3-D growth of matrix as shown in Figure 1.17. As compared to a planktonic
bacterium (freely floating), biofilm bacteria are 10-1000 times more resistant to
antibiotics.1® In order to eradicate the initial bacteria attachment, hydrophilic non-fouling
surfaces are extensively used while for eradication of mature biofilms, cationic polymers

with lipophilic entities play significant role in antibiofilm action.

19



Introduction

(a) Biofilm Formation ﬁ
NN
f m eDNA

NN Polysaccharides
Biofilm Formation % Q NN Y
— % ) i
Proteins
(2
X 3
(Y

Persisters

Figure 1.17: Diagrammatic representation of biofilm formation.(adapted from Chem. Sci. 2022,13,
345-364)

Lipophilic entities help in enhanced penetration into the biofilms while cationic
moieties are responsible for interacting with anionic bacterial membrane.'®* Some of the
structures of antibiofilm polymers are shown in Figure 1.18. Quaternary ammonium
substituted chitosan polymers plays an important role as antibiofilm polymer as shown in
Figure 1.18(1). 1°2 Herein, the authors found that upon replacing the lipophilic unit with
hydrophobic groups like stearoyl, lead to 4-fold reduction in minimum biofilm eradication
concentration (MBEC).It was also observed by Kuroda et al. that dispersal and eradication
of biofilm mass depends on both cationic and hydrophobic components. To understand the
same, they compared homopolymer (PEy) to that of amphiphilic copolymer (PEs1), structures
are shown in Figure 1.18 (2) and (3). 1% It was observed that homopolymer could only
disperse the biofilm while copolymer was able to disperse and eradicate the biofilm
formation. Other amphiphilic polymers include single chain polymeric nanoparticles
(SCPNs), polysaccharide based amphiphilic polymer, polycarbonate based quaternized

polymer etc,104-106
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(b) Chemical structures of antibiofilm polymers
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Figure 1.18: Chemical structures of antibiofilm polymers. (Adapted from Chem. Sci. 2022,13,
345-364)

1.5 Biodegradable antibacterial polymers

The biodegradable antibacterial polymers can be broadly classified into four
different categories which includes polypeptides, aliphatic polycarbonates, polysaccharides,
poly(I-lactic acid) (PLLA), poly-lactide-co-glycolide (PLGA) and polycaprolactones.?7-10°
The phenomenon of biodegradation could be either due to microbial digestion or enzymatic
action during in vivo applications. In the case of bacterial degradation, microbes excrete
some extracellular enzymes to disintegrate the polymer outside the cells. Small oligomers
and monomeric units are generated which are comparatively consists of smaller molar mass
units are transported across the semi-permeable membrane of bacterial cells. Inside the cell,
these molecules are further metabolized into CO2 and N. based on the metabolic
pathways.!1%11 In enzymatic degradation, various lysosomal enzymes like esterase, trypsin

etc. in the mammalian cells degrade the polymers during their in vivo applications.!? 113
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Figure 1.19: Diagrammatic Representation of various biodegradable polymers and their
environmental stability

Different biodegradable polymers can be classified based on their environmental stability
and rate of biodegradation as shown in Figure 1.19. Polypeptides are a class of synthetic
antimicrobial agents which are developed by conjugating amino acids by peptide linkages.*'*
The cationic polypeptides used for antimicrobial activity are poly-I-lysine, polyarginine,
polyhistidines, poly-ornithinines etc. Polymyxin B and polymyxin E (colistin) are clinically
relevant circular oligopeptide based antimicrobial agents (see Figure 1.20).1*° They are an
extremely efficient broad-spectrum class of antimicrobial polymers. One major drawback of
polypeptides is in vivo toxicity like nephrotoxicity, neurotoxicity, high immunogenicity,
short life-span in blood etc.!'® For example, in case of poly-I-lysine, e-Poly-L-lysine is
edible, biocompatible, and non-toxic as compared to a-Poly-L-lysine based on the pKa of
the free ammonium ion of the growing chain.!"**® e-Poly-L-lysine is a naturally occurring
polypeptide derived from Streptomyces albulus and it has been approved by the U.S. Food
and Drug Administration (FDA).'° Its mode of action involves absorption on the surface of
membrane of microbes and resulting in damage to the cells. Copolymers of e-Poly-L-lysine
(EPL) and polycaprolactone (PCL) has been developed to investigate the interaction of
polymers with bacteria.!® Upon cell membrane disruption, there has been an increase in

generation of reactive oxygen species and reduction in alkaline phosphatase activity.

Copolymers based on polypeptides and polycaprolactone were also explored to
develop antibacterial polymers with low cytotoxicity and efficient antimicrobial activity.
They were synthesized via ring opening polymerization followed by coupling reaction (see
Figure 1.20).22° A series of novel antibacterial polymers (PCL16-b-Kn) were developed based
on the natural antimicrobial peptides(AMPSs). The synthesis involves development of cbz
protected Lysine NCA to develop poly(Z-Lys)n and then conjugating diisocyanate at one
end of the growing chain to develop Poly(Z-Lys),-HDI. This polymer was then coupled with
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PCL-NH: followed by deprotection of cbz unit which lead to development of PCL-b-K,. By
varying the units of lysine units, authors could draw a conclusion to show the effect of

balance between hydrophobic and cationic units in antibacterial activity.
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Figure 1.20: Synthetic strategy for the development of series of PCL1s-b-K, polymers. (adapted
from Polym. Chem. 2019, 10, 945)

Targeting groups like folic acid were also attached to polypeptide-PCL copolymers
in order to enhance their cancer targeted drug delivery as the treatments to cure cancer make
the tissue or organ also very susceptible to bacterial infection due to reduced immunity. The
design strategy for such polymers is shown in Figure 1.21 and 1.22.*2 Multi-layer films of
poly(arginine) and hyaluronic acid are built layer by layer in order to strongly inhibit
bacterial growth.'?> These PAR30/HA films inhibits bacterial growth by contact-killing
mechanism due to presence of mobile polyarginine (PAR30) chains. pH-dependent
antimicrobial activity has also been demonstrated for arginine rich polypeptides.*? Its
binding and antimicrobial activity was enhanced at acidic pH of 5.5. This was due to the

basicity of the imidazolium units in histidine moieties.
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Figure 1.21: Design and synthetic strategy for PCL and polypeptide based antimicrobial polymers,
their self-assembly and membrane disrupting action.( Adapted from Bioconjugate Chem. 2015, 26,
4,725-734)
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Figure 1.22: Design and synthetic strategy for PCL and polypeptide based antimicrobial polymers,
their self-assembly and membrane disrupting action.( Adapted from Bioconjugate Chem. 2015, 26,
4,725-734)

Aliphatic polycarbonates are another class of mechanically tunable biodegradable
polymers which are non-toxic and biocompatible in nature. They are prone to undergo
hydrolytic degradation but with appropriate functionalization, its hydrolytic stability can be
enhanced.'?* Aliphatic polycarbonates are also prone to undergo enzymatic degradation but
the rate of degradation is different in in vivo and in vivo environment. The rate of
biodegradation for polycarbonates is slower than polyesters. Note: Aromatic polycarbonates
does not undergo microbial degradation. The slow enzymatic degradation rate is responsible
for its biocompatible nature. Aliphatic polycarbonates such as poly(ethylene carbonate)
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(PEC), poly(1,3-trimethylene carbonate) (PTC), poly(butylene carbonate) (PBC), and
poly(hexamethylene carbonate) (PHC) are generally synthesized by ring opening
polymerization of their respective cyclic monomers.*?® The synthesis and micellar formation
of the first biodegradable polycarbonate based antimicrobial polymer is shown in Figure
1.23. Cationic triblock polycarbonate was developed by sequential ring-opening
polymerization of chlorine substituted trimethylene carbonate monomer (MTC-CH>)3-Cl)
followed by nascent trimethylene carbonate monomer (MTC). The quaternization of
chlorine units led to the development of cationic polycarbonate based triblock copolymer
which readily formed micelles in aqueous environment and showed antibacterial activity

through electrostatic interaction and steric hindrance.?
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Figure 1.23: Synthetic scheme for the development of polycarbonate based triblock copolymer and
their self-assembly. (adapted from Nat. Chem. 2011, 3, 409-414).
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Figure 1.24. Design strategy for development of various trimethylene carbonate functionalized
monomers conjugated through guanylating agent. (adapted from Nat. Commun. 2018, 9, 917)

The mechanism of membrane perturbation was visualized through TEM imaging. The
morphological changes in MRSA and Enterococcus faecalis were visualized before and after
the polymeric treatment and the membrane was observed to be completely perturbed due to
polymer action and empty spaces at cytosol suggested leakage of cytoplasmic content.
Moreover, various guanidinium-functionalized polycarbonates are used as antibacterial
agents and found effective against multi-drug resistant (MDR) bacteria (see Figure 1.24 and
1.25).12" These guanidinium containing antimicrobial polymers has appropriate spacer units
for studying the influence of different spacers in antibacterial activity. Unlike antibiotics,
these guanidinium functionalized polymers were found to be unaffected by induction of drug
resistance and they also showed high in vivo treatment efficacy against multi-drug resistant
bacterial infection like A. baumannii-, E. coli-, K. pneumoniae-, methicillin-resistant S.

aureus and P. aeruginosa.
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metal-free ROP followed by deprotection of BOC units. (adapted from Nat. Commun. 2018, 9, 917)

Poly-L-lactides are a class of biodegradable polymers which are converted into short
segments of lactic acid once degraded by enzymes. Moreover, these polymers are also
bioassimilable in nature which means that the byproducts produced (lactic acids and glycolic
acids) are eliminated via Krebs cycle as water and carbon dioxide.'? Polyester Poly lactide-
co-glycolide (PLGA) is a copolymer of poly-lactic acid (PLA) and poly-glycolic acid (PGA).
PLA could be highly crystalline (PLLA) or completely amorphous in nature (PDLA) due to
the orientation of methyl groups in growing polymer chain. PGA is extremely crystalline as
it does not contain any side chain methyl groups. The degradation rate of PLGA is also
dependent on molar composition of PLA and PGA. Higher contain of PLA units, results in
increased hydrophobicity and reduced degradation in water. 2 Electrospun fibers of
Poly(lactic-co-glycolide) and poly(dioxanone) (PDO) are used to load ciprofloxacin in the
meshed fibers and showed controlled antibiotic release in the presence of S. aureus and E.
coli.*®® Determination of zone of inhibition for various polymeric samples were carried out
for day 1, day 4 and day10. It can be clearly observed that for all PLGA based polymers,

sustained drug release has been obtained even after 10 days of incubation.
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Figure 1.26. Self-assembly of PLLA and Polypeptide based copolymers. (adapted from
Biomacromolecules 2016, 17, 3922-3930)

Poly(L-lactide)-block-poly(phenylalanine-stat-lysine) were designed to show
antibacterial activity against gram-negative and gram-positive bacteria.'* In aqueous
environment, PLLA forms the core of the self-assemblized nanoparticles while polypeptide
forms the coronas as shown in Figure 1.26. The antibacterial mechanism involves
electrostatically interact of polymeric micelles with negatively charged bacterial membrane
followed by bacterial membrane rupture. Poly(lactide-co-glycolide) (PLGA) microspheres
loaded with totarol antibiotic has been used as slow antibiotic releasing scaffold.*3! Post-
polymerization functionalization of PLA surfaces through photochemical thiol-yne
chemistry led to the development of hydrophobic and hydrophilic surface modified PLA
polymeric surfaces. The schematic strategy to develop fluorophore modified PLA surfaces
is shown in Figure 1.27.%%2 These polymers exhibited very efficient antibacterial activity
against four bacterial strains: E. coli, P. aeruginosa, S. aureus, and S. epidermidis. These
polymers also exhibited biofilm eradicating property after 72 h of incubation. PLGA based
polymers appeared to be idea polymers for loading antibacterial drug like rifampicin and

moxifloxacin.

Generic & stable
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Figure 1.27: Schematic strategy for development of photochemically modified PLA surfaces
by thiol-yne chemistry. (Adapted from Biomacromolecules 2014, 15, 4351-4362)
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Figure 1.28. Design and synthesis of Poly(e-caprolactone) based antimicrobial polymers. (i) NBS,
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Polycaprolactones (PCL) are one of the most widely utilized biodegradable polyester
for drug-delivery applications. It is Food and Drug Administration (FDA) approved polymer
which is widely explored as drug-delivery agents, suture, and adhesive barrier.!®Initially, it
has only been used as a hydrophobic block along with antimicrobial polymers for
encapsulating drug or providing required amphiphilicity for self-assemblized structures.3*
1361n 20186, first report on cationic group functionalized polycaprolactone was published in
Biomacromolecules.®*” Herein, a-bromo substituted caprolactone monomer was developed
which underwent ring opening polymerization to develop Br containing polymers (PBrCL)
as shown in Figure 1.29. Polymer was reacted with NaN3 to develop azide functionalized
polycaprolactones (PN3CL). These polymers were grafted with alkyl imidazolium units and
different sugar units to maintain hydrophilic/hydrophobic content and mimic properties of
cationic antimicrobial peptides. No considerable difference in antibacterial activity was
observed in terms of minimum inhibitory concentration (MIC) with different sugar moieties
like glucose, mannose, galactose, glucosamine etc. but only mannose and glucose containing
polymers were less hemolytic activity and better compatibility to NIH 3T3 fibroblasts. Silver
containing nanoparticles were developed by PCL-AMPs based diblock copolymer wherein
critical micellar concentration (CMC) dependent bacterial inhibition was observed.™* For
gram negative bacterial cells, minimum bactericidal concentration (MBC) was observed to
be higher than CMC while for gram-positive bacterial cells, MBC was obtained to be lower

than CMC (as shown in Figure 1.29). This accounted for the role of different morphologies
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in solution towards antibacterial action. Polycaprolactone-based molded mesh has been used
to deliver antibacterial agents to infected wounds of mice, excellent mechanical properties,
low molecular weight, and low cost.1®140 Electrospun molds based on PCL and imaging
contrast agents (CA) are reported for non-invasive monitoring of biodegradation of synthetic
implants. Computed tomography imaging showed a decrease in iodine concentration which

accounted for the scaffold degradation as shown in Figure 1.30.14

; k.
i $ .
:;2{{?, *5 ~ {/z‘—/s\ \?,f below CMC ‘ﬂ_\_;/) o above CMC
-~ \g@w@ ) 2K P -
/,, \Q\\:\)‘i{ /,gi;{é; * . AgNO; NaBH; rrr’ $ "\.\ AgNOy  NaBH,
Pl
}‘\gggm,J o
ST
PCL: AAAN Antibacterial Peptide: AN AgNps : O

Figure 1.29. Proposed antibacterial mechanisms of the AQNPs@PCL-b-AMPs (below CMC) and
nanocomposite AgNPs@PCL-b-AMPs with assembled structure (above CMC) (adapted from
Bioconjugate Chem. 2020, 31, 51-63)
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units (blue boxes). Simply mixing both components in the desired ratio in solution followed by
electrospinning produces small caliber vascular grafts (photo). The in-situ TE scaffolds are
implanted as aortic interposition grafts in rats and are monitored in time using CT, visualizing their
degradation noninvasively. (Adapted from Macromol. Biosci. 2020, 20, 2000024)

From our group carboxylic functionalized PCL based biodegradable polymers were
introduced by Surnar et al. in 2013 wherein a stimuli responsive polymer was developed for
delivery of cargo under gastrointestinal tract (G1).14? These vesicular nano-assemblies were
able to load hydrophobic and hydrophilic drugs in their nano-cavity. This was a first attempt
in developing carboxylic acid-based PCL nano-assemblies for oral drug delivery.
Subsequently, this design strategy was further employed for cisplatin stitching in these core-

crosslinked nanoparticles.**
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Figure 1.31: Design and development of Triple block nanocarrier (TBN) for combination therapy
of cisplatin and DOX. (Adapted from Biomacromolecules 2016, 17, 4075—4085)

These core-shell nanoparticle design was able to successfully deliver cisplatin only
upon the action of lysosomal enzymes which disrupted the nanoparticle. This strategy was
extremely helpful for reducing detoxification of cis-platin by cytoplasmic thiols. Moreover,
triple block nanocarriers were also developed for combination therapy for two antagonistic
drugs wherein cisplatin was conjugated at the core while DOX was loaded in the
hydrophobic compartment as shown in Figure 1.31.1 This triple block nano-carrier was
comprised of three different polymeric blocks, PEG hydrophilic block for its affinity towards
aqueous environment, PCL hydrophobic block for encapsulating hydrophobic anticancer

drug DOX and lastly carboxylic acid functionalized PCL block to conjugate cisplatin. They
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showed synergistic action in the intracellular compartment of breast cancer cell lines

towards eradicating cancerous cells.
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Figure 1.32. Design strategy for the development of perylene bisimide based PCL block copolymer
and its bio-imaging application. (Adapted from Biomacromolecules 2016, 17, 1004—1016)

Kulkarni et al. developed hydroxyl functionalized perylene bisimide (PBI) initiator
was used for the ring opening polymerization of PCL block copolymer.24> These fluorescent
polymers were utilized for bio-imaging of cancerous cells a shown in Figure 1.32. The
design strategy of introducing a m-conjugated fluorophore in the polymeric network was to
build a fluorescent polymer which would cleave in the intracellular compartment by
lysosomal enzymes and it would ultimately lead to release of free perylene molecules which
could be used for fluorescently labelling the cancerous cells. Perylene shows aggregation
caused quenching (ACQ) property in aqueous environment which limits its fluorescent
property but carboxylic acid functionalized PCL backbone in the polymeric nano-assemblies
reduced its ACQ property in aqueous environment. These stable fluorophore conjugated
nanoparticles yielded as enzyme-responsive nanoparticles for bio-imaging. 146 Malhotra et
al. developed new classes of block and random copolymer consisting of carboxylic
functionalized caprolactone polymer and non-functionalized polycaprolactone polymer.14/
These two polymeric topologies were studied to understand the role of block and random
copolymer in enzymatic degradation, drug loading and drug release capability in breast and
cervical cancer cell lines (see Figure 1.33). Both block and random polymers were extremely

efficient nanocarriers for intracellular delivery of anticancer drug DOX to nucleus.
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Recently, from our group Pranav et. al. published an article on structurally
engineered unimolecular star block copolymers as anticancer drug delivery systems as
shown in Figure 1.34.148 These PCL based star block copolymers were developed with
various arm numbers from three, four, six and eight to understand the influence of degree of
branching on unimolecular nature of star polymers. The anticancer drug loading content in
these unimolecular micelles were found to be 3-4 times higher than aggregated micellar
assembly. They were found to be extremely efficient drug loading carriers which can be used
for next generation drug delivery agent. Dr. Mehak et. al studied design and development of
star-shaped macromolecular architectures and studied their unimolecular micelle formation.
They were characterized by DLS, SAXS, FE-SEM, AFM and HR-TEM. These unimolecular
micelles were also explored in our group for in vivo delivery of anti-cancer drugs and
breaching blood brain barrier wherein studies are conducted to understand the
biocompatibility and pharmacokinetics of the drug loaded polymeric scaffold. It was
observed that as compared to free drugs, these systems were extremely efficient to cross
blood brain barrier which is responsible for efficient drug delivery. The effect of surface
charge was also studied to understand the cellular internalization mechanisms for different
charge species. They were further explored to study the encapsulation of nile red, IR-780,
HPTS, cardiogreen to visualize the uptake of these nanoparticles by various endothelial and
neuronal cell lines. In summary, polycaprolactone based biodegradable polymers were
mostly focused as a scaffold to deliver anticancer or anti-inflammatory drugs for cancer
treatment. In order to broaden the horizon, in this thesis work, cationic polycaprolactone
based systems are not only explored as antibiotic delivery agents but also as potent
antibacterial agents. Different structural architectures were explored to understand the role
of molecular architecture on antimicrobial activity and mechanism of bacterial membrane

breaching.
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1.6 Aim of the thesis

The aim of this thesis basically encompasses the design and development of
biodegradable cationic antimicrobial polymers for effective bacterial inhibition. These
polymers are designed considering three important aspects of antimicrobial polymers;
Firstly, they should be non-toxic to mammalian cells (as shown in Figure 1.35(1)). Their
non-toxicity in intracellular compartment of mammalian cells can be correlated to their
enzymatic biodegradation. These polymers should be cleavable at lysosomal enzymatic
condition to ensure that they do not accumulate in the cytosol. This property would be helpful
during in vivo applications as well in long-term. The second factor included non-toxicity to
RBCs (see Figure 1.35 (2)). This is also an important property of antimicrobial polymers

during their intravenous delivery to an infected organ or tissue environment. The hemolytic
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Figure 1.35: Diagrammatic Representation enlisting the basic features of antimicrobial polymers.

activity should be negligible at MIC concentration and the selectivity index also should be
higher towards bacterial cells rather than RBCs. The third factor involves polymeric
biodegradation by bacterial enzymes (Figure 1.35(3)). During an antimicrobial action of
polymer at a bacterial infection, the exotoxins released by bacteria like lipases or
intracellular enzymes like esterases should be able to degrade polymeric backbone to ensure

non-toxicity in the environment. This kind of a phenomenon is counter-immolative to
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polymer as the process has been triggered by the polymer by cleaving the bacterial
membrane would initiate greater efflux of enzymes from the bacteria. In this work,
functionalized polycaprolactone based polymers are employed to develop antibacterial

polymers and they have been tested against E. coli as a model bacterium.
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Figure 1.36: Schematic representation of consolidate thesis work

This thesis work is aimed to design and develop a new collection of PCL based
antimicrobial polymers which was non-toxic to mammalian cell lines and erythrocytes. We
employed the polymers to understand some of the prevailing questions of antimicrobial
research revolving around the mechanism of membrane breaching mechanism by polymers
and we tried our best to understand these core concepts. My entire thesis work can be broadly
classified into three subsequent chapters and the outline is shown in Figure 1.36. The chapter
2 basically comprises of design and development of quaternary amine functionalized
cationic antimicrobial homopolymers of various chain lengths. These polymers were found
to be extremely selective to bacterial cells (E. coli) as compared to RBCs and mammalian
cell lines. Encapsulation of an anionic fluorophore along with a membrane-impermeable dye
(propidium iodide) facilitated its direct visualization and quantification of dead and alive

bacterial cells at a given point of time by confocal microscopy imaging. In chapter 3, TPE
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conjugated homopolymer was taken forward to understand the membrane breaching
mechanism of polymer on the surface of bacterial by utilizing a FRET probe along with
crystal violet (CV). An array of TPE conjugated polymers were prepared containing cationic,
anionic, and neutral charges and their membrane binding and membrane disruption action
was scrutinized. Through this FRET probe, we could easily distinguish between
antimicrobial and non-antimicrobial polymers. Further in chapter 4, efforts were taken to
study the topology dependent antimicrobial activity of linear and star shaped block
copolymers wherein both the polymers had exact molecular weight, size, and zeta potential.
Although the MIC value of both the polymers were equivalent, only star polymer was able
to load azithromycin (macrolide antibiotic) in its nanocavity and could show synergistic

antimicrobial action by combination therapy.

Lastly, the summary of entire work has been provided with future perspectives.
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Development of Polycaprolactone based Biodegradable
Antibacterial Polymers
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Chapter 2

Abstract

This chapter reports one of the first examples of biodegradable fluorescent theranostic
nanoprobes design strategy for simultaneous visualization and quantitative determination of
antibacterial activity for the treatment of bacterial infections. Cationic-charged
polycaprolactone (PCL) was tailor-made through ring opening polymerization methodology
and it was self-assembled into well-defined tiny 5.0 £ 0.1 nm aqueous nanoparticle (NP)
having Zeta potential of +45 mV. Excellent bactericidal activity at 10~ pg/mL concentration
was accomplished in gram-negative bacterium Escherichia coli while maintaining their non-
hemolytic nature in mice red blood cells (RBC) and non-toxic trend in wild type mouse
embryonic fibroblast cells with selectivity index of > 10, Electron microscopic studies are
evident of the E. coli membrane disruption mechanism by the cationic NP with respect to
their high selectivity for antibacterial activity. Anionic biomarker 8-hydroxy-pyrene-1,3,6-
trisulfonic acid (HPTS) was loaded in the NP via electrostatic interaction to yield new
fluorescent theranostic nanoprobes to accomplish both therapeutics and diagnostics together
in single nano-system. The theranostic NP was readily degradable by bacteria-secreted lipase
enzyme as well as by lysosomal esterase enzymes at the intracellular compartments in < 12
h and support their suitability for biomedical application. In the absence of bactericidal
activity, the theranostic nanoprobe functions exclusively as bio-marker to exhibit strong
green-fluorescent signals in live E coli. Once it became active, the theranostic probe induce
membrane disruption on E. coli which enabled the co-staining of nuclei by red fluorescent
propidium iodide. As a result, live and dead bacteria could be visualized via green and orange
signals (merging of red + green), respectively during the course of antibacterial activity by
the theranostic probe. This has enabled the development of new image-based fluorescence
assay to directly visualize and quantitatively estimate the real-time antibacterial activity.
Time-dependent bactericidal activity was coupled with selective photo-excitation in
confocal microscope to demonstrate the proof-of-concept of the working principle of
theranostic probe in E.coli with very good reproducibility. The new theranostic nanoprobe
creates platform for simultaneous probing and treating the bacterial infections in a single

nano-design which is very useful for long-term impact in healthcare applications.
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2.1 Introduction

Ever-increasing demand to treat the infectious diseases caused by bacteria, virus and other
microorganisms in the clinical contamination, wound healing, and respiratory chronic
obstructive pulmonary diseases has become major concerns in healthcare and
society.12Multi-drug resistance and steadfast mutations of microorganisms™further
obscure the treatment of the infectious diseases with existing drugs or
antibiotics.'>*Development of new diagnostic tools and methods are also equally important

to accomplish timely required therapeutic efficacies (as shown in Figure 2.1).1%
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Figure 2.1. a) A schematic of the 3D SiNW substrate fabrication, which is based on silver-assisted
chemical etching. b) SEM images of a typical SINW substrate. c) Surface chemical modification of
the silicon substrates (including SINW and flat silicon) with bacteria-binding molecules. (Adapted
from Angew. Chem. Int. Ed. 2014, 53, 5837-584).

The next generation antibacterial candidates are essential to be smart multitasking
probes having capability to exhibit both therapeutics and diagnostics together (theranostics)
in single system so that maximum impact could be accomplished in single dose of drug
administration.’> Among the diverse diagnostic tools; fluorescent techniques provide

excellent opportunity because it requires very low probe concentrations and it could be also
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employed under non-invasive protocols under physiological condition. Visible light to NIR
active fluorescent chromophores were encapsulated or tagged in antimicrobial polymers and
antimicrobial peptides in the construction of fluorescent theranostic probes. Gold/Silver

nanoparticles based photoacoustic®® and fluorescent imaging,**®*°” NIR fluorophore tagged

158 159

and ROS-responsive photodynamic ablation,
160

silica-polyelectrolyte nanoparticles
cyanine dye conjugated-siderophore, Ru-fluorescent  complexes,'®1:162  Gelatin
nanoparticles,'®® DNA nanoscaffolds,'®* AIE chromophores'®® tagged fluorescent star-
polyacrylates, %6168 poly(ionic liquid)s'®® and luminescent n-conjugated polymers based
cationic polyelectrolytes'’®172 are other important systems explored for antimicrobial
activity and bio-imaging in bacterial theranostics. One such example of cationic conjugated

polymer is shown in Scheme 2.1.
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Scheme 2.1. Synthesis of PFE-CN-2. (Adapted from Macromolecules 2018, 51, 7239-7247)

The theranostic probes have made significant advancement in the treatment of
infectious diseases; however, it is important to note that these probes were either build on
non-biodegradable C-C or C-N polymer backbones (or metal nanoparticles).!”®1"™® As a
result, the biodegradation aspect of these theranostic probes is not understood which is a
very crucial factor for their long-term impact in antibacterial research. Further the probe
molecules (or polymers) come in direct contact with the healthy tissues (or cells), proteins
and red blood cells (RBCs) while testing their antimicrobial activity,*%®and therefore, the
incorporation of biodegradation property is essential component in theranostic probe design
for safer biomedical applications. Aliphatic biodegradable polycarbonate nanostructures
were successfully developed to address the mitigating drug resistance, selectively lysis
microbial membranes, balance the charge and hydrophobicity, etc,}’® Y"’Few efforts have
been taken in the past to incorporate biodegradable aliphatic polyester segments such as
polycaprolactone (PCL) in the antimicrobial blends,'"®imidazolium bearing PCL,**"or block

copolymers based on polymethacrylates,'”® polypeptides,'-182 polysaccharides,®
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phosphonium*** or phosphoesters,~®> etc. However, neither the biodegradation aspects
(except phosphoesters'®®) nor the theranostic probe concept was explored in these examples.
Therefore, up to our knowledge, there is no effort that has been taken to combine two
important concepts- biodegradation and theranostics together in a single polymer (or another
nano-system) for studying the antimicrobial activity in the literature. Here, this task has been
accomplished by cleverly designing new “biodegradable theranostic antibacterial
nanoprobes” in enzymatic-biodegradable cationic polycaprolactone (PCL) platform and the
new theranostic fluorescent nanoprobe was successfully employed for direct visualization
and qualitative determination of bactericidal activity. This new concept is shown in Figure

2.2.

4 OH
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Biodegradable & Cationic Fluorescent Polymer NPs as Self-reporting Theranostic Antibacterial Probes

Figure 2.2. Structural engineering of new cationic polycaprolactone based biodegradable
fluorescent theranostic nano-probes for direct visualization and estimation of antibacterial activity.

The cationic polymer fluorescent theranostic nanoprobe was built based on aliphatic
polyester backbone (as shown in Figure 2.2); thus, it is readily susceptible to undergo two
types of enzymatic-biodegradation: (a) by bacteria-secreted lipase enzyme bio-degradation
of the polymer backbone®-188 during their encounter with microorganism for antibacterial
activity, and (b) by lysosomal enzymes at the intracellular compartments of endothelial cells
in the event of their unwanted encounter with mammalian cells in healthy tissues. For this
purpose, substituted PCL polymer design was chosen since it is readily accessible for

enzymatic-biodegradation based on our one-decade experience in the development of
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biodegradable polymer nano-scaffolds for drug delivery in cancer research,142144-147, 189
Briefly, substituted-caprolactone monomer was tailor-made through multi-step organic
synthesis and it was subjected to ring opening polymerization (ROP) to make desired chain
length cationic amphiphilic PCL. The cationic PCL self-assembled into tiny nanoparticles
in water and it was found to be highly suitable to impact antibacterial activity in gram-
negative bacterium Escherichia coli. The cationic polymers were found to be non-toxic to
mammalian cells and they barely interacted with the RBCs and are largely non-hemolytic in
blood. The loading of anionic fluorescent marker HPTS (8-Hydroxy pyrene-1,3,6-trisulfonic
acid) yielded green-fluorescent theranostic polymer probe to differentiate the live or dead
bacteria by green or orange-color (co-stained with PI) fluorescence, respectively. Bio-
imaging protocols in confocal microscope analysis enabled the quantitative estimation of the
degree of the bacterial killing by direct visualization. Selective photo excitation experiments
in confocal microscope were coupled with time-dependent incubation assay to establish the
proof-of-concept with very good accuracy. This new concept and the custom designed
theranostic probe have very good potential for long-term implication in diagnostics and
therapeutics in treating the infectious diseases which is yet to be reported in the literature.

2.2 Experimental Methods

2.2.1 Materials: 1,4-Cyclohexane diol, tert-butylacrylate, potassium t-butoxide, molecular
sieves (4A), pyridinium chlorochromate (PCC), m-chloroperbenzoic acid, 2-chloro ethanol,
triethylene glycol monomethyl ether (TEG), tin(Il) 2-ethylhexanoate (Sn(Oct)2), pyrene, 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), lipase immobilized in Sol-Gel-
AK from Pseudomonas cepacia were purchased from Sigma Aldrich and used without
further purification. Triethyl amine was obtained from Thomas Baker and it was vacuum
distilled and stored under NaOH pellets before use. TEG was dried in the vacuum oven prior
to use. Tetrahydrofuran (THF), methanol, petroleum ether, ethyl acetate, trifluoroacetic acid
(TFA) solvents were distilled and purified prior to use. Gram-negative bacterium E. coli
(ATCC 25922) was purchased from National Collection of Industrial Microorganisms
(NCIM), India. LuriaBertani Broth, Miller and Luria Bertani Agar, Miller were obtained
from HIMEDIA. Wild-type Mouse Embryonic Fibroblast cells (WT-MEF) were maintained
in DMEM (Gibco) containing 10 % (v/v) fetal bovine serum (FBS) and 1 % (v/v) penicillin—
streptomycin at 37 °C under a 5 % CO2 humidified atmosphere. Cells were trypsinised using

0.05 % trypsin (Thermofischer) and seeded in 96 well flat-bottomed plastic plates
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(Eppendorf) for all assays. Tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), DMSO, DAPI, Propidium lodide (PI),
paraformaldehyde, glycerol, glutaraldehyde was obtained from Sigma Aldrich chemicals.
Mice Red blood Cells were obtained from C-57 B1/6 Mice from IISER Animal House
facility. Gram negative bacterium E. coli (ATCC 25922) was purchased from National
Collection of Industrial Microorganisms (NCIM), India.Mice Red blood Cells were obtained
from C-57 B1/6 Mice from IISER Animal House facility.

2.2.2 Methods: Bruker 400 MHz spectrophotometer was used for recording NMR samples
in CDCIs solvent using TMS as the standard. Gel Permeation Chromatography (GPC) data
acquisition was carried out by a Viscotek VE 1122 pump, Viscotek VE 3580 RI, 3210 UV-
Vis and Light scattering detectors. Samples for GPC were prepared in THF and executed
from method files obtained after calibration using polystyrene standards. The mass
determination for all the compounds was carried out using high-resolution mass
spectrometry-electrospray ionization-quantitative time-of-flight liquid chromatography-
mass spectrometry (HRMS-ESI-Q-TOF LC-MS) and Applied Bio system 4800 PLUS
matrix-assisted laser desorption/ionization (MALDI) TOF/TOF Analyzer. The Perkin-Elmer
thermal analyzer STA 6000 model was used to determine the polymer’s thermal stability at
10 °C/min heating rate under nitrogen atmosphere. Thermal properties of polymers were
analyzed using a TA Q20 differential scanning calorimeter (DSC), wherein the polymers
were first heated to melt in order to remove any pre-thermal history and then subsequent
heating-cooling cycles were recorded at 10 °C/min under inert conditions to generate the
respective thermograms. Water Contact angle (WCA) was measured at room temperature
(25 °C) and image was recorded within a minute to reduce the evaporation effects. GBX
Model (DIGIDROP instrument) was used for the experiment. Perkin-Elmer Lambda 45 UV-
Visible Spectrophotometer was used for the absorption studies. Emission spectra for
determining the Critical Micelle Concentration (CMC) were recorded using a SPEX
Fluorolog HORIBA JOBIN VYON fluorescence spectrophotometer. A 450W Xe lamp
serves as the source of excitation at room temperature. Pyrene was used as the fluorophore,
which has excitation maxima at 337 nm. The emission spectrum gives five distinct vibronic
levels, amongst which the intensity of levels I1 and I3 are known to be extremely sensitive
of the hydrophobic environment. As a result, pyrene when encapsulated within a micelle will
give different 11 and I3 values. The ratio of I1/13 v/s log C is plotted in order to determine the

critical aggregate concentration (CAC). Dynamic light scattering (DLS) and Zeta Potential
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measurement was performed using Nano ZS-90 setup (Malvern instrument). DLS utilizes a
633 nm laser as the light source, and the detector collects the scattered light at 90° angle.
This gives information about the correlation function [g2(t)], from which the diffusion
coefficient (D) is calculated using cumulant method and further the diameter of the particle
is determined using the Stock-Einstein equation. The experiment was performed thrice with
independent amphiphilic solutions to yield reproducible data. FE SEM analysis requires the
sample to be drop casted on silicon wafer followed by gold-coating to make it conducting
and the experiment was done on a Zeiss Ultra Plus scanning electron microscope.
Transmission electron microscopic (TEM) images were acquired by drop casting the
samples onto Formvar-coated copper grid via a Jeol JEM2200FS 200 KeV systems
instrument. Time-resolved fluorescence lifetime measurements (TCSPC) are recorded using
a SPEX Fluorolog HORIBA JOBINVYON fluorescence spectrophotometer. A LED source
of 340 nm is used as excitation source. Confocal microscopic analysis was done using Leica
SP8 microscope. Optical density (ODesoo nm) Of the bacterial samples was measured in
EnSpire Multimode Plate Reader under the Perkin Elmer-1ISER Pune, Centre of Excellence
facility. A Xenon flash lamp was used as the excitation source. The instrument is designed
with filter monochromator facility. For Hemolysis experiment, the project has been approved
by Institutional Animal Ethics Committee (IAEC), case number of approved license is
IISER/IAEC/2018-02/04. Note: Animal usage for this project is approved by Institute
Animal Ethics Committee (IAEC) at IISER Pune and the approval number is
IISER/IAEC/2018- 02/04.

2.2.3 Synthesis of tert-butyl 3-((-4-hydroxycyclohexyl)oxy)propanoate (Compound-1):
1,4 Cyclohexane diol (35.00 g, 302.00 mmol) was dissolved in dry THF (500.00 mL) under
nitrogen. A catalytic amount of potassium t-butoxide (1.00 g, 9.00 mmol) was added to the
solution and it was refluxed for 30 minutes. It was cooled and then t-butyl acrylate (30.00 g,
241.00 mmol) in dry THF (50.00 mL) was added dropwise at 25 °C using a dropping funnel
under nitrogen and the reaction mixture was refluxed for 36 h. THF was evaporated using
rotavapor and the residue was precipitated into cold DCM. The residue was filtered and the
filtrate was concentrated to yield viscous yellow liquid as product. The product was further
purified by passing through silica column using ethyl acetate and hexane (1:5 v/v) as eluent.
Yield = 33.00 g (40%)."H NMR (400 MHz, CDCl3) & ppm: 3.65 (m, 3H, O—CH2— and
O-CH), 3.26-3.36 (m, 1H, CH-OH), 2.44 (t, 2H, —~CH2CO-), 1.97-1.82 (m, 4H, -CH>-),
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1.63—1.30 (m, 4H, -CH_-), 1.43 (s, 9H, -CH3).23C NMR (100 MHz, CDCl3) & ppm: 171.33,
80.54, 74.31, 69.57, 68.43, 64.07, 63.66, 36.85, 32.64, 30.46, 29.32, 28.15 and 27.59. FT-IR
(cm™): 3618, 2961, 1715, 1413, 1361, 1252, 1157, 1106, 957, 895, 847, 756, 686, 603 and
516. HR-MS (ESI+): m/z [M + H*] for Ci13H2404 Calculated= 245.1675 and Found =
245.0711.

2.2.4 Synthesis of t-Butyl-3-((4-oxocyclohexyl)oxy)-propanoate (Compound-2): The
above compound-1 (30.00 g, 123.00 mmol) was dissolved in dry DCM (400.00 ml) under
inert atmosphere and stirred at 25°C. Molecular sieves (4A) were added along with PCC
(53.00 g, 246.00 mmol) and the reaction mixture was stirred for 6 h. The reaction mixture
was filtered and washed with DCM and further purified by passing over silica column using
ethyl acetate and hexane (1:10 v/v) as eluent to obtain a colorless liquid product (2). Yield
= 28.00 g (98%). 'H NMR (400 MHz, CDCls) § ppm: 3.71 (m, 3H, O—CHa- and O—CH-),
2.56 (m, 2H, —-(CO)CH2>-), 2.48 (t, 2H, —CH2-), 2.23 (m, 2H, —CH2-), 2.06 (m, 2H,
—CH2-), 1.87 (m, 2H, —CH2-), 1.42 (s, 9H, —CH3).13C NMR (100 MHz, CDCl3) § ppm:
170.82, 130.94, 128.24, 80.40, 72.60, 68.50, 63.87, 57.32, 37.04, 36.85, 36.41, 30.25 and
27.89. FT-IR (cm™): 3618, 2961, 1718, 1413, 1361, 1252, 1157, 1106, 957, 895, 847, 756,
686, 603 and 516. HRMS (ESI+): m/z [M + H*] for C13H204 Calculated= 243.1518 and
Found = 243.0547.

2.2.5 Synthesis of 3-((4-oxocyclohexyl)oxy)propanoic acid (Compound-3): TFA (22.00
mL, 289.00mmol) was added to a solution of compound-2 (10.00 g, 41.00 mmol) in 25.00
mL DCM and the reaction mixture was stirred for 1 h at 25 °C. TFA and DCM were
evaporated using rotavapor and the reaction mixture was given a few washes with DCM.
The crude product was further purified by passing over silica column using ethyl acetate and
petroleum ether (2:5 v/v) as eluent to obtain a light-yellow liquid product (3). Yield = 7.30g
(98%).'H NMR (400 MHz, CDCls) § ppm: 8.79 (s, 1H, -COOH ), 3.77 (t, 2H, -O-CH>-),
3.76 (m, 1H, -O-CH-), 2.65 (s, 2H, -CH>-), 2.55 (m, 2H, —CH>-), 2.25 (m, 2H, -CH>-), 2.08
(m, 2H, —CH2-), 1.90 (m, 2H, -O-CH>-).1*C NMR(100 MHz, CDCls) & ppm: 212.26,
177.15, 73.00, 63.48, 37.04, 35.23, and 30.39. FT-IR (cm1):3445, 2949, 1703, 1418, 1348,
1247, 1186, 1104, 1065, 956, 836, 735 and 587. HRMS (ESI+): m/z [M +H*] for CoH1404
Calculated = 187.0892 and Found = 187.0970.
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2.2.6 Synthesis of 2-chloroethyl 3-((4-oxocyclohexyl)oxy)propanoate (Compound-4):
Compound 3 (6.0 g, 32.2 mmol) and 2-chloroethanol (16.0 g, 193.5 mmol) were refluxed
at 60 °C for 6 h under nitrogen atmosphere. Unreacted 2-chloroethanol is removed using
mixture of ethylacetate (50 mL) and distilled water (50 mL) and crude product is isolated in
organic layer. The procedure is repeated thrice. Further purification was done by silica
chromatography using ethyl acetate and hexane (1:20 v/v) as eluent to obtain a colorless
liquid product. Yield = 7.0g (82 %). '"H NMR (400 MHz, CDCl3) & ppm: 4.34 (t, 2H, O-
CHy), 3.79 (t, 2H, O-CHy), 3.73 (m, 1H, -CH-), 3.68 (t, 2H, CI-CH>), 2.66 (t, 2H, CO-CH>),
2.25 (m, 2H, -CH2—), 2.08 (m, 2H, —CHz-), 1.90 (m, 2H, -O-CH>—). 1*C NMR(100 MHz,
CDCI3) 6 ppm: 211.50, 171.48, 73.17, 64.28, 63.74, 41.73, 37.19, 35.37 and 30.55. FT-IR
(cm™): 3820, 3499, 2949, 2877, 1716, 1430, 1350, 1250, 1173, 1105, 1074, 1024, 960, 895,
821, 752, 666, 600, and516. HRMS (ESI+): m/z [M + Na*] forC11H17ClO4; Calculated =
271.0815 and Found = 271.0712.

2.2.7 Synthesis of 2-chloroethyl 3-((7-oxooxepan-4-yl)oxy)propanoate (Monomer-M1):
Compound 4 (5.0 g, 20.0mmol) was dissolved in 200 mL dry DCM and NaHCOs (4.2g,
50.0mmol)was added to the solution under nitrogen atmosphere at 25°C.m-CPBA (10.4 g,
60.0mmol) was added into the reaction mixture and then stirred at 25°C for 15 h. The
reaction mixture was quenched with saturated aqueous solution of NaHCO3 and Na>S20sand
the crude product was extracted in DCM and the organic layer was dried over anhyd.
Na>SOs. DCM was evaporated completely and the crude product was purified by passing
over silica column using ethyl acetate and hexane (2:5 v/v) as eluent to obtain a pale yellow
coloured liquid product. Yield = 4.5g (84%). *H NMR (400 MHz, CDCl3) & ppm: 4.41 (m,
1H, -CH-), 4.30 (t, 2H, O-CHy), 4.00 (m, 1H, -CH-), 3.66 (m, 5H,-CH-), 2.90 (m, 1H, -CH-
), 2.58 (t, 2H, CO-CHy), 2.38 (m, 1H, -CH-), 1.99-1.76 (m, 4H, -CH-). 3C NMR (100 MHz,
CDCls) 6 ppm: 178.30, 172.09, 71.66, 64.75, 60.39, 41.94, 36.13, 35.57, 30.13 and 28.78.
FT-IR (cm™): 3057, 2881, 1731, 1433, 1355, 1265, 1182, 1120, 1069, 962, 896, 729 and
562. HRMS (ESI+): m/z [M + H*] for C11H17CIOs; Calculated =265.0765and Found =
265.0850.

2.2.8 Synthesis of chlorine substituted Polycaprolactone (P10): Typical ring opening
polymerisation procedure is described for polymer P-10. In a flame dried schlenk tube,
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triethylene glycol (TEG) monomethyl ether (TEG, 31.0 mg, 0.2mmol as imitator) was taken
in dry toluene (1.0 mL) and the solution was purged under nitrogen for 15 min. Sn(Oct).
(38.0 mg, 0.1mmol, as catalyst) was added and the content was again stirred at 25 °C for 15
minutes under nitrogen purge. Monomer 3 (0.5 g, 2.0 mmol) was dissolved in 1.0 mL of dry
toluene and added to the above mixture. The polymerization setup was immersed in oil bath
at 110 °C and the reaction was continued for 48 h with constant stirring. At the end of the
polymerization, the amount of toluene was reduced to 0.5 mL using rotavapour and
viscouspolymer solution was precipitated in 50 mL diethyl ether. The isolated polymer was
re-dissolved in THF and precipitated again in diethyl ether, and purification was repeated at
least twice to obtain high purity polymer. Yield: 450 mg (90 %). H -NMR (400 MHz,
CDCl3) & ppm: 4.35 (t, 2H), 4.14 (t, 2H), 3.69 (m, 6H), 3.46 (m, 1H), 3.38 (s, 1H), 2.58 (t,
2H), 2.35 (t, 2H), 1.86-1.78 (m, 3H).*C -NMR (100 MHz, CDCls3) § ppm:173.91, 171.70,
76.10, 64.87, 61.67, 42.03, 35.59, 33.29, 30.10 and 29.28. FT-IR (cm™): 3391.56, 2951.26,
2685.41, 2496.17, 1728.88, 1643.34, 1453.24, 1356.90, 1256.62, 1174.13, 1091.27 and
659.48. A similar procedure was followed for other homopolymers with different number of

repeating units varying = 25, 50, 80 and 100.

2.2.9 Synthesis of polymer P25: TEG (13.00 mg, 0.08 mmol) and Sn(Oct). (16.00 mg, 0.04
mmol) are taken in polymerization tube along with dry toluene (1.00 mL) and kept under
nitrogen purging condition for 10 min. Chlorinated monomer 3 (0.50 g, 2.00 mmol)
dissolved in 1.00 mL dry toluene is added to the tube in dry condition and the ROP and
purification was carried out as described for polymer P10. Yield = 400.00 mg (80 %). H -
NMR (400 MHz, CDCl3) 6 ppm: 4.35 (t, 2H), 4.13 (t, 2H), 3.70 (m, 6H), 3.46 (m, 1H), 3.38
(s, 1H), 2.59 (t, 2H), 2.37 (t, 2H), 1.86-1.78 (m, 3H).*C -NMR (100 MHz, CDCls) &
ppm:173.92, 171.68, 76.09, 64.60, 61.66, 42.03, 35.59, 33.29, 30.09 and 29.28. FT-IR (cm"
1y: 3888, 3827, 2938, 1723, 1356, 1258, 1174, 1097, 1060, 966, 734, 652, 591 and 524.

2.2.10 Synthesis of polymer P50: TEG (6.50 mg, 0.04 mmol) and Sn(Oct), (8.00 mg, 0.02
mmol) are taken in schlenk tube along with dry toluene (1.00 mL) under nitrogen purge for
10 min. Monomer 3 (0.50 g, 2.00 mmol) dissolved in dry toluene (1.00 mL) is added to the
above mixture and the ROP and purification was carried out s described for polymer P10.
Yield = 350.00 mg (70 %). H -NMR (400 MHz, CDCls) § ppm: 4.34 (t, 2H), 4.12 (t, 2H),
3.69 (m, 6H), 3.46 (m, 1H), 3.37 (s, 1H), 2.58 (t, 2H), 2.36 (t, 2H), 1.86-1.78 (m, 3H).1*C -
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NMR (100 MHz, CDCls) 8 ppm: 75.55, 64.36, 61.54, 59.16, 58.71, 40.26, 37.59, 28.52 and
28.05. FT-IR (cm™): 3508, 2954, 1728, 1353, 1259, 1169, 1068, 969, 813, 733, 665, 596 and
o17.

2.2.11 Synthesis of polymer P80: In a flame dried schlenk tube, TEG (4.00 mg, 0.03 mmol)
along with dry toluene (1.00 mL) is taken. The system was nitrogen purged for 10 min.
Sn(Oct)2 (5.00 mg, 0.015 mmol) is added to the same followed by addition of monomer 3
(0.50 g, 2.00 mmol). The ROP and purification was carried out as described for polymer
P10. Yield = 350.00 mg (70 %). *H -NMR (400 MHz, CDCls) & ppm: 4.35 (t, 2H), 4.13 (t,
2H), 3.69 (m, 6H), 3.46 (m, 1H), 3.38 (s, 1H), 2.58 (t, 2H), 2.36 (t, 2H), 1.86-1.78 (m,
3H).*C -NMR (100 MHz, CDCls) & ppm:128.69, 64.40, 64.23, 64.06, 63.51, 59.15, 37.98,
29.50, 28.52 and 28.05. FT-IR (cm™): 3824, 3452, 2951, 1730, 1354, 1256, 1173, 1098, 971,
808 and 665.

2.2.12 Synthesis of polymer P100: TEG (3.00 mg, 0.02 mmol) along with dry toluene (1.00
mL) is taken in a flame dried schlenk tube. The system was nitrogen purged for 10 min.
Sn(Oct)2 (4.00 mg, 0.01 mmol) is added to the same followed by addition of monomer 3
(0.50 g, 2.00 mmol). The ROP and purification were carried out as described for polymer
P10. Yield = 300.00 mg (60 %). H -NMR (400 MHz, CDCls) § ppm: 4.35 (t, 2H), 4.13 (t,
2H), 3.69 (m, 6H), 3.46 (m, 1H), 3.38 (s, 1H), 2.58 (t, 2H), 2.36 (t, 2H), 1.85 -1.78 (m,
3H).°C -NMR (100 MHz, CDCl3) & ppm: 73.01, 69.11, 64.22, 63.25, 49.54, 38.74 and
15.32. FT-IR (cm™):3823, 2947, 1722, 1356, 1262, 1176, 1097, 1062, 964, 732, 657, 574
and 516.

2.2.13 Synthesis of triethyl amine functionalized PCL cationic polymer(CP-10):The
synthetic protocol for triethyl amine quaternized polymer is described for chlorine
substituted polymer P-10. P-10 (200.0mg, 0.8 mmol) polymer was dissolved in 1.0 mL dry
DMF in a melt tube under nitrogen atmosphere. The reaction mixture was given nitrogen
purging for 15 min. Dry triethylamine (200 mg, 2.4 mmol) was added to the reaction mixture
and then the reaction mixture was kept at 80 °C for 72 h in sealed condition. DMF was
removed and polymer was re-dissolved in THF and precipitated in diethyl ether. For further
purification, the product was dialyzed using dialysis tube (MWCO = 1000 Da) against water.
Yield: 200 mg (80 %).'"H -NMR (400 MHz, CDCls) & ppm: 4.34 (t, 2H), 4.14 (t, 2H), 3.69
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(m, 6H), 3.46 (m, 1H), 3.37 (s, 1H), 3.11 (g, 2H), 2.58 (t, 2H), 2.35 (t, 2H), 1.86-1.78 (m,
3H), 1.41 (t, 3H). *C -NMR (100 MHz, CDCls) & ppm: 173.43, 171.00, 75.44, 67.89, 66.13,
64.27, 61.11, 53.88, 45.63, 41.54, 35.19, 32.61, 29.51, 28.63 and 25.50. FT-IR (cm™):
3891.02, 3823.94, 3733.97, 3232.53, 2951.69, 2728.95, 232556, 1729.56, 1455.61,
1351.06, 1267.48, 1179.03, 1093.54, 1020.78, 967.15, 833.04, 741.87, 608.32 and 518.09.

A similar procedure was followed for other homopolymers as given below.

2.2.14 Synthesis of polymer CP25: P25 (200.00mg, 0.80 mmol) polymer was dissolved in
1.00 mL dry DMF along with dry triethyl amine (200.00 mg, 2.40 mmol) in a melt tube
under nitrogen atmosphere. Menshutkin reaction and purification is performed as described
for CP10. Yield = 190.00 mg (76 %).'H -NMR (400 MHz, CDCls) § ppm: 4.29 (t, 2H), 4.14
(t, 2H), 3.69 (m, 6H), 3.48 (m, 1H), 3.37 (s, 1H), 2.96 (q, 2H), 2.54 (t, 2H), 2.33 (t, 2H),
1.86-1.78 (m, 3H), 1.24 (t, 3H). *C -NMR (100 MHz, CDCls) & ppm: 173.97, 171.77, 75.85,
64.92, 61.01, 54.31, 46.06, 41.96, 35.61, 33.04, 30.01, 29.04, 28.39, 23.02, 14.50, 11.58 and
8.94. FT-IR (cm™): 3887, 3822, 3737, 3385, 2941, 2743, 2605, 2492, 1730, 1541, 1474,
1392, 1266, 1175, 1080, 1035, 851, 805, 738, 671, 567 and 516.

2.2.15 Synthesis of polymer CP50: P50 (200.00 mg, 0.80 mmol) polymer was dissolved in
1.00 mL dry DMF along with dry triethyl amine (200.00 mg, 2.40 mmol) in a melt tube
under nitrogen atmosphere. Menshutkin reaction and purification is performed as described
for CP10. Yield = 210.00 mg (84 %). *H -NMR (400 MHz, CDCls) & ppm: 4.29 (t, 2H), 4.14
(t, 2H), 3.69 (m, 6H), 3.48 (m, 1H), 3.37 (s, 1H), 2.96 (q, 2H), 2.54 (t, 2H), 2.33 (t, 2H),
1.86-1.78 (m, 3H), 1.24 (t, 3H). *C -NMR (100 MHz, CDCls) & ppm: 173.97, 171.77, 75.85,
64.92, 61.01, 54.31, 46.06, 41.96, 35.61, 33.04, 30.01, 29.04, 28.39, 23.02, 14.50, 11.58 and
8.94. FT-IR (cm™): 3887, 3822, 3737, 3385, 2941, 2743, 2605, 2492, 1730, 1541, 1474,
1392, 1266, 1175, 1080, 1035, 851, 805, 738, 671, 567 and 516.

2.2.16 Synthesis of polymer CP80: P80 (200.00 mg, 0.80 mmol) polymer and triethyl
amine (200.00 mg, 2.40 mmol) in dry DMF (1.00 mL) is taken and Menshutkin reaction is
performed. Detailed procedure and purification were followed as described for CP10. Yield
= 180.00 mg (72 %). *H -NMR (400 MHz, CDCls) & ppm: 4.35 (t, 2H), 4.13 (t, 2H), 3.69
(m, 6H), 3.46 (m, 1H), 3.38 (s, 1H), 2.58 (t, 2H), 2.36 (t, 2H), 1.86-1.78 (m, 3H).*C -NMR
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(100 MHz, CDCls) & ppm: 128.69, 99.82, 76.31, 64.23, 59.15, 37.98 and 28.52. FT-IR (cm’
1): 3824, 3452, 2951, 1730, 1354, 1256, 1173, 1098, 971, 808 and 665.

2.2.17 Synthesis of polymer CP100: P100 (200.00 mg, 0.80 mmol) polymer and triethyl
amine (200.00 mg, 2.40 mmol) are taken in dry DMF (1.00 mL) and Menshutkin reaction is
performed. Detailed procedure and purification is described for CP10. Yield = 175.00 mg
(70 %). *H -NMR (400 MHz, CDCls) & ppm: 4.35 (t, 2H), 4.13 (t, 2H), 3.69 (m, 6H), 3.46
(m, 1H), 3.38 (s, 1H), 2.58 (t, 2H), 2.36 (t, 2H), 1.86-1.78 (m, 3H).*C -NMR (100 MHz,
CDCls) & ppm: 143.66, 104.98, 103.13, 76.36, 69.11, 63.25 and 49.54. FT-IR (cm™):3823,
2947, 1722, 1356, 1262, 1176, 1097, 1062, 964, 732, 657, 574 and 516.

2.2.18 Dye Encapsulation in the cationic polymer scaffolds: A detailed procedure of 8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), an anionic dye loading is
provided here. 5.0 mg of the polymer along with 0.5 mg of the dye were dissolved in 2.5 mL
HPLC grade DMSO. To this mixture, Milli-Q water (12.5 mL) was added dropwise under
constant stirring at 25 °C. The solution was kept to stir for 4 h at room temperature. The
solution was transferred to the dialysis bag (MWCO = 1000 Da) and dialyzed against water
for 48 h. The water was replenished with fresh milli-Q water frequently to ensure the
complete removal of DMSO and unencapsulated dye. The drug loading efficiency (DLE)
and drug loading content (DLC) were determined by UV-Visible spectroscopy using the
following equations:

DLE (%) = {weight of drug incorporated in nanoparticle/weight of drug in feed} X 100%
DLC (%) = {weight of drug in incorporated in nanoparticle/weight of drug-loaded
nanoparticles}X 100%

2.2.19 In vitro Enzymatic Biodegradation of HPTS encapsulated Cationic Polymeric
Nanoparticle: (a)DLS is used to evaluate the rate of biodegradation of functionalized PCL
based micelles. PCL being aliphatic polyester gets degraded in the presence of lipase
enzyme. The degradation degree was evaluated by shift in size parameter of the micellar
assemblies to micrometer range. This shift is corresponding to disruption in self-assembly
due to chain degradation. 1 mg of lipase was incubated along with 10° pg/ml concentration
of CP10+HPTS polymer in 2 mL milli-Q water at 37 °C. One control sample was also taken
without the lipase enzyme. The change in diameter of nanoparticle was monitored with

respect to incubation time. (b) Fluorescence Spectrophotometer is used to monitor the
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increase in PL Intensity as dye is leached out of the self-assembled nanoparticle in the
presence of esterase and lipase enzyme. 10° pg/mL Polymer nanoparticle solution in PBS
(for esterase) and milli-Q water (for lipase) is taken in a vial at pH 7.4 along with the
concerned enzyme and steady state florescence spectra is recorded at HPTS emission
intensity at 520 nm at various incubation time at 37 °C.Control vials in the absence of
enzyme are also prepared and emission spectra of leached dye are recorded at 37 °C at pH
7.4.

Relative Release (%) = {PL Intensity for 100 % dye leaching/ PL Intensity for dye leaching
at time ‘t’}X 100

2.2.20 Cell Viability Assay (MTT Assay): The biocompatibility of cationic polymers is
determined by MTT assay on wild type mouse embryonic fibroblast (WT-MEF) cell lines.**
In an atypical experiment, a fixed number of cells (10%) were seeded in a 96-well plate
(Eppendorf) in 100 uL DMEM, supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin-Streptomycin for a period of 16 h at 37 °C in a humidified 5% CO3-containing
atmosphere. After successful adhesion of the cells at the bottom of the wells, the media was
aspirated and freshly prepared solution of various polymer concentrations (0.01, 0.1, 1 and
10 pg/mL) in media were added to each well and this was done in triplicates corresponding
to each concentration along with the control wells (without polymer) and incubated for
another 72 h. Post-incubation, the media was aspirated and 100 pL freshly prepared solution
of MTT reagent (500 png/mL) in sterile DMEMwas added to each of the wells and incubated
for another 4 h. The formation of purple formazan crystals was observed due to the reduction
of MTT reagent by the mitochondrial dehydrogenase enzyme present in viable cellswhich
were further dissolved by replacing the media with 100 pL fresh DMSO. Their absorbance
was measured using the microplate reader at 570 nm (Varioskan Flash). The relative number
of viable cells per plate was determined by correlating the O.D. observed for each polymeric

concentration to the control wells absorbance considering it to be 100 percent.

2.2.21 Mice Blood Sample Collection and Hemolysis Assay: 0.8 mL blood was collected
from orbital sinus of 7 weeks old, male C57B1/6 mice by retro-orbital blood collection
technique. Required animal has been approved from animal ethics committee. The
biocompatibility of the newly designed polymers in blood RBCs was determined by

measuring their hemolytic activity. It was assessed by monitoring the amount of hemoglobin
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released by mice erythrocytes. Freshly withdrawn blood was collected in K3-EDTA
collection tubes and centrifuged at 8000 rpm for 10 min at room temperature to separate
blood plasma from the RBCs. It was washed thrice with PBS buffer and supernatant was
carefully removed. The RBCs were finally diluted to the concentration of 5% (v/v) in PBS
buffer. 100 pL of the above RBC concentration was added in a 96-well plate (Eppendorf).
100puL of freshly prepared polymer concentrations (100 pg/mL to 10 pg/mL) in PBS were
added to various wells of the 96-well plate. Negative (only PBS) and positive (DI water)
controls were also incubated to determine the relative hemoglobin release. All
concentrations were monitored in triplicates. The plate was then incubated for 1 h at 37 °C.
The plate was centrifuged at 1400 rpm for 10 min. 100 pL of the supernatant was transferred
to a new 96-well plate and absorbance was measured at 576 nm. Percentage of viable

erythrocytes was determined by using the formula:

Hemolysis (%)={ODs76nm in polymer solution- ODs7enm in PBS}/{ODs7enm in DI water-
ODs76nm in PBS}]X100

Selectivity Index = HCso/MICso, where HCsoand MICspare corresponding to concentrations
of cationic polymer required to cause 50 % hemolysis of RBCs by hemolysis assay and 50

% bacterial growth inhibition, respectively.

2.2.22 Critical Micellar Concentration (CMC): CMC is defined as the lowest
concentration of the polymer required to form a stable self-assembled structure. It was
determined by using pyrene as a fluoro-probe!#’. Pyrene (0.12 pg/mL, 0.6 uM) solution was
made in HPLC grade acetone and then acetone was evaporated at 60 °C, to get pyrene coated
glass vials which were then incubated with different concentrations of polymeric system
(500 pug/mL to 1E-2 pug/mL). The concentrations were sonicated for 4 h to allow pyrene to
get inside the nano-assemblies. The solutions were incubated at room temperature overnight.
Fluorescence reading of the solutions were taken along with nitrogen purging at excitation
maxima 337 nm to remove any dissolved oxygen from the solution system. Inert gas purging
reduces the chances of collisional deexcitation of fluorophore’s excited state by molecular
oxygen. Pyrene shows different behavior in different molecular environment which is
reflected in the vibronic levels of the emission spectra. A steep change in the ratio of its first

and third vibrational intensities (11/13) signifies the microenvironment around the probe.
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2.2.23 Minimum Inhibitory Concentration (MIC): Minimum inhibitory Concentration is
defined as the minimum concentration of the polymer required at which the observable
growth of the bacteria is inhibited. It was determined by colony suspension assay. In the
literature, two different methods have been reported for the determination of MIC, the colony
suspension method and the broth microdilution method. These methods were employed for
determination of MIC*,

2.2.24 Colony Suspension Method: Polymer stock solutions were prepared in water. The
stock solutions were serially diluted 10-fold by distilled water E. coli cells were streaked
from a glycerol stock maintained at -80 °C and plated onto a LB agar plate followed by an
overnight incubation at 37 °C. The next day, 2-3 colonies were picked and the turbidity of
the culture was maintained as 0.5 McFarland Standard which is equivalent to 0.08-0.1 OD
at 600 nm.*® The bacterial culture was then diluted to O.Dgoo nm = 0.005 with LB broth
corresponding to ~ 10°Cfu/mL. 100 pl of this bacterial suspension was incubated along with
100 pl of polymeric stock solutions leading to final concentration of bacterial cells to be
5X10°Cfu/mL. After 18 h incubation at 37 °C, the MICg value is determined to be the lowest

concentration at which killing was observed.

2.2.25 Growth (broth microdilution) Method: According to this method, the initial O.Dsoo
was maintained to be 0.7 O.D i.e., bacterial cells have just entered the stationary phase.'®® A
single bacterial colony was incubated in 5 mL LB Broth for 12 h at 37 °C. The next day, the
cells were pelleted down and resuspended in LB to an O.Deoo ~0.7. This stock solution of
bacteria was incubated with different polymeric concentrations and incubated for 18 h at 37
°C. The minimum concentration that would lead to 90% retardation in bacterial growth was

determined.

2.2.26 FE-SEM study for Antibacterial Mechanism: E. coli bacterial suspension (100 pL)
was cultured to mid-logarithmic phase (10° CFU/mL) and then incubated with CP10
polymer (100 uL, 2pug/mL) for 6 h. post-incubation, bacterial suspension was washed with
sterile Phosphate buffer (X 3) and dehydrated with graded ethanol series. 2.5%
formaldehyde solution was used to fix the morphology and subsequently dropcasted on the
silicon wafer which was then dried in heating oven at 37 °C for 24 h. The dehydrated sample
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was gold-coated for 2 min at 20 mA for imaging under high vacuum using a Zeiss Ultra Plus

scanning electron microscope.

2.2.27 TEM study for Antibacterial Mechanism: Bacterial solution (0.1mL, 10°cells) was
incubated with CP10 (0.1mL, 2 pg/mL) polymer at its lethal concentration in an inoculation
shaker at 37°C with continuous shaking. After 6 h solution was taken and centrifuged at 8000
rpm for 10 minutes, and supernatant was removed. Then the bacterial morphology fixation
was done with Phosphate buffer (pH 7.0, 0.5mL) containing 2.5% glutaraldehyde and
incubated overnight at 4°C. The samples were washed three times in PBS buffer (X2) and
followed by dehydration with graded ethanol series. The sample (0.02mL) was spread on
400-mesh copper grids and dried. TEM images of the bacterial suspension were obtained
using the Jeol JEM2200FS 200 KeV systems instrument with an acceleration voltage of 200
keV.

2.2.28 Determination of membrane action of cationic polymer using Zeta Potential:

10® ug/mL solution of CP10 and CP10+HPTS polymer is prepared in PBS containing 45.7
mM NaCl, 0.9 mM KClI, 3.3 mM Na;HPO4 and 0.6 mM KH2PO4 at pH 7.4. E. coli (ODeoo
nm= 0.8) is taken in the above-mentioned polymeric solution. Time-dependent zeta potential
is measured at 37 °C for 6 h. For the authenticity of the experiment, two controls are kept (a)
E. coli bacterial suspension in PBS (b) CP10 polymer and time dependent zeta potential is

determined.

2.2.29 Confocal microscopy experiments-Double Staining of Bacterial Cells: DAPI
(4’,6-diamidino-2-phenylindole dihydrochloride) is a cell permeable dye that stains dead and
living bacterial”® and PI (Propidium iodide) is a cell impermeable dye that stains dead
bacteria with damaged membranes and these were used in the assay. Bacterial cell
suspension (108Cfu/mL) was incubated with CP10, CP50 and CP100 polymeric samples at
10 X MIC concentration. After 8 h incubation, 200 pL of the cell suspension was taken,
centrifuged and PBS (X 2) wash was given. PI (5 uL, 56 pg/mL in PBS) was added and left
in dark for 15 min. Excess unbound dye was removed by giving PBS (X 2) wash. Then the
bacterial suspension was washed with DAPI (5 pL, 10 pg/mL in water) and again incubated

for 15 min in dark, followed by PBS (X 2) washes. The bacterial suspension was then

55



Chapter 2

examined under oil-immersion objective (100 X) by using Leica SP8 optical microscope

employing A405 nm(blue channel) and A 561 nm (red channel) lasers.

2.2.30 Confocal Microscopy of HPTS loaded Polymer:100 pL CP10+HPTS polymeric
nanoparticle (1 X 10~ pg/mL) and 100 pL Free HPTS(8 X 107 pug/mL) are incubated with
E. coli (ODsoonm = 0.8)in three biological replicates for 8 h at 37 °C. After that, the samples
are washed with PBS (X 2). They are stained by Pl (5 pL, 56 pg/mL in PBS) and kept at
dark for 15 min. To remove excess dye, washed with PBS (X 2). The samples are examined
under oil-immersion objective (100 X) by using Leica SP8 optical microscope employing
A405 nm(blue channel) and A 561 nm (red channel) lasers. In order to quantify the intensities
their corrected total cell fluorescence (CTCF) was determined according to the following
equation:

CTCF = Integrated Density- (Area of selected cell X Mean Fluorescence of background
readings)

CTCF value is calculated by selecting fifteen regions of interest in similar looking bacterial

cells and in the background and calculating their mean and standard deviation.

2.2.31 Time-dependent confocal Imaging of HPTS loaded CP10 polymer: For this
experiment, HPTS loaded polymer (10 X MIC) was incubated with bacterial cell suspension
(0.1 ODeoo nm, 108cfu/mL) at 37 °C. At specified time intervals suspension is taken and
washed with PBS (X 2) and stained with PI (5 pL, 56 pg/mL in PBS) and kept in dark for
15 min. The bacterial suspension was streaked in a glass slide using a loop and heat fixed.
Two sequential emission ranges, 440-540 nm for HPTS (encapsulated in the polymeric
system) and 567-707 nm for Pl (externally stained) were fixed to collect individual emission
coming from the two different fluorescent dyes and observed under oil-immersion objective
(100 X) by using Leica SP8 optical microscope employing A 405 nm (HPTS Excitation) and
A 561 nm (PI Excitation) lasers.

To calculate Pl Intensity/ Total Intensity, three consecutive images were taken at a
particular timepoint and integrated intensity for the complete image is calculated subtracting
the background.

PI Intensity = Mean Intensities of three consecutive images at same time point obtained by

excitation at A 561 nm laser.
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Total Intensity = Mean Intensity of three different images at same time point obtained at

excitation source A 405 nm.

2.2.32 Flow Cytometry: The cellular uptake of HPTS was determined through flow
cytometry analysis of free HPTS and CP10+HPTS polymeric nanoparticles. 1 X 108 E.coli
cells were incubated with free HPTS and CP10+HPTS nanoparticle for 4h at 37 ° C. After
the incubation, the cells were washed with PBS (X 2) and resuspended in 500 uL of PBS.
Flow Cytometry analyses was carried out using BD LSR Fortessa SORP cell analyzer.

Excitation source of 405 nm was used with a band pass filter of 525+25 nm.

2.3 Result and Discussion

2.3.1 Synthesis of Amphiphilic Cationic Polycaprolactones

%\[(Oj< \/\m
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0 H* / CH,Cl,
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Scheme 2.2: Synthesis of chlorine substituted monomer. PCC is a short form of pyridinium
chlorochromate [CsHsNH]* [CrO3CI] and m-CPBA is m-chloroperbenzoic acid [CICsH4CO3H].

The multi-step synthesis for chlorine substituted caprolactone monomer (Monomer
M1) involves the utilization of commercially available 1,4-cyclohexanediol which
undergoes Michael addition reaction to yield tert-butyl 3-((4-
hydroxycyclohexyl)oxy)propanoate (Compound 1). The oxidation of aliphatic alcohol in
compound 1 with PCC in dry DCM for 12 h vyielded tert-butyl 3-((4-
oxocyclohexyl)oxy)propanoate (compound 2) as shown in Scheme 2.2. The de-protection of
compound 2 to develop -carboxylic substituted cyclohexanone derivative 3-((4-
oxocyclohexyl)oxy)propanoic acid (compound 3). It was subjected to reaction with 2-
chloroethanol to yield 2-chloroethyl 3-((4-oxocyclohexyl)oxy)propanoate (compound 4)
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which was ultimately oxidized by baeyer villiger oxidation using m-CPBA in presence of

base yielded chlorine substituted e-caprolactone monomer (Monomer M1).
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Scheme 2.3. Synthesis of chlorine substituted polymer and triethyl amine functionalized cationic
polymer. (i) TEG, Sn(OCsHi7)2, Toluene, 110 °C.
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Figure 2.3. 'H- NMR spectra of (a) chlorine substituted polymer (p10) and (b) triethylamine
quaternized polymer (CP10) in CDCI3
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Figure 2.4. *H- NMR spectra of (a) monomer 3, (b) P25, (c) P50, (d) P80, (¢) P100 in CDCls.
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Figure 2.5. Plot of [M] / [lo] in the feed versus the degree of polymerization (n) determined from
'H-NMR for various polymeric repeating units.
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Ring opening polymerization (ROP) of monomer M1 was carried out in dry toluene
using triethyleneglycol monomethyl ether (TEG) and Tin (Il) 2-ethylhexanoate (Sn(Oct).)
as initiator and catalyst, respectively (see Scheme 2.3). The 1H-NMR spectra of P-10 is
shown in Figure 2.3a. The degree of polymerization (n) in the ROP synthesized polymer was
estimated by comparing —OCHgs protons of the TEG initiator at 3.38 ppm (proton b) to that
of polymer peak —COCHj> at 2.35 ppm (proton a) in Figure 2.3a. The [Mo]/[lo] ratios were
taken as 10, 25, 50, 80, 100 in the feed for varying the molecular weight of the PCL chains.
'H-NMR spectra of monomer M1 along with various chlorine-substituted PCL polymers are
shown in Figure 2.4. The -COCH,CHz.protons in the g-caprolactone ring appeared at 2.90
and 2.38 ppm being diastereotopic protons which upon polymerization appeared together at
2.35 ppm in the polymer spectrum (see Figure 2.4). The degree of polymerization was
obtained as 10, 24, 52, 82, and 99 for the [Mo]/[lo] in the feed 10, 25, 50, 80 and 100,
respectively The plot of [Mo] / [lo] in the feed versus the degree of polymerization (n)
exhibited a linear trend with slope of ~ 1.0 (see Figure 2.5) confirming very good control
over the molecular weight of PCL polymers in the ROP process. The post polymerization
functionalization of chlorine-substituted PCL into triethylamine quaternary ammonium salt
was confirmed in Figure 2.3b. The chlorine substituted PCLs (referred as Pn) were reacted
with triethylamine in DMF to produce quaternary ammonium salt of cationic PCL (referred
as CPn), where n is the number of repeating units. The appearance of two new peaks at 3.11
ppm and 1.41 ppm in the polymer spectrum are assigned with respect to -NCH>CHz(proton
c¢) and -NCH2CHjs(proton d). Further, the comparison of the integration of peaks in polymer
main chain (proton a) to that of a new peak (proton c¢) showed 1:1 ratio with respect to the
expected chemical structure and confirmed the formation of the triethylamine quaternary
ammonium salt of the PCL polymers. *C-NMR (see Figure 2.6) of the cationic polymer
CP10 showed appearance of new peaks at 45.0 ppm and 8.7 ppm with respect to carbon
atoms in -NCH2CHs and -NCH>CHs; compared to its parent polymer P10. The *H-NMR

spectra for other cationic polymers are shown in Figure 2.7.
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Figure 2.6. ®*C-NMR spectra of (a) P10 and (b) CP10 in CDCls. The peaks are assigned by alphabets.

k
o) J’(
. O/q\i)l\o,i\g,rgﬁ\
i oy
ot L
& P00 SO | k
f b dlh e a ¢
(c)
CP80
F VLN '.A.—_A
(b)
— CP50
(a)
CP25
&6 5 4 3 2

Chemical Shift (ppm)

Figure 2.7. *H- NMR spectra of (a) CP25, (b) CP50, (c) CP80, (d) CP100 in CDCls. The peaks are
assigned by alphabets.

61



Chapter 2

The molecular weights of the chlorinated PCL polymers were determined by gel
permeation chromatography using polystyrene as the standard in THF solvent(see Figure
2.8). All the polymers showed monomodal distribution and the GPC molecular weights M,
Mw, and polydispersity are shown in the table in Table 2.1. The My of the polymers
determined by GPC showed large deviation from NMR which is attributed to the
underestimation of the molecular weights by GPC (due to the limitation in usage of
polystyrene standards for calibration). The PDI of the polymers were found to be < 1.8 which
is slightly higher for the substituted PCL polymers compared to PCL as observed in our

earlier reports.*®

—
N

Solvent

=
o
1

o
~
1

Normalised Intensity

o
o
|

16 18 20 22
Retention Time (min)

Figure 2.8: GPC plots of chlorinated PCL polymers P10, P25, P50, P80, P100 in THF.

Table 2.1. Table containing the degree of polymerization (n) estimated by *H-NMR, GPC molecular
weights and the thermal properties of the polymers.

Table containing the molecular weights and properties of the polymers

Polymer (glm:ﬂ)ﬂ (g.’rn::rtlal)b (glmgl)b (M./M,) (02; c (J:Ei d
P-10 3100 2800 5000 18 132 -27.55
P-25 6300 3600 5000 14 150 -37.72
P-50 12100 4300 7800 18 156  -37.74
P-80 20600 5700 10800 1.9 160 -29.92
P-100 25900 7200 13100 18 250 -27.33

aMolecular weights are determined by 'H NMR. ®PMolecular weights and PDI
are determined by GPC using PS standard in THF at 25 °C. cDetermined by
TGA at 10 °/min heating rate under N,. 9Determined by DSC at 10 °/min
heating rate under N,.
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MALDI-TOF MS spectrum of chlorine substituted polymer P-10 is given in the
Figure 2.9. The spectra showed mass peaks corresponding upto 5 units having mass with
respect to Pn+164+39, where P represents the repeating unit mass and 164 is attributed to the
end group mass. Unlike PCL chains, it was very difficult to detect high molecular weight of
polymer chains in MALDI spectrum for substituted PCL. This may be partially associated
with the slightly large polydispesity of the substituted PCL which hampred both desoprtion
and TOF process duirng the sample analysis. Thermal stability of the newly designed
chlorine substituted PCL polymers and cationic polymers were determined using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) under
nitrogen at 10 °C/min (see Figure 2.10). The polymers were found to be stable up to 250 °C.
DSC thermograms of the polymers showed only glass transition temperature (Tg) in the

range of -37 to -27 °C with respect to their highly amorphous nature (see Table 2.1).
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Figure 2.9. MALDI-TOF mass spectra of the P10 polymer in CHCA matrix with 2:1 composition
of polymer and matrix
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Figure 2.10. Thermogravimetric analysis of (a) P50, P80, P100 and (b) CP50, CP80, CP100 at 10
9min heating rate under nitrogen. (c) DSC thermograms of P-n polymer at 10 °C/min in the cooling
cycle under nitrogen. (d) DSC thermograms of CP-n polymer at 10 °C/min in the cooling cycle under
nitrogen.

2.3.2 Self-assembly of Cationic PCL

The newly designed cationic PCL structure has hydrophobic backbone and
hydrophilic quaternary ammonium salt as pendant group in each repeating unit; thus, the
structure possessed appropriate amphiphilicity to self-assemble in aqueous medium as
shown in Figure 2.11a. It is also important to mention that the chlorine-substituted PCL
polymer was completely insoluble in water due to the lack of the hydrophilic component in
the polymer. For self-assembly studies, the cationic polymer (up to 5 X 10° pg/mL) was
dissolved in water at 55 °C and subjected to sonication for 10 minutes at 25 °C to obtain

clear solution.
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Figure 2.11. (a) Self-assembly of cationic PCL polymer in aqueous medium into spherical
nanoparticles. (b) Dynamic light scattering histograms of CP10. (c) Zeta potential plot of CP10.

The size of the polymer nano-assemblies was determined by dynamic light scattering
(DLS) and the histogram for CP10 is shown in Figure 2.11b.The cationic polymer CP10
showed the existence of particle sizes of 16.2+ 0.2 nm with narrow distribution having
polydispersity< 0.1. Further, the sizes of the nano-aggregates were found to be almost similar
irrespective of the molecular weight or chain length of the cationic polymers. DLS typically
gives hydrodynamic diameter of the nano-aggregates (Dn) from which the hydrodynamic
radius could be readily determined (Rn = Dn/2). The nanoparticles showed Zeta potential
values as +44.6mV (see Figure 2.11c) with respect to good cationic polymer nanoparticles.
To visualize the size and shape of the cationic PCL nano-assemblies, the sample CP10 was
subjected to electron microscope (FE-SEM and HR-TEM) analysis (see Figure 2.12a and
2.12b). FE-SEM showed the existence of large number of tiny spherical nanoparticles of

average sizes of 8.8 +£ 0.1 nm (as shown in the histogram).

(a) FE SEM Image (b) HR TEM Image
T
° Diamgter (nn:)sﬁ ° Diamseter (nnl?ﬂ

ae v’y

200 nm

Figure 2.12. (a) FE-SEM image of CP10 polymer nanoparticles. (b) HR-TEM image of CP10
nanoparticles.
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HR-TEM image showed the average size of the nanoparticles as 6.2 = 0.1 nm and the
existence of nanoparticles having sizes as small as 5 nm (see the expanded image in Figure
2.12b). The size of the nanoparticles observed in the solution aggregates (DLS data) and the
HR-TEM images were comparable which suggested that the cationic nanoparticles indeed
existed as stable nanoparticles in aqueous solution. Further, DLS size and zeta potential of
the cationic PCL polymers did not show much change despite ten order magnitude difference
in the molecular weights between the entire range of CP10 and CP100 (see Table 2.2). The
chlorine substituted and its corresponding cationic polymers were subjected to water contact
angles (WCA) measurements to study their amphiphilicity(see Figure 2.13). It was observed
that for PCL based chlorinated polymers, the water contact angle measurement had come in
the range of 85 ° to 93 ° while in case of quaternized polymers WCA fell in the range of 29
°to 47 ° (see Table 2.2). This difference in the interaction of water droplet to polymeric
samples in cationic and chlorine PCL samples could be accounted by the hydrophilic and
hydrophobic nature of the polymers, respectively.

Table 2.2. Table contains the DLS size, Zeta potential, CMC (Critical Micellar
Concentration)and WCA (Water Contact Angle) of the polymer nanoparticles. DLS and Zeta

potential are recorded for 100 xg/mL concentration of polymer in water and electron
microscope imaging are done for 100 xg/mL solutions.

Table containing Properties of cationic polymer

Polymer DLS Size Zeta Potential CMC WCA
(nm)? (mV)P (g/mL)e (°)¢

CP10 16.2+0..2 44.6 5X107

CP25 147+ 4.2 49.8 4X107 38
CP50 23+ 11 40.6 4X107 39
CP80 9.75+0.75 39.5 1X107 29
CP100 171+ 6.6 41.3 1X10€ 31

aSize determined by dynamic light scattering at 37 ©°C using
polystyrene cuvette. "Surface charge determined at 37 °C using
Zetasizer cuvettes with folded capillary and in-build electrodes. °<CMC
determined using pyrene (0.6 uM) as probe. dWater Contact Angle
measured by placing a water droplet on thin layer of polymer film
made on a cover slip

66



Chapter 2

(@)  p-10 P-25 P-50 P-80 P-100

d
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47° 38° 3 29° 31°

Figure 2.13: Water Contact Angle of (a) P10, P25, P50, P80 and P100 (b) CP10, CP25, CP50,
CP80 and CP100 measured by placing a water droplet on thin layer of polymer film made on a
cover slip.

The critical aggregation concentration (CAC) of the cationic PCL was determined
using pyrene as probe. A 0.6 UM concentration of pyrene was incubated with various
concentrations of the polymer ranging from 10~ to 10 ug/mL in water.**” Emission spectra
of pyrene was recorded by excitation at 337 nm. The ratio of 11 and I3 could be interpreted
as the location of pyrene i.e., hydrophobic (inside polymeric micelle) or hydrophilic
(unloaded in water)compartment. For that purpose, 11/l3 peak intensities of pyrene were
plotted against the concentration of polymer solution(see Figure 2.14) and the break points
in these plots gave the CAC values of the polymers that are summarized in Table 2.2. The
CAC of the polymers was obtained in the range of 10 to 10~ pg/mL concentration range
irrespective of the molecular weights of the cationic polymers. All the above studies are
pointing out that the self-assembly of the cationic PCL polymers are predominately driven
by its amphiphilic structure and the molecular weights (CP10 to CP100) seems to be

relatively less influential.
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Figure 2.14: Emission spectra of pyrene at various concentrations to determine Critical Aggregation
Concentration (CAC) of (a) CP10, (b) CP25, (c) CP50 and (d) CP100 using pyrene as a probe in
water. Plot of Ii/ls peak versus logarithmic concentration of polymer is inset within respective

emission plots.

2.3.3. Antibacterial Activity and Mechanism

The cationic PCL nanoparticles were tested for antibacterial activity using gram

negative bacterium E. coli using two independent methods namely, the colony suspension

method and the growth (or broth microdilution) method.'®These two methods are

schematically shown in Figure 2.15 and the experimental procedures were optimized against

E. coli using the antibiotic ampicillin exhibiting MIC in the range of 16 pug/mL. In the colony

suspension method, the cationic PCL was administrated at the initial stage of the log phase

(10° CFU/mI) and the bacterial viability was continuously monitored by recording the
turbidity at 600 nm for 18 hours. Antibacterial activity (OD at 600 nm) of polymer CP10 at

various polymer concentrations ranging from 1x10° ug/mL to 1x102 pg/mL are shown in

Figure 2.16a. The positive control (without any polymer) showed a continuous increase in

the turbidity of the culture with an increase in the incubation time whereas the negative

control (with ampicillin) showed more than 99 % inhibition in the E. coli growth.
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MIC Determination in E Coli Bacteria
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Reference: Wiegand, L; Hilpert, K.; Hancock, R. E. W. Agar and broth dilution methods to determine the minimal
inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163.

Figure 2.15: Schematic representation showing a bacterial growth curve and the two methods (A)
Colony Suspension method and (B) Growth method based on the initial bacterial density to determine
the minimum inhibitory concentration (MIC) for E. coli.
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Figure 2.16. (a) Growth inhibition of E. coli using colony suspension method, showing the growth
of the E. coli culture monitored at 600 nm over a period of 18 h without polymer (positive control),
in the presence of Ampicillin (negative control), and at various concentration of CP10. (b)Plot of
percentage bacterial viability versus the concentration of CP10 polymer. (c)Bactericidal activity of
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the polymer against E. coli using broth microdilution method, the turbidity of the E. coli culture
monitored at600 nm over a period of 18 h without polymer (positive control) and at various
concentration of CP10.

Interestingly, the CP10 polymer showed concentration dependent inhibition of the E.
coli growth, with very low polymer concentration (10° to 107 ug/mL) not showing any
growth inhibition, while with an increase in the polymer concentration (>10° pg/mL), a
significant reduction in the turbidity of the culture was observed corresponding to the
suppression of the E. coli growth in the broth. To further stress the bacteriostatic property of
the polymer, the rate of exponential growth (k) and the generation time (tgen) Of the bacterial
culture was determined.'®* %2During exponential growth of a bacterial culture, the rate of
growth is the number of generations of bacteria produced per hour and the generation time
is the time taken by bacteria to double the growth. It was observed that for the control, growth
rate (k) was 2.23 gen/h and generation time (tgen) Was 27 min/gen as reported earlier.'®® At
very low polymer concentration (1x10°° ug/mL), k and generation time (2.46 gen/h and 24
min/gen respectively) were almost identical to that of the positive control. Interestingly at
higher polymer concentration (1x10° ug/mL), k and generation time were obtained as 0.61
gen/h and 97.68 min/gen, respectively. It clearly specifies that the growth rate of E. coli was
highly reduced in the presence of cationic polymer CP10 and the time taken by the bacterium
to double itself was increased by 70 min. To determine the MIC at 90 % inhibition of the E.
coli growth (MICg), the bacterial viability [(ODpolymer/ODcontro1)X 100] was plotted for each
polymer concentration as shown in Figure 2.16b. From the on-set of the break-point, the
MICqgo for the CP10 polymer was estimated to be 10° ug/mL. The antibacterial activity of
the cationic polymers was also tested by broth microdilution method. An overnight culture
of E. coli grown in LB broth (ODsoo nm = 0.8, 108 CFU/mL) at the late log phase was
incubated with cationic PCL polymer for 18 h. The polymer concentration was chosen to be
10-100 folds higher than the MICgo observed in the colony suspension method to compensate
for the presence of large number of E. coli cells in the broth. A positive control with E. coli
grown in the absence of polymer showed no significant changes in growth as shown in
Figure 2.16c¢ indicating that the cells were stable and viable in the stationary phase under the
experimental conditions. However, upon exposure to the polymer, a significant reduction in
the bacterial density was observed over time and the bacterial viability was < 2 % post 18
hours of incubation. A comparative antibacterial activity of three different molecular weight

cationic polymers (CP10, CP50 and CP100) in the colony suspension assay is shown in
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Figure 2.16d. The MICq value for all the three polymers falls in the range of 10° ug/mL.
The closer observation of the data in Figure 2.16d revealed that the higher molecular weight
polymer chains in CP50 and CP100 could accomplish a larger inhibition of the growth of E.
coli with bacterial viability < 2 % compared to that of the shorter chains (CP10, ~ 10 %
viability).

(a) FE SEM Image of E. Coli (b) HR TEM Image of E. Coli
Control After Treatment Control After Treatment

ENMembrane
Disruption

Figure 2.17. a) FE-SEM images of E. coli before and after treatment with cationic PCL polymer
CP10. (b) HR-TEM images of E. coli before and after treatment with cationic PCL polymer CP10.
For sample preparation, CP10 polymer (2 xg/mL) was incubated with E. coli bacteria for 6 h before
dehydration with graded ethanol series and fixation with 2.5 % (w/v) formaldehyde solution.

To study the mechanism of action of polymeric nanoparticles on E. coli, the cells
were subjected to morphological analysis by electron microscopy. E. coli (107-108 cells)
were incubated with CP10 polymer for 6 h and their images were captured before and after
exposure to the polymer. Field emission scanning electron microscope (FE-SEM) image of
the control cells of E. coli showed its rod-like shape with intact membranes in Figure 2.17a.
After the treatment with the polymer CP10, the cell membrane was observed to be ruptured
followed by the interaction between the polymer and the E. coli cell membrane. In order to
further understand the mechanism of action at a higher resolution, high resolution
transmission electron microscope (HR-TEM) images for the E. coli before and after
exposure to CP10 polymer were also captured as shown in Figure 2.17b. It was clearly
observed that the action of polymer leads to leakage of the contents of bacterial cell with a
completely compromised membrane. The electron microscope images are evidence of the
E. coli membrane disruption by the cationic PCL polymers and its bactericidal action. Hence,
it may be concluded that the newly designed cationic PCL polymer is very efficient in
inhibiting growth of the gram-negative bacterium. coli through membrane disruptive
pathways as typically expected for cationic polymer systems. The molecular weights of the
polymers seem to have relatively less influential on the overall antibacterial activity.
Interestingly, the MICgo data revealed that the PCL cationic polymers are capable of not just

71



Chapter 2

inhibiting the bacterial growth, but also to kill the cells. Thus, these cationic polymers may

be very useful with wide ranges of application in both material science and biomedical field.

2.3.4 Hemolysis, Cytotoxicity and Selectivity Index

Under physiological conditions, the cationic polymers encounter direct interaction
with three important biological species as shown in Figure 1: (i) electrostatic interaction with
anionic bacterial membranes,(ii) hemolysis of red blood cells (RBC) in bloodstream, and
(iii) adhesion to healthy tissues and cells. Though a significant difference exists in the
negative potential of the bacterial membranes, RBCs, and mammalian cell membranes; they
have definitively high affinity towards the cationic polymers via electrostatic interactions.
Therefore, it is essential to test the exclusive affinity of the newly designed cationic PCL
polymers towards bacterial membranes compared to RBCs and healthy cells. To visualize
the effect of cationic polymer on the bactericidal activity double-staining method was

employed using DAPI and Propidium lodide (PI) dyes.

DAP! Propidium lodide
(a) Jex=405nm  2g = 561 nm Laser
DIC Agm = 440-5640nm  2gq = 570-630nm Merge

(b) Pl Intensity
500 — *kkk

Oo

Mean CTCF

ControlCP10 CP&0 CP100

Figure 2.18.(a) Confocal microscope images in E. coli cells control (first column) and incubated
with cationic PCL nanoparticle CP10, CP50, CP100 (100 pg/mL, (second column)). The cells were
stained by DAPI (blue) and P1 (red) [Incubation time = 8 h], ([E. coli] = 108 CFU). (b) Plot of Mean
CTCEF calculation for PI Intensity of Control and CP10, CP50 and CP100 polymers. (**** P <
0.0001) Each point represents mean + SEM (n = 8).
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DAPI is known to stain all bacterial cells irrespective of their viability while PI being
a cell-impermeable dye, only stains the nucleic acid of membrane compromised cells.'”
Bacterial cells (1x108) were incubated with CP10 at 10> ug/mL polymer concentration for 8
h. In confocal microscope, the bacterial cells were excited with 405 nm and 561 nm lasers
for DAPI(Aem = 440-540 nm) and PI (Aem = 567-707 nm), respectively and the images are
shown in Figure 2.18a. In control experiment (without polymer), the cells stained by DAPI
showed very good blue emission whereas there was no red emission from PI-staining
confirming that the bacterial membrane is intact and E. coli are largely alive. The images for
E. coli incubated with the cationic polymer CP10 showed the blue emission from DAPI
channel as well as exhibited strong red emission from Pl which corroborates to the E. coli
membrane disruption followed by antibacterial activity. The merged images show the co-
localization of both DAPI and PI. Further, the corrected total cell fluorescence (CTCF)
intensities were calculated from the Pl-stained red channel and are shown in Figure 2.18b.
The bar diagram corresponding to control (without polymeric nanoparticle) shows extremely
low PI intensity which confirms that all the bacterial cells were largely alive with intact cell
membrane. In case of polymer incubated bacterial samples (CP10), an exuberant increase in
Pl intensity is observed which reiterates that the cationic polymer exhibits antibacterial
activity against E. coli due to which PI can stain the nucleic acid of dead bacteria. A similar
observation was noticed for the incubation of CP50 and CP100 polymers along with E. coli
(see Figure 2.18b).This observation recapitulates the antibacterial activity of the cationic
PCL and their membrane disruption mechanism as observed in electron microscopic analysis
in Figures 2.17a and 2.17b.
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Figure 2.19. (a) Diagram showing C57BL/6 mice for hemolysis experiment. (b) Plot of % Hemolysis
versus different concentration of polymer (CP10, CP25, CP50, CP80 and CP100) with C57B1/6
mice erythrocytes at 37 °C for 1 h. (c)Hemolysis assay for cationic polymer nanoparticles, PBS
(negative control) and de-ionized water and 0.1 % Triton-X (positive control). (d) FE-SEM images
of morphologically intact C57B1/6 mice erythrocytes after treatment with CP10 polymer at 37 °C
for 1 h.

To test the interaction of cationic PCL with RBCs, hemolysis assay was performed
in mice blood RBCs by absorption method following the earlier reported procedures.*®*
19The percentage hemolysis provides information about the relative disruption of
erythrocytes on exposure to cationic polymer and it is determined by monitoring the
hemoglobin release from mice red blood cells (RBCs). For this experiment, blood was
procured from C57BL/6 mice as shown in Figure 2.19a. PBS buffer was taken as a negative
control where no disruption to cells occurs while deionized water was used as positive
control in which 100% RBC degradation occurs due to osmosis . The cationic PCL polymers
with various number of positive charge units (CP10, CP50, CP100) were tested at various
polymer concentrations ranging from 1x10° pg/mL to 1x10! pg/mL (see Figure 2.19b). The
eppendorf containing RBCs in PBS (negative control) and DI water (positive control), and

the polymers in PBS are shown in Figure 2.19c.
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Figure 2.20. (a) Cytotoxicity data for cationic polymer nanoparticles CP10, CP50 and CP100 in
WT-MEF cell lines. Comparative Cell Viability of CP10, CP50 and CP100 at higher concentrations
(50 pg/mL and 100 pg/mL) along with control (in the absence of polymer) in WT-MEF cell line at
37°Cfor72h.

The DI water (positive control) is highly lytic to RBCs; thus, it caused 100% lysis
and the eppendorf appeared to be red in color due to the leaching of hemoglobin. The RBCs
were found to be very stable in PBS (negative control) and the polymers in PBS suggesting
that there is no appreciable damage to the RBCs by the cationic polymers. The % hemolysis
obtained for the three polymers CP10, CP50 and CP100 were 0.64 £ 0.003, 0.038 + 0.004
and 0.8 £ 0.007 respectively, which is almost negligible. Further to prove the stability of
RBC morphology, FE-SEM image of RBCs were recorded after exposure to CP10 polymer
and the image is shown in Figure 2.19d. The donut-shaped morphology of the RBCs was
perfectly retained even after exposure to the cationic polymer indicating that the newly
designed cationic PCL was non-toxic in blood stream. The cytotoxicity of cationic PCL
polymers was investigated in wild-type mouse embryonic fibroblast (WT-MEF) cell line by
invitro MTT assay and the data is summarized in Figure 2.20a. Three PCL cationic polymers
(CP10, CP50 and CP100) were scanned at various concentrations (1x1072 to 1x10* ug/mL)
in order to determine whether these polymers exhibit cytotoxicity towards healthy cell lines
(for higher concentration, see Figure 2.20b). The percentage viability of the cells in the
presence of polymers revealed that the polymers are non-toxic to cells up to a concentration
of 1 ug/mL. However, at higher polymer concentration (10 ug/mL) the cells were viable

only upto 75 %.
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Table 2.3. Table contains MICso, HCso and selectivity index of all cationic polymers against E. coli.

MIC and Hemolysis Data of CPn Polymers

Polymer | MIC;,? HC;,P Selectivity
(g/mL) (g/mL) Index®

CP10 1x108 >10+4 (max. 10 £ 1.3%) >104
CP25 1x108 >104 (max. 1.1 £ 1.7%) >104
CP50 1x108 >10“ (max. 2 + 0.3%) >104
CP80 1x108 >10* (max. 1.1 £ 0.2%) >10%
CP100 1x108 >10* (max. 2 + 0.4%) >104

a Determined in LB Broth against E. coli. ® The average HCs; values along
with percentage errors for three independent experiments, respectively. ©
Calculated as the ratio of HC5s, and MICg,.

To determine the relative selectivity of the polymers towards bacterial cells as
compared to the RBCs, MICsg and HCso values of the various cationic polymers were
determined and are shown in table in Table 2.3. Selectivity index for a particular polymer is
determined by the factor of HCso/MICso. It was observed that at the highest concentration
upto which the polymers were scanned (102 pg/mL) for hemolysis activity was itself 10,000-
fold higher than the concentration at which bactericidal activity was observed and at such
high concentration as well only 10% hemolysis was observed (see Table 2.3). This shows
that the polymers were highly selective (>10* times) in their action and not toxic to blood
stream while targeting the bacterial membrane disruption. This can be attributed to the higher
anionic potential contributed by the phospholipid content in the bacterial membrane surface
compared to mammalian RBCs.® This can be corroborated from the specific potential
values of E. coli, RBCs*®" and normal cell lines'®that are -20 mV, -15 mV and 0 mV,
respectively. It could be observed that the anionic potential of bacterial membrane is larger
in magnitude than the other two which contributes towards the high electrostatic interactions
between cationic polymer and the bacterial membrane over the RBCs/normal cells and leads
to excellent selectivity index as shown in the table in Table 2.3. It is important to note that
the cationic polymers are active towards E. coli at very low concentration (10 pg/mL) and
the polymer chains are absolutely non-toxic to WT-MEF healthy cells at this low
concentration range. Hence it may be mentioned that while administrating the cationic PCL
polymer chains to accomplish the antibacterial activity, the polymers are very safe towards

both RBCs and cells in the nearby healthy tissues.
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2.3.5 Fluorescent Theranostic PCL Nanoparticles

To build fluorescent theranostic cationic PCL nanoprobes, the encapsulation
capabilities of the cationic PCL based nanoparticles were tested for wide ranges of neutral
and anionic fluorophores. Pyrene-1-sulfonic acid, 8-hydroxy-pyrene-1,3,6-trisulfonic acid
(HPTS), Rhodamine B, Nile Red, Congo red and Methyl orange were attempted for
encapsulation by dialysis method. Among them, only HPTS (anionic dye) was found to
stabilize in the CP10 polymeric nanocavity(see Figure 2.21a). Under similar conditions, the
high molecular weight analogues CP50 and CP100 did not load HPTS or other dyes. Both
the molecular weight of the cationic polymers as well as the nature or charge of the dye

played crucial role resulting in stable dye loading.
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Figure 2.21. (a) Encapsulation of HPTS dye in the CP10 polymer. (b) DLS of CP10+HPTS. (c)HR-
TEM image of CP10+HPTS. (f) Absorbance and emission spectra of CP10+HPTS and free HPTS
in water (Aexc = 330 nm). TCSPC decay profiles of (¢) HPTS fluorophore and (f) CP10+HPTS along
with prompt (LED Source: 340 nm).

The mechanism of loading an anionic dye (HPTS) in hydrophobic core of self-
assembled CP10 polymer is driven by both electrostatic and hydrophobic interactions.
Despite having identical planar aromatic ring, the pyrene-1- sulfonic acid (with one sulfonic
acid group) was unable to load in the CP10 nanoparticles. This observation lays stress on the
importance of both electrostatic and hydrophobic interactions to play a role in loading of
HPTS in CP10. HPTS dye having a polyaromatic pyrene core along with three peripheral
sulfonic acid groups has the appropriate balance required load in the cationic CP10 polymer
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nanoparticle. The HPTS loaded CP10 polymer sample was referred to as CP10+HPTS and
it is schematically shown in Figure 2.21a. The dye loading content (DLC) and dye loading
efficiency (DLE) were determined as 0.8 % and 8.0 %, respectively, by absorbance
spectroscopy. Though the DLC is relatively low; it is sufficient to be employed as a marker
for biological studies. HPTS has been recently explored in the literature as fluorescent probe
for cellular uptake in live lung cells and it was co-loaded with anticancer drugs in reverse
micellar as FRET probe in cancer cell lines.1%-2%In the present investigation, HPTS has been
chosen for the first time for antibacterial research. The size of the CP10+HPTS was
measured by DLS and its histogram showed the formation of small nanoparticle in the range
of 12.0 £ 0.1 nm (see Figure 2.21b). The CP10+HPTS sample was subjected to HR-TEM
imaging to measure the size and shape of the fluorescent cationic nanoparticles (see Figure
2.21c).The HPTS loaded nanoparticles exhibited the formation of spherical nanoparticles
with average size of 5.0 + 0.1 nm. The comparison of the HR-TEM images of CP10 and
CP10+HPTS nanoparticles (see Figures 2.12b and 2.21c) revealed that the shape and size of
the cationic PCL was retained even after the encapsulation. The size of CP10 nanoparticle
determined by HR-TEM remains almost constant after HPTS loading (before loading 6.2 +
0.1 and after loading 5 £ 0.1 nm). The difference of 1.0 nm is not very significant for self-
assembled organic polymers; thus, it may be assumed that the size of the nanoparticles is
retained almost identical. Since HPTS is a fluorescent dye, the absorbance and emission
spectra of the CP10+HPTS were recorded and showed in Figure 2.21d. The nanoparticles
(CP10+HPTS) and free HPTS showed similar absorbance maxima at 405 nm and emission
maxima at 520 nm with respect to the HPTS probe. The fluorescent nanoparticle was also
subjected to time resolved fluorescence decay study by TCSPC (Time correlated single
photo counting) to study fluorescence life time(see Figure 2.21e and 2.21f).Fluorescence
decay profile is known to be sensitive to the environmental effects and lifetime of the
fluorophore could shed light on the local environment of the polymeric nanoparticles. Nano
LED of 390 nm was used as the excitation source and signal was collected at 520 nm. Single
exponential decay profile was fitted for both free HPTS and HPTS loaded polymeric sample
showing an average fluorescence lifetime of 5.61ns and 5.51 ns, respectively. The
photophysical studies confirmed that anionic HPTS fluorophore did not alter its emission
characteristics in the cationic polymer nano-cavity and is highly suitable for bio-imaging

applications. Hence, the HPTS loaded fluorescent cationic polymer nanoparticles could be
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employed as potential vectors for accomplishing both the bacterial imaging and antibacterial

activity simultaneously in single polymer nano-platform.
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Figure 2.22. (a) Zeta potential of free E. coli, free CP10 polymer, E. coli incubated with CP10
polymer, and E. coli incubated with CP10+HPTS at various incubation time in PBS at 37 <. The

concentration of CP10 was maintained as 100 pug/mL and the amount of E. coli was 10° CFU. (b)
Antibacterial activity of CP10+HPTS, free HPTS, CP10 polymer by colony suspension method in E.
coli.

A time-dependent Zeta potential for the action of polymer CP10 and CP10+HPTS
on the E. coli in PBS at 37 °C was determined. In Figure 2.22a, E. coli exhibited -20.0 mV
in PBS buffer and the negative potential was almost retained up to 6 h incubation. The
negative potential is attributed to the phospholipid’s composition on the E. coli membrane
surface.?? The polymer CP10 showed positive Zeta potential of +22 mV in PBS with respect
to its cationic nature. A reduction in magnitude of positive charge (see Table 2.2) in zeta
potential of CP10 polymer is observed due to change in solvent system from water to PBS
buffer. Interestingly, the exposure of E. coli to the cationic polymer showed reduction in the
negative charge potential of the bacterial membrane and the net charge potential showed
move towards the neutral species. Under the identical conditions, the additions of
CP10+HPTS into E. coli did not show much difference and the observation is like that of
the CP10 polymer on E. coli. This trend in the Zeta potential revealed two important
observations: (i) there is significant interactions between the negatively charged E. coli
bacterial membrane and cationic polymer nanoparticles via electrostatic interactions, and (ii)
the encapsulation of the anionic HPTS fluorophore in the cationic polymer did not affect the
interaction of the polymer on E. coli. To check the antibacterial activity of the dye loaded
nanoparticle (CP10+HPTS), colony suspension method was employed and bacterial viability

was measured as a factor of turbidity for polymeric nanoparticle as well as free HPTS (see
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Figure 2.22b). It was observed that free HPTS was non-toxic to bacterial cells while HPTS
loaded nano-assemblies showed a decrease in viable bacteria (ODsoonmreduced to 0.2, 75 %)
which was comparable to that of the CP10 polymer alone (ODeoonmrreduced to 0.2, 75 %).
This signifies that the encapsulation of HPTS anionic dye in cationic polymer CP10 does

not hamper its antibacterial activity in E. coli (Figure 2.22b).

2.3.6 Enzymatic-Biodegradation of Cationic PCL

The cationic polycaprolactone polymer design carries aliphatic ester-linkages in the
backbone as well as side chain that bear the cationic charge. Aliphatic esters are very well
known to undergo enzymatic-biodegradation by the intracellular enzymes such as esterase

enzymes in mammalian cells and bacterial lipase-enzyme.
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Figure 2.23. (a) Dual-biodegradation pathways for the cationic PCL nanoparticles by bacterial-
enzymes and lysosomal-enzymes in healthy cells. (b) The fluorescence spectra of HPTS loaded
polymer (CP10+HPTS) in presence of lipase in water at 37°C at various time intervals. (c) The
fluorescence spectra of HPTS loaded polymer (CP10+HPTS) in presence of esterase in PBS at 37°C
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at various time intervals. (d) Emission spectra of CP10+HPTS in the absence of enzyme (lipase or
esterase) at various incubation time (Aexc = 330 nm). (e) Time dependent PL intensity plot of HPTS
release from CP10+HPTS nano-assemblies in the absence or in the presence of enzyme at 37 °C.

The biodegradation of the carboxylic ester chemical in lipids molecules are readily
hydrolyzed by esterase and lipase enzymes depending upon the short or long aliphatic
chains, respectively.?®*Recent studies were also supported the presence of esterase and lipase
enzymes in significant amounts in gram-negative bacteria E. coli for the catalytic activity of
ester hydrolysis in lipids.?%42% Further, few reports recently reported the usage of lipase in
the biodegradation of PCL chains.®*18The PCL biodegradable polymers employed here for
antibacterial activity have much higher mass than typical aliphatic units in lipids; thus, both
esterase and lipase enzymes are selected for the enzymatic-biodegradation. In real-case
scenario the custom designed cationic PCL is anticipated to come in direct contact with both
healthy cells in tissues and bacteria as shown in Figure 2.2; thus, it is important to trace the
biodegradability of the cationic PCL upon exposure to esterase and lipase enzyme action.
Two different scenarios of degradation were accounted by these two enzymes as shown in
Figure 2.23a. Thus, during the antibacterial action, the long chains of polymer are chopped
off to smaller oligomeric units by the extracellular enzyme (like lipase) secreted by bacteria.
So, the use of a microbial enzyme (i.e., lipase) to exhibit in vitro degradation of the polymeric
system would lead to closer proximity to real scenario. Secondly, the unwanted cytotoxic
effect introduced by the cationic polymers by crossing mammalian cell membranes through
endocytosis process would be minimized by the intracellular biodegradation of the PCL
chains by the lysosomal esterase enzymes.2#¢: 14" Hence, dual biodegradation ability of the
cationic PCL by the extracellular lipase (from bacteria) and intracellular esterase (from
mammalian cells and bacterial cells) would provide ideal design of biodegradable polymers

for accomplishment of antibacterial activity under physiological conditions.

Enzymatic-biodegradation analysis was performed by dialysis method using semi-
permeable membrane of MWCO = 1000 Da by measuring the fluorescence intensity of the
HPTS release from the nanoparticle. For this purpose, the CP10+HPTS nanoparticle was
taken in the dialysis tube along with 10 U of Pseudomonas lipase or pig liver esterase
enzymes and incubated in PBS buffer at 37 °C for 36 h. During the incubation process, the
enzymes will act on the polymer scaffold and degrade them gradually to release the HPTS
from its cavity. The HPTS is a small molecule; thus, it could cross the semi-permeable

membrane into the reservoir and the amount of HPTS accumulated in the reservoir was
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monitored by recoding its fluorescence signal. Control experiment was also done without
enzymes to study the leaching out of the HPTS form the nanoparticles under the similar
incubation condition in PBS. The emission spectra of the HPTS recorded upon exposure of
the CP10+HPTS nanoparticles to lipase and esterase enzymes at various incubation time is
shown in Figure 2.23b and Figure 2.23c, respectively. It is very clear from the spectra that
the more than 90 % of the HPTS released from the nanoparticles within 8 h of incubation.

Emission spectra for the nanoparticles without enzymes are shown in Figure 2.23d.
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Figure 2.24. Determination of enzymatic biodegradation of CP10+HPTS nanoparticle by
monitoring change in size using DLS instrument (Light source: 633 nm laser and collection of
scattered light at 90° angle) (a) Control (in the absence of enzyme) (b) CP10+HPTS in the presence
of lipase enzyme (c) Plot of Z-average (d.nm) with time in presence and absence of lipase enzyme.

It was observed that esterase enzyme showed similar enzymatic-biodegradation and
HPTS release was like that of lipase whereas the HPTS release was negligible in the absence
of enzyme. The relative fluorescence was determined by (E+/Eo)x100 where E: is the

fluorescence intensity of HPTS in the reservoir at time “t” and Eo is corresponding to initial
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fluorescence of the HPTS in the reservoir and the data is shown in Figure 2.23e. It was
observed that as the time progressed, the percentage release of HPTS from the polymeric
nano-carrier increased in the presence of enzyme and 90 % of the loaded cargoes released in
less than 8 h (see Figure 2.23e). On the other hand, in the absence of enzymes, only less than
8 % of HPTS released and this trend clearly supports the enzymatic biodegradation of the
newly designed cationic PCL nano-assemblies. The enzymatic biodegradation of the
polymer nanoparticle was also investigated by DLS in PBS buffer at 37 °C for 36 h and the
data is shown in Figure 2.24. On incubating polymeric nanoparticle with enzyme would
lead to enzymatic degradation of the polymer and the disassembly would create imbalance
in the amphiphilicity of the polymer system. This would lead to the change in the size of the
polymer self-assembly which could also be used as a measure to study the degradation
Kinetics. As it has been clearly shown in Figure 2.24b that as the incubation time increases
the average size of the particle increases in presence of lipase enzyme. In the absence of the
enzyme, there is no substantial change in the size of the polymer nanoparticles (see Figure
2.23a). The plots in Figure 2.24c showed that the size of the polymer nanoparticles increases
significantly within 8 h of incubation upon exposure to the lipase. Self-assembly of
polymeric nanoparticles is directed by the hydrophobic and hydrophilic components of the
polymer chain. The enzymatic action of lipase disrupts this hydrophobic-hydrophilic balance
resulting in the separation of the two components. The hydrophobic part undergoes phase
separation from the aqueous medium and as a result, we observe the formation of large
aggregates in solution which transcribes to the increase in size in the DLS measurement.?%"
2%8This trend is very well matching with the fluorescence-based biodegradation data in
Figure 2.23e supporting the enzymatic-biodegradation of the cationic PCL polymer
nanoparticles. Based on the above studies, it may be summarized that the HPTS loaded
cationic PCL nanoparticle is very good biodegradable-cum-fluorescent probe for testing the
antibacterial activity and bio-imaging in bacterial system. As it has been observed that the
MIC values were unaffected by the polymeric chain lengths and was found to be in the same
range (102 pug/mL) for all the polymers from CP10 to CP100. This leads to the conclusion
that even when CP100 is enzymatically biodegraded into low molecular weights (for
example 10-mer, equivalent to CP-10) still the antibacterial activity of the polymer was not

compromised.
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2.3.7 Theranostic Probe for Direct Visualization and Quantitative Determination

It is very important to note that DAPI stains both live and dead E. coli cells and Pl
stains only the dead cells. Thus, the confocal images shown in Figure 2.18 provide the
indirect evidence for the antibacterial activity of the cationic PCL polymers; however, this
method could not be used for the quantitative estimation of live and dead bacterial cells. This
problem could be addressed by the custom designed HPTS loaded cationic polymer
nanoparticles in the present investigation due to its three important features: (i) free HPTS
can stain the E. coli membranes (green) without any disturbance, (ii) HPTS loaded CP10
polymer is capable of staining (green) both membrane intact E. coli as well membrane
disrupted E. coli, (iii) and thus, the co-staining of PI (red) along with HPTS loaded CP10
nanoparticles (green) would enable the differentiation of alive E. coli (green) and dead E.
coli (green + red) in the confocal microscope images of area of interest. To demonstrate this
concept, E. coli were exposed to HPTS and HPTS loaded CP10 polymer and the images
were recorded with Pl staining as shown in Figure 2.25a. In the control (no treatment), no
emission was observed in either HPTS channel or PI channel(after 8 h incubation) as can be
seen from the first panel. The images showed the presence of viable bacteria under the
experimental conditions. In the case of incubation with free HPTS, the bacterial cells showed
green emission resulting from the adhesion of HPTS on the E. coli membrane; however,
there was no appreciable red emission from the PI channel indicating that free HPTS is not
an antibacterial agent for E. coli membrane disruption. This trend is very well matching with
the MIC data in Figure 2.16. The merged images are clear of the co-localization of red and

green colour together to exhibit the dead E. coli as orange in colour.
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Figure 2.25. (a) Confocal microscope images in E. coli bacterium cells control (first panel),
incubated with Free HPTS (second panel), CP10+HPTS (third panel). The cells were incubated for
8 h at 37 °C and stained by PI (red).(b) Calculation of Mean CTCF of HPTS and PI Intensity (c) for
incubation of bacterial cells with Free HPTS and CP10+HPTS.(**** P < 0.0001) Each point
represents mean £ SEM (n = 15).

The third panel corresponding to HPTS loaded CP10 polymer showed two important

observations: (i) strong green emission with respect to the binding of HPTS on to the E. coli

membrane, and (ii) the action of CP10 cationic polymer on the E. coli cell membrane
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disruption which facilitates the entry of the membrane impermeable dye PI into the cell
which in turn exhibited strong red emission from the PI staining. The merged images are
clear of the co-localization of red and green colour together to exhibit the dead E. coli as
orange in colour. The closer observation of the merged images further revealed that very few
cells were only stained in green color with respect to the HPTS and no PI staining indicating
that the polymer acted on majority of these E. coli bacteria accomplishing its antibacterial
activity. This provides a unique opportunity to monitor the extent of the bacterial cell killing
by the cationic PCL at the given point of incubation. The observations could be corroborated
by determining the mean Corrected total cell fluorescence (CTCF) corresponding to the
HPTS and PI intensity, respectively. As can be seen in Figure 2.25b, the HPTS intensity
determined from the second and third panel corresponding to free HPTS and CP10+HPTS,
respectively exhibited no significant difference in the mean CTCF values indicating that the
adhesion of HPTS onto the E. coli membrane was similar in both cases. However, in the case
of the PI intensity there was a drastic increase in the Mean CTCF values for CP10+HPTS
compared to free HPTS (**** P < 0.0001), thus reinstating the fact that HPTS alone is not
an antibacterial agent and the cationic polymer CP10 has an enhanced antibacterial effect
caused by the membrane disruption (see Figure 2.25c). Thus, the cationic PCL polymers
provide an ideal theranostic platform by exhibiting significant antibacterial activity as well

as being able to validate the alive vs. dead bacteria.

The flow cytometry data was also found to be in compliance with the confocal
microscopy images. E. coli (1 X10® CFU/mL) was incubated with free HPTS and
CP10+HPTS for 4 h to determine the relative uptake by bacterial cells as compared to control
wherein no treatment was done. Herein, on maintaining the number of events at 10000 and
voltage at zero for control (bacterial suspension in PBS without any fluorophore),
CP10+HPTS polymeric nanoparticle and free HPTS exhibited 10-fold higher cellular

internalization in E. coli.
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Figure 2.26. Flow cytometry plots of Control, CP10+HPTS and Free HPTS in E. coli after 4 h
incubation (HPTS concentration = 8 ug/mL and 10 000 cells are used).

Both the CP10+HPTS and Free HPTS loaded nanoparticles exhibited remarkable
internalization in E. coli (see Figure 2.26) which confirms the internalization of cationic
polymer CP10 and ultimately leading to membrane disruption and increase in bactericidal
activity with time. Having established that the cationic polymers loaded with HPTS were in
fact able to adhere to the bacterial membrane and cause membrane disruption resulting in
bactericidal activity, the next obvious step was to study the kinetics of bacterial cell death in
order to understand the progression of the antibacterial activity of the cationic polymers. In
order to understand the kinetics of the action of HPTS loaded CP10 polymer, bacterial
suspension was incubated with the same concentration of polymer (10 X MIC) at various
time intervals (0.5 h, 2 h, 4 h, 6 h, 8 h) and then imaged under confocal microscopy (see
Figure 2.27a).
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Figure 2.27. (a) Time dependent Confocal microscopic images showing bacterial
population incubated with CP10+HPTS at 0.5 h (first panel), 2 h (second panel), 4 h (third
panel), 6 h (fourth panel), 8 h (fifth panel) and simultaneous staining with PI. CFU/mL was
maintained at 108 cells. (b) Plot of Pl Intensity/Total Intensity with respect to various
incubation time.

Bacterial cells stained by HPTS loaded polymeric nanoparticle were visualized
through the blue channel while dead bacterial cells with destructed membrane were
visualized through red channel corresponding to PI intensity. The merged images showing
orange colour signifies the influence of cationic PCL polymer in the destruction of the
bacterial membrane resulting in the staining by both HPTS polymer nanoparticle (green) and
Pl (red). As the time of incubation increases, the percentage of cells stained by PI also
increases as is visible from the growing population of orange (green+red) colored bacterial
cells in the merged image. It has also been illustrated graphically in Figure 2.27b where the
percentage of Pl-stained cells is calculated with respect to time. It is the ratio of the PI

intensity compared to the total intensity from all the bacterial cells. The relative decrease in
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the number of live bacterial cells could be easily observed which transcribes to a gradual
increase in the Pl-stained cell ratio with increasing the incubation time. Moreover, not only
the number of cells but P intensity signals from the dead cells also increased with time. The
CTCEF calculation clearly shows that the ratio of the intensity of red fluorescence (P1) to the
total intensity increases gradually with time which proves the number of dead cells also
increases with time and attains a plateau at 6 h. The present investigation is aimed to develop
one of the first biodegradable theranostic probes based on the PCL and establish the proof-
of-concept in antibacterial research which is indeed successfully demonstrated by direct
visualization and quantification assay. It is important to mention that the theranostic concept
and the newly designed cationic PCL polymer are not just restricted only to the HPTS or
their validation in gram-negative bacteria E.coli. This polymer design could be further
expanded to make block copolymer architectures with other polymeric systems and the
resultant nano-assemblies could be employed as theranostic probe to study wide ranges of
microbial systems including gram-negative, gram-positive, and multidrug resistance
bacterial systems. The new generation PCL cationic polymers designed and developed here
would be very useful for other biomedical application such as drug/gene delivery. Currently,
the research work is being pursued in these directions to utilize the structural engineering

aspects of PCL cationic polymers in biomedical research.

2.4. Conclusion

In conclusion, the present investigation has successfully demonstrated the
simultaneous inhibition and quantitative diagnostic properties of new classes of fluorescent
probe loaded biodegradable amphiphilic cationic polyester. The synthetic methodology of
the polymer involves design and development of chlorine substituted g-caprolactone
monomer which was polymerized to produce chlorine substituted polycaprolactone
polymers by solvent assisted ring opening polymerization methodology. These fully
hydrophobic chlorine substituted polymers were then converted to cationic amphiphilic
polymers by quaternary triethyl amine substitution. The aqueous self-assembly of these
cationic polymers showed spherical nano-structures in the size range of 10 nm as
corroborated by FE SEM and HR TEM images. Due to the presence of positive charge on
the surface of nanoparticles, a positive zeta potential in the range of +40 to +50 mV is
observed and it exhibited potent antibacterial activity against E. coli with MICg = 1072
ug/mL. Further, to lay stress in the bacteriostatic property of the polymer, generation time
(tgen) and growth rate (k)were determined at MICgqo concentration as 70 min with k = 0.61
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gen/h. FE SEM and HR TEM images of polymer incubated E. coli bacterial cells
demonstrated morphological changes like bacterial cell membrane disruptions which
confirmed the membrane-lysis action of the polymer. Hemolysis assay revealed that RBCs
were extremely stable in presence of polymer with % hemolysis values as negligible as 0.64
+ 0.003 with a selectivity index (HCso/MICso) >10* times showing non-toxicity of polymer
in the blood stream. In vitro MTT assay showed that polymers are non-toxic to healthy cells
upto concentration of 10 ug/mL. The polymer was successfully able to permeabilize the
bacterial membrane which enables PI to stain the nucleic acids of membrane compromised
dead bacterial cells. To further enhance the understanding, direct visualization and
quantification was enabled by encapsulating HPTS (anionic green fluorophore) as
theranostic probe in the cationic polymeric nanoparticle. On incubating the E. coli cells with
HPTS loaded cationic polymer nanoparticles, it is observed that bacterial cells are co-stained
by both HPTS and Pl demonstrating the antibacterial action of cationic polymer while free
HPTS did not have antibacterial property since it did not fluoresce in the red region. It has
been reinstated quantitatively by calculating the CTCF of HPTS intensity and Pl Intensity
for Free HPTS and CP10+HPTS samples which showed a clear distinction in the PI
intensities of the samples. As the incubation time increases, number of Pl-stained cells as
well as the PI intensity signal from the dead cells increases which reaches the plateau region
at 6 h. This shows that the combination of cationic polymer and encapsulated anionic dye
(HPTS) can simultaneously be used to determine the antibacterial activity as well as
visualize and qualitatively estimate dead bacterial cells. Presently, research work is focused
on this direction of development of new functionalized cationic polycaprolactone polymers

and utilizing its therapeutic potential in the field of biomedical science.
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Abstract

Designing new antibacterial-cum-probe molecules to study real-time bacterial membrane
breaching and concurrently develop inquisitorial image-based analytical tools is essential for
the treatment of infectious diseases. An array of aggregation induced emission (AIE)
polymer (donor) consisting of neutral, anionic, and cationic charges were designed and
employed as antibacterial theranostic gate keepers for the permeabilization of peptidoglycan
layer adherable crystal violet (CV, acceptor) in E. coli membrane. Electrostatic adhering of
the cationic AIE-polymer and subsequent gate-opening aided fluorescent resonance energy
transfer (FRET) probe activation on E. coli bacterial membrane. Energy transfer has been
spectroscopically determined by TCSPC measurement wherein a decrease in lifetime of
donor excited species in presence of acceptor suggested appropriate energy transfer between
them. Selective photoexcitation energy transfer was coupled in confocal microscopy
imaging to build a new visualization-based FRET assay for the quantification of bactericidal
activity. Non-antibacterial AIE- polymers (neutral and anionic) did not breach the bacterial
membrane resulting no FRET signal. Moreover, a decrease in number of E. coli colonies
was further established by spread plate method upon polymeric incubation for 18 h. This
technique also eradicated the possibility of photoexcitation energy transfer induced reactive
oxygen species (ROS) generation by CV by incubating E.coli cells with only CV followed
by irradiation with blue LED source. Tetraphenylethylene (TPE)-tagged polycaprolactone
biodegradable platform was chosen to construct the membrane-reinforced FRET probes and
their self-assembled tiny amphiphilic nanoparticles were employed as gate-keeper. Detail
photophysical studies were done to establish the FRET probe mechanism and the proof-of-

concept in gram negative bacteria E. coli membrane.
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3.1 Introduction

Bacterial microorganism mutations have continuously challenged humanity to find smart
diagnostic tools for early detection of infectious diseases and design efficient therapeutic
drugs in the treatment and handling of public health care at large.?%?'! Penicillin and other
beta-lactam antibiotic drugs are used for treatment against bacterial infections; however,
microbes are smart and quick in developing resistance against these clinical antibiotics and
make them inefficient in the therapeutic regimens.?® Currently, fluorescent antibiotics are
used to study antibiotic function at the cellular level, rationalize the resistance mechanism,
develop high throughput screening, etc, to discover new antibiotics for improving
therapeutic efficacies.?®2° The development of Trimethoprim based fluorescent probes are

shown in Scheme 3.1.
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Scheme 3.1: Synthesis of Trimethoprim Probes Using Microwave-Assisted Click Chemistry.
(adapted from ACS Infect. Dis. 2016, 2, 688—701)

Antibacterial peptides (AMPs) are also employed as first level defence against the
pathogenic microbe attack in bacterial infections.3" %° Last one-decade, synthetic cationic
polymers are emerging as an alternative antibacterial candidates for both gram-negative and
gram-positive bacteria.*> 4> 48 212 Cationic antibacterial polymers typically undergo non-

specific carpet mechanism (similar to AMPs) to fragment the membranes to inhibit the cell

92



Chapter 3

growth 52 63 213214 ynlike in antibiotics; in-depth molecular level interaction between
polymer analyte and bacterial membrane substrate was rarely understood. Several efforts
have been taken to employ steady state fluorescence®™™ 2'® and fluorescence resonance
energy transfer (FRET) to study bacterial enzyme-responsiveness,?t” 218 antibiotic
screening,?1%22% pathogen discrimination,??! wash-free bacterial detection,??? differentiation
of bacteria over fungi,?® probe localization in living bacteria,??* 2% etc. Unlike in the area
of antibiotics, in-depth molecular-level interaction between a polymer analyte and bacterial
membrane substrate has been rarely understood. Furthermore, majority of n-conjugated
chromophores?'® were found to undergo n-stack aggregation caused quenching (ACQ) in
aqueous medium;?? therefore, it was rather difficult to differentiate the fluorescent signals
in LB broth (or media, in free state) from bacterial membrane bound state.??” 2 An example
of conjugated polymers-based development of supramolecular antibacterial/detection

system is shown in Figure 3.1.2%3
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Figure 3.1: Supramolecular composite material formed by cationic conjugated polymer (PFP-
NMes" ) and cucurbit[7]uril (CB[7]) for controllable identification of microbes. (adapted from ACS
Appl. Bio. Mater. 2021, 4, 370-386)
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As an alternative, picking up aggregation induced emission (AIE) =-conjugated
fluorophores??°2%! and building new AlE-assisted FRET probes is an elegant strategy to
overcome the above limitations. AIE concept has been known in bacterial imaging;>*
Z3%however, AIE-based FRET-probes are very rarely reported in bacterial research. This is
partially associated with the scarcity of low band-gap AlE-acceptor chromophores (Eg< 2.0
eV, red-region) that could couple with the AIE donor chromophores having high HOMO-
LUMO energy levels (Eq > 3.0 eV, blue-region).?> 2% Energy level diagram for FRET

energy transfer in case of luminescent and non-luminescent acceptor is shown in Figure 3.2.
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Figure 3.2: Energy diagram for FRET energy transfer for two cases (a) when the acceptor in non-
luminescent and (b) when the acceptor is luminescent in nature.

Here, we report a new FRET pair between peptidoglycan-layer permeable biomarker
crystal violet (CV, acceptor) along with tailor-made AIE-active TPE-antibacterial polymer
(as a donor). CV has been chosen for this purpose since it has been reported as a fluorescent
marker to study the traverse effect in E. coli peptidoglycan membrane?®” and as a fluorescent
discriminator for G-quadruplex complex, etc.28240 CV-anchored magneto-fluorescent
nanoparticles were also designed for detection of bacteria by u-NMR and optical imaging as
a point-of-care diagnostics.?** Cadmium-free quantum dots and CV have been explored as
FRET pair to generate photoactivated reactive oxygen species and solution-based
spectroscopic methods (not image-based assay) was explored to study their antibacterial
activity.?*> 243 Until now, there is no effort has been made to explore image based FRET
assay in bacterial research. In the present investigation, a novel strategy is introduced
wherein on-site bacterial membrane-reinforced FRET gate was created by AIlE-active

polymer gate-keeper (donor) to permeabilize the CV biomarker (acceptor). The probe

%94



Chapter 3

became functional only upon the incidence of the antibacterial activity and breaching the
bacterial membrane to stain the CV in the peptidoglycan layer. Upon antibacterial action,
the membrane slit-through action of the TPE-polymer exclusively “gate-opened” to
permeabilize CV in the peptidoglycan layer to turn-On the FRET signals. As a result, this
strategy provides direct information for the polymer binding on the bacterial membrane via
self-emission (probe-1) and cross-talking between polymer (donor) and membrane-bound
CV (acceptor) by FRET (probe-2). In the absence of the antibacterial activity, the non-
compromised bacterial membrane does not stain the CV and eventually the “gate-closed”
which results no FRET signal. This new concept is shown in Figure 3.3.
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Figure 3.3. Development of membrane-reinforced on-site FRET probe-cum-antibacterial
polymer to visualize and quantify the bactericidal activity in gram-negative bacteria E. coli.

To design new FRET probe, our expertise in biodegradable polycaprolactone (PCL)
platform144-147. 188, 189, 244 ang FRET probes®*>24’ in cancer research has become handy to
build new “blue-luminescent” antibacterial PCL donor polymer. In our earlier attempt, PCL
based cationic polymers were developed and their structure-property relationship was
established on their antibacterial action on E. coli.?** In the present investigation, more than

half-a-dozen TPE-conjugated PCL polymers having similar molecular weights but
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possessing variable charges such as anionic, cationic, and neutral were designed by ring
opening polymerization strategy. This enabled the detail investigation on the role of the
polymer charges (cationic, anionic, and neutral) towards their ability to electrostatically bind
on the surface of bacterial membranes for successful construction of FRET probes. These
amphiphilic PCL polymers were self-assembled to yield blue-fluorescent nanoparticles in
water. Electrostatic binding of these TPE nanoparticles on the E. coli membrane exhibited
remarkable antibacterial activity depending upon the charge as well as functional groups in
the pendant units. Detail steady state and time-resolved fluorescence decay photophysical
studies were carried out to establish the FRET probe action. Selective photoexcitation
experiments revealed diminished blue-emission from TPE and enhanced FRET-based red-
luminescent signal from CV confirming efficient photoexcitation energy transfer from TPE
to CV on the E. coli membrane. Time-dependent confocal microscope studies established
that the newly developed FRET assay is an efficient new tool to visualize and quantify the

real-time antibacterial activity on bacterial substrate.

3.2 Experimental Methods

Caprolactone (CL), 1, 12-dodecanediol, 4-toluene sulfonyl chloride (TsCl), 4- hydroxyl
benzophenone, benzophenone, titanium tetrachloride (TiCls), zinc powder, were purchased
from Sigma Aldrich and they were used without purification. For hemolysis experiment, C-
57 B1/6 mice was collected from IISER Animal house facility. Gram’s Crystal Violet
obtained from SD Fine Chemicals. Paraformaldehyde, glutaraldehyde was obtained from
Sigma Aldrich chemicals. Bruker 400 MHz spectrophotometer (in IISER) was used for
recording all the monomer and polymeric NMR samples in CDClIs and D20 solvents. For
molecular weight and dispersity measurement, Gel Permeation Chromatography carried out
by a Viscotek VE 3580 RI, and Light scattering detectors. THF was used as a mobile solvent
for GPC analysis and calibrated using polystyrene standards. Mass analysis for small
molecular weight compounds were determined using high-resolution mass spectrometry-
electrospray ionization-quantitative  time-of-flight  liquid  chromatography-mass
spectrometry (HRMS-ESI-Q-TOF LC-MS) while for macromolecules, molecular weight
distribution was determined through Applied Bio system 4800 PLUS matrix-assisted laser
desorption/ionization (MALDI) TOF/TOF Analyzer. For time-dependent analysis of change
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in optical density of E. coli colonies, Perkin-Elmer Lambda 45 UV-Visible
Spectrophotometer was used. HORIBA JOBIN VYON SPEX Fluorolog fluorescence
spectrophotometer was utilized for determination of Emission spectra. An excitation source
of 450 W Xe lamp was used at room temperature. Dynamic light scattering (DLS) for
determination of nanoparticle size and zeta potential utilized Nano ZS-90 setup (Malvern
instruments). It measures the Brownian motion of particles which compares the motion to
size of particles using stock Einstein equation. Three independent measurements were taken
for reproducibility. FTIR has been recorded in Agilent ZnSe ATR system. FE-SEM was
conducted using Zeiss Ultra Plus Field Emission Scanning Electron Microscope wherein
sample was dropcasted on silicon wafer and gold-coating was done before analysis to make
it conducting. For TEM (Transmission electron microscopic) images were obtained by drop
casting the samples onto Formvar-coated copper grid (400 mesh) via JEM-2200FS Field
Emission Electron Microscope. Confocal microscopic analysis was done using Leica SP8
microscope. The substituted caprolactone monomer 2-chloroethyl 3-((7-oxooxepan-4-yl)
oxy) propanoate (monomer M1) was synthesized following reported procedure in Chapter
2. Note: Animal ethics committee approval number for this project is IISER-

Pune/IAEC/2021-01/10.

3.2.1 Synthesis of 4-(1,2,2-triphenylvinyl) phenol (1): 4-Hydroxyl-phenylbenzophenone
(3.2 g, 16.0 mmol), benzophenone (2.9 g, 16.0 mmol) and Zinc powder (2.6 g, 40.0 mmol)
were taken in 250 mL two-necked flask, and dry tetrahydrofuran (THF) (80 mL) was added
and the content was reflexed for 30 minutes under nitrogen atmosphere. The mixture was
cooled to 0 °C, TiCls (3.6 g, 19.2 mmol) was added, and the reaction mixture was refluxed
for 12 h under nitrogen atmosphere. The reaction was cooled, dilute hydrochloric acid (1 N,
80 mL) was added, and the product was extracted into dichloromethane (DCM). The organic
layer was dried over anhydrous Na>SO4 and crude product was purified by silica gel column
using petroleum ether/ ethyl acetate (10:1 by volume) as eluent. Yield = 3.0 g (47 %). 'H
NMR (400 MHz, CDClIs) 8 ppm: 7.12 — 7.00 (m, 15H, -CH-), 6.91 — 6.89 (d, 2H, -CH-),
6.59 — 6.56 (d, 2H, -CH-), 4.66 (s, 1H, -OH-). 13C NMR (100 MHz, CDCls3) § ppm: 154.46,
144.35, 140.88, 140.64, 136.83, 133.19, 131.82, 128.16, 128.06, 126.83, 126.71, 115.04.
FT-IR (cm™): 3322.89, 2943.64, 2833.32, 1654.86, 1412.37, 1112.83, 1018.12 and 682.43.
HR-MS (ESI+): m/z [M + H+] for C26H200 Calculated= 348.43 and found = 348.15.
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3.2.2 Synthesis of 12-hydroxydodecyl 4-methylbenzenesulfonate (2): In 250 mL round
bottom flask, 1,12-dodecanediol (5.0 g, 25.0 mmol) and dry triethyl amine (2.5 g, 25.0
mmol) were dissolved in dry DCM (150 mL) under nitrogen atmosphere at 25 °C. 4-Toluene
sulfonyl chloride (4.8 g, 25.0 mmol) dissolved in 50 mL Dry DCM was added to the reaction
mixture dropwise in ice-cold condition. The reaction was continued for 10 h under stirring
at 25 °C. DCM was evaporated and product was purified over silica column using ethyl
acetate and hexane (1: 5 v/v) to obtain colorless liquid product. Yield = 3.1 g (35 %). ‘H
NMR (400 MHz, CDCl3) & ppm: 7.79 - 7.77 (d, 2H, -CH-), 7.34 - 7.32 (d, 2H, -CH-), 4.02
- 3.99 (t, 2H, -O-CH3-), 3.64 — 3.61 (t, 2H, HO-CH3-), 2.44 (s, 3H, CH-CH3), 1.65 - 1.52
(m, 4H, -CH2-), 1.33-1.21 (m, 16H, -CH2-). *C NMR (100 MHz, CDCls) & ppm: 130.26,
128.36, 71.18, 63.59, 33.21, 30.04, 30.01, 29.94, 29.89, 29.85, 29.81, 29.37, 29.28, 26.17,
25.78, 22.10 and 0.45. FT-IR (cm™): 3317.03, 2941.07, 2832.56, 2047.32, 1650.58,
1449.57, 1113.03, 1019.02 and 673.88. HR-MS (ESI+): m/z [M + H+] for CigH3204S
Calculated= 356.52 and found = 357.20.

3.2.3 Synthesis of 12-(4-(1,2,2-triphenylvinyl) phenoxy) dodecan-1-ol (3): In a 50 mL
two-neck round bottom flask, 1 (2.0 g, 6.0 mmol) and K>COs (3.7 g, 27.0 mmol) were
dissolved in 10 mL dry DMF and the mixture was stirred at 80 °C for 0.5 h. Compound 2
(3.5 g, 9.0 mmol) dissolved in dry DMF (10 mL) and it was slowly added to the reaction
mixture under nitrogen atmosphere. After 12 h of stirring at 80 °C, DMF was removed
through vacuum distillation. The crude product was extracted in DCM and purified by silica
column using ethyl acetate and hexane (1:20 v/v) to obtain a yellow viscous liquid which
was then precipitated in hexane to obtain a white solid (3). Yield = 2.2 g (97 %). 'H NMR
(400 MHz, CDCl3) 6 ppm: 7.15 — 7.01 (m, 15H, -CH-), 6.91 — 6.89 (d, 2H, -CH-), 6.59 —
6.56 (d, 2H, -CH-), 3.88 — 3.83 (t, 2H, -CH2-), 3.65 — 3.62 (t, 2H, -CH2-), 1.77 — 1.70 (m,
2H, -CH2-), 1.60 — 1.53 (m, 2H, -CH>-), 1.32 — 1.29 (m, 16H, -CH2-). 3C NMR (100 MHz,
CDClz) 6 ppm: 158.13, 144.47, 141.04, 140.40, 136.32, 132.94, 131.81, 127.70, 126.32,
113.69, 67.94, 63.22, 32.93, 29.69, and 25.87. FT-IR (cm™?): 3316.92, 2939.56, 2830.46,
1658.64, 1448.38, 1113.19, 1020.17, 672.38. HR-MS (ESI+): m/z [M + H+] for CagH440>
Calculated=532.75 and found = 531.46.
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3.2.4 Synthesis of tert-butyl (2-hydroxyethyl) carbamate: Ethanol amine (10 g, 0.2 mol)
was dissolved in water: THF (1:1) solvent composition. (BOC).O (42.5 g, 0.2 mol) was
added to the solution in dropwise manner at 0 °C. The reaction mixture was stirred for 24 h
at 25 °C. THF layer was evaporated and ethyl acetate was added to the reaction mixture. The
product was isolated in water layer and pH was maintained at 6.5 followed by isolation of
product in organic layer. Yield = 23 g (87.1 %). 'H -NMR (400 MHz, CDCl3) & ppm: 5.26
(bs, 1H, -NH-), 3.61 (t, 2H, -CH2-), 3.20 (t, 2H, -CH2-), 1.38 (s, 9H, -CH3). *C NMR (100
MHz, CDCls) § ppm: 156.87, 79.60, 62.12, 43.09, 28.42. FT-IR (cm™): 3341.35, 2974.91,
2942.04, 2863.81, 2820.24, 2776.57, 1690.33, 1516.29, 1456.60, 1390.47, 1364.89,
1270.17, 1249.51, 1167.57, 1100.30, 1073.51, 1040.23, 996.86, 887.56, 860.62, 838.38,
778.27 and 668.12.

3.2.5 Synthesis of tert-butyl (3-(dimethylamino) propyl) carbamate: 3-(N, N dimethyl
amino) propyl amine (5.0 g, 48.9 mmol) was dissolved in 60 mL DCM. Solution of (BOC),0
(11.2 g, 51.3 mmol) in 60 mL DCM was added dropwise at 0 °C and the reaction was
continued at 25 °C for 12 h. Water was added to the reaction mixture and DCM layer was
extracted thrice followed by brine wash. Product was extracted in DCM layer. Yield=7.0g
(70 %). *H -NMR (400 MHz, CDCls3) § ppm: 3.06 (t, 2H, -CH2-), 2.34 (t, 2H, -CH2-), 2.24
(s, 6H, -CH3), 1.66 (m, 2H, -CH2-), 1.44 (s, 9H, -CH3). 3C NMR (100 MHz, CDCl3) & ppm:
156.18, 78.91, 57.79, 45.51, 39.55, 28.50 and 27.61. FT-IR (cm™): 3351.30, 2975.04,
2941.97, 2863.61, 2819.77, 2777.13, 1690.27, 1517.86, 1456.74, 1390.43, 1364.88,
1270.14, 1249.55, 1167.78, 1100.28, 1073.49, 1040.23, 996.71, 888.07, 861.39, 838.31,
778.45 and 667.97.

3.2.6 Synthesis of tert-butyl 3-((-4-hydroxycyclohexyl) oxy) propanoate (Compound-
A): A solution of 1,4 Cyclohexane diol (35.0 g, 302.0 mmol) in dry THF (500.0 mL) was
prepared and catalytic amount of potassium t-butoxide (1.00 g, 9.00 mmol) was added to the
same and refluxed for 30 minutes. A solution of t-butyl acrylate (30.0 g, 241.0 mmol) in dry
THF (50.0 mL) was added dropwise at 25 °C under nitrogen and it was refluxed for 36 h.
THF was evaporated and residue was precipitated into cold DCM. The product was purified
column chromatography using ethyl acetate and hexane (1:5 v/v) as eluent. Yield = 28.0 g
(42%).*H NMR (400 MHz, CDCl3) § ppm: 3.74-3.63 (m, 3H, O—CH>— and O—CH), 3.37
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(m, 1H, CH-OH), 2.46 (t, 2H, ~CH2CO-), 1.82 (m, 4H, -CH>-), 1.64 (m, 4H, -CH2-), 1.43
(s, 9H, -CHa).

3.2.7 Synthesis of t-Butyl-3-((4-oxocyclohexyl) oxy)-propanoate (Compound-B): A
solution of compound-A (16.0 g, 65.5 mmol) was prepared in dry DCM (250.0 ml) and
stirred at 25°C. Activated molecular sieves (4A) and PCC (28.2 g, 13.1 mmol) was added
and it was stirred for 6 h. The reaction mixture was filtered and washed with DCM and
further purified by column chromatography using ethyl acetate and hexane (1:10 v/v) as
eluent to obtain a colorless liquid product (2). Yield = 15.0 g (95%). *H NMR (400 MHz,
CDCl3) 6 ppm: 3.72 (m, 3H, O—CH>- and O—CH-), 2.55 (m, 2H, —(CO) CH>-), 2.48 (t, 2H,
—CH2-), 2.22 (m, 2H, —CH32—), 2.07 (m, 2H, —CH>-), 1.87 (m, 2H, —CH>-), 1.43 (s, 9H,
—CHya).

3.2.11 Synthesis of tert-butyl 3-((7-oxooxepan-4-yl) oxy) propanoate (M2): Compound
B (8.0 g, 41.0 mmol) was weighed in a 250 mL round bottom flask and Dry DCM (50.0 mL)
was added, followed by addition of NaHCO3 (10.4 g, 123.0 mmol) and mCPBA (21.3 g,
123.0 mmol) to the reaction mixture. The reaction was continued at 25 °C for 12 h. Saturated
solution of NaHCO3s and Na>S»03 was prepared and product was extracted in DCM layer
followed by column chromatography at 10 % Ethyl acetate/Pet Ether solution system. Yield
= 7.8 9 (92 %)."H NMR (400 MHz, CDCls) & ppm: 4.45 (m, 1H, ~CH-), 4.00 (m, 2H, -O-
CHa-), 3.66 (m, 1H, -CH-), 2.95 (m, 1H, ~CH-), 2.46 (t, 2H, -CH2-), 2.38 (m, 1H, -CH-),
2.01-1.79 (m, 4H, -CH2-), 1.45 (s, 9H, —CHs).

3.2.12 Synthesis of TPE-conjugated Cl substituted Polycaprolactone (TPE-CIPCL): In a
flame dried Schlenk tube, compound 3 (214.0 mg, 0.4 mmol) was dissolved in 1.0 mL dry
toluene and purged under nitrogen for 15 min at 25 °C. To this solution, Sn (Oct). (81.0 mg,
0.2 mmol) was added maintaining the nitrogen atmosphere and reaction mixture is allowed
to stir for another 15 min at 25 °C. Monomer 4 (1.0 g, 4.0 mmol, for M/l = 10) in 1.0 mL
dry toluene was added to the polymerization tube. Polymerization was continued by constant
stirring at 110 °C for 48 h under sealed conditions. The solvent was reduced to half and then
50 mL diethyl ether was used to precipitate the polymer. The polymer purification was
repeated by dissolving THF and re-precipitated in diethyl ether. Yield = 0.8 g (67 %). *H
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NMR (400 MHz, CDClIs) 6 ppm: 7.15 — 7.01 (m, 15H), 6.91 — 6.89 (d, 2H), 6.59 — 6.56 (d,
2H), 4.35 (t, 2H), 4.13 (t, 2H), 3.70 (m, 6H), 3.46 (m, 1H), 3.38 (s, 1H), 2.59 (t, 2H), 2.37
(t, 2H), 1.86-1.78 (m, 3H), 1.30-1.27 (m, 17H). **C NMR (100 MHz, CDCls) & ppm:
173.97,171.36, 132.62, 127.70, 126.32, 113.66, 75.76, 64.27, 61.34, 41.71, 35.27, 32.20,
29.71 and 28.01. FT-IR (cm™): 3843.04, 3739.75, 3316.74, 2940.11, 2830.84, 1657.00,
1450.03, 1112.98, 1019.75 and 670.38. GPC molecular weights: Mn = 2000 g/mol, My =
3100 g/mol, and Mw/M; =1.5.

3.2.13 Synthesis of TPE-conjugated tert-butyl ester substituted Polycaprolactone (TPE-
Neutral): TPE-based initiator (3) (207.2 mg, 0.4 mmol) was taken in a schlenck tube and 1
mL dry toluene was added to the same and the solution was nitrogen purged for 15 min at
25 °C. Sn (Oct). (78.5 mg, 0.2 mmol) was added to the same under nitrogen condition
followed by addition of monomer (1.0 g, 4.0 mmol, for M/l = 10) and polymerization was
continued for 48 h at 110 °C under sealed condition. The precipitation was done in 50 mL
diethyl ether. Yield = 1.0 g (82.8 %). *H -NMR (400 MHz, CDCls3) § ppm: 7.12 — 6.99 (m,
15H), 6.92 (d, 2H), 6.63 (d, 2H), 4.13 (m, 2H), 4.04 (t, 2H), 3.86 (t, 2H), 3.66 (m, 2H), 3.44
(m, 1H), 2.43 (t, 2H), 2.37 (t, 2H), 1.89-1.75 (m, 4H), 1.45 (bs, 9H), 1.33-1.27 (m, 17H). 13C
NMR (100 MHz, CDCl3) 6 ppm: 131.37, 127.70, 127.59, 77.25, 75.68, 64.42, 62.99, 41.60,
35.14, 32.76, 29.71, 28.69 and 28.05. FT-IR (cm™): 3391.18, 2944.50, 2603.28, 2496.23,
2311.96, 1730.71, 1642.74, 1508.84, 1455.77, 1395.38, 1359.94, 1241.83, 1169.35,
1103.43, 1065.29, 1036.55, 969.60, 910.96, 849.99, 807.49, 732.98, 702.12 and 668.04.
GPC molecular weights: M, = 3300 g/mol, My = 4800 g/mol, and Mw/M, =1.4.

3.2.14 Synthesis of TPE-conjugated carboxylic acid substituted PCL (TPE-Anionic):

Trifluoroacetic acid (TFA) was used for deprotection of tertiary butyl group protected
polymer (TPE-Neutral). TPE-Neutral (200 mg) was dissolved in DCM (1 mL) in pear-
shaped round bottom flask. TFA (2 mL) was added dropwise to the above reaction mixture
in ice-cold condition and the reaction was continued for one hour in room temperature. TFA
was evaporated by vacuum distillation and the resultant polymer was precipitated in 30 %
diethyl ether/hexane. Yield = 150 mg (91.4 %). *H -NMR (400 MHz, CDCl3) § ppm: 7.11 —
6.99 (m, 15H), 6.92 (d, 2H), 6.63 (d, 2H), 4.16 (m, 2H), 4.04 (t, 2H), 3.86 (t, 2H), 3.73 (m,
2H), 3.53 (m, 1H), 2.57 (t, 2H), 2.39 (m, 2H), 1.93-1.78 (m, 4H), 1.34-1.27 (m, 17H). 13C
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NMR (100 MHz, CDCls) & ppm: 139.76, 131.41, 131.26, 127.56, 126.42, 113.57, 64.52,
29.72, 29.62, 25.94. FT-IR (cm™): 3445.99, 2953.39, 2924.48, 2854.44, 2377.96, 2344.78,
2311.47, 1730.92, 1606.74, 1550.20, 1507.79, 1456.42, 1417.94, 1377.13, 1362.22,
1244.85, 1177.10, 1103.83, 1062.25, 973.72, 828.94, 806.10, 775.24, 746.68, 720.95,
699.93 and 668.36.

3.2.15 Synthesis of TPE-conjugated Boc-protected ethanol amine substituted
Polycaprolactone (TPE-NHBOC): TPE-Anionic (100 mg, 0.5 mmol) was dissolved in Dry
DMF: DCM solvent mixture (4.5 mL: 1.2 mL). Once the polymer got completely
solubilized, solution of tert-butyl (2-hydroxyethyl) carbamate (159.6 mg, 1.0 mmol) in 0.5
mL DMF was added to the same. Reaction was continued for 48 h at room temperature.
After the completion of the reaction, reaction mixture was filtered and dialyzed for 48 h. The
sample was lyophilized in order to determine the yield of the reaction. Yield = 120 mg (66.6
%). 'H -NMR (400 MHz, CDCl3) & ppm: 7.10 — 6.98 (m, 15H), 6.89 (d, 2H), 6.62 (d, 2H),
5.05 (s, 1H), 4.14 (M, 4H), 3.70 (m, 2H), 3.46-3.38 (m, 3H), 2.54 (t, 2H), 2.36 (t, 2H), 1.90-
1.77 (m, 4H), 1.43 (s, 9H), 1.30-1.25 (m, 24H). 13C NMR (100 MHz, CDCl3) 6 ppm: 156.81,
49.22,33.92, 28.40, 26.17, 25.61, 24.93. FT-IR (cm™1): 3393.67, 2956.68, 2926.29, 2682.71,
2377.63, 2344.55, 2309.88, 1731.53, 1510.76, 1455.70, 1417.63, 1392.89, 1366.20,
1249.69, 1172.35, 1105.59, 973.31, 852.93, 775.95, 748.99, 700.00 and 668.20. GPC
molecular weights: M» = 1900 g/mol, My = 3100 g/mol, and Mw/Mn =1.6.

3.2.16 Synthesis of TPE-conjugated amine substituted Polycaprolactone (TPE-Cat-NH>):
TPE-NHBOC (100 mg, 0.3 mmol) was dissolved in 1ImL DCM and TFA (660.0 pL, 3.0
mmol) was added to the same dropwise in ice-cold condition. The reaction was continued
for 2 h at 25 °C. TFA was removed azeotropically using DCM and polymer was precipitated
in 40 mL diethyl ether. Yield = 50 mg (70.0 %). H -NMR (400 MHz, CDCl3) & ppm: 8.21
(bs, 24H), 6.98 (d, 2H), 6.77 (d, 2H), 4.37 (bs, 2H), 4.13 (m, 2H), 3.67 (m, 6H), 3.45 (m,
1H), 3.28 (bs, 2H), 2.55 (bs, 2H), 2.35 (bs, 2H), 1.86-1.78 (m, 4H), 1.30-1.27 (m, 17H). FT-
IR (cm™): 3393.95, 3356.91, 3340.06, 2953.88, 2924.33, 2851.84, 2711.97, 2511.11,
2377.27, 2353.75, 2344.58, 2311.48, 1842.52, 1731.56, 1680.14, 1553.73, 1534.80,
1454.94, 1418.13, 1396.30, 1377.83, 1362.43, 1201.53, 1178.12, 1131.15, 1083.99, 970.07,
908.94, 832.37, 800.95, 768.81, 720.85, 668.49 and 657.24.
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3.2.17 Synthesis of TPE-triethylamine substituted cationic polymer PCL (TPE-Cat-
NEtz): TPE-CIPCL polymer (265.0 mg, 1.0 mmol) in 1.0 mL dry DMF was taken in the
polymerization tube under nitrogen atmosphere at 25 °C. Freshly dried triethylamine (416.0
pL, 3.0 mmol) was added to the reaction mixture and the quaternization was carried out by
stirring at 80 °C for 72 h. DMF was removed through rotatory evaporator, re-dissolved in
THF, and polymer was purified using diethyl ether. Yield: 196.0 mg (87 %). *H -NMR (400
MHz, CDCls3) 6 ppm: 7.15 - 7.01 (m, 15H, -CH-), 6.91 - 6.89 (d, 2H, -CH-), 6.59 — 6.56 (d,
2H, -CH-), 4.34 (t, 2H), 4.14 (t, 2H), 3.70 (m, 4H), 3.46 (m, 1H), 3.10 (g, 6H), 2.54 (M, 2H),
2.36 (m, 2H), 1.86-1.78 (m, 4H), 1.40 (t, 9H), 1.26 (m, 16H). *C NMR (100 MHz, CDCls)
5 ppm: 139.36, 127.34, 104.25, 63.57, 45.65, 34.75, 29.39 and 8.42. FT-IR (cm™): 3394.62,
2952.39, 2603.16, 2493.47, 1730.47, 1446.89, 1355.74, 1258.19, 1174.32, 1065.65 and
961.04.

3.2.18 Synthesis of TPE- cationic N-methyl imidazole substituted PCL (TPE-Cat-
NMelmz): TPE-CIPCL (100.0 mg, 0.4 mmol) was dissolved in 1 mL dry DMF and N-methyl
imidazole (155.0 pL, 1.9 mmol) was added through syringe under nitrogen atmosphere at
25 °C. The reaction was kept at 85 °C in sealed condition for 72 h. Polymer was precipitated
in diethyl ether and vacuum dried. Yield: 100 mg (85 %). *H -NMR (400 MHz, D20) § ppm:
8.66 (m, 1H), 7.44 (m, 2H), 4.54 — 4.21 (m, 4H), 3.93 (bs, 3H), 3.78 — 3.67 (m, 3H), 2.66
(m, 2H), 2.44 (m, 2H), 1.83 (m, 4H) and 1.21 (m, 20H). FT-IR (cm™): 3396.38, 3154.91,
2930.09, 2378.58, 2353.48, 2344.29, 2310.77, 1842.07, 1731.26, 1680.86, 1659.04,
1642.92, 1631.80, 1565.73, 1553.67, 1510.49, 1454.65, 1417.91, 1361.12, 1339.17,
1244.52,1174.81, 1104.07, 1066.83, 970.96, 852.71, 751.92, 701.10 and 668.10.

3.2.19 Synthesis of TPE-cationic tert-butyl (3-(dimethylamino) propyl) carbamate
substituted PCL (TPE-Cat-NR>-NHBOC): TPE-CIPCL (200.0 mg, 0.8 mmol) polymer
was dissolved in 1.00 mL dry DMF along with tert-butyl (3-(dimethylamino) propyl)
carbamate (202.3 mg, 2.2 mmol) in a melt tube under nitrogen atmosphere. Menshutkin
reaction and purification is performed as described for TPE-Cat-NEts. Yield = 250.0 mg
(76.6 %). *H -NMR (400 MHz, CDCl3) § ppm: 7.08 — 6.99 (m, 12H), 6.89 (d, 2H), 6.61 (d,
2H), 5.38 (s, 1H), 4.61 — 4.14 (m, 4H), 3.68 (m, 4H), 3.45 (s, 1H), 3.26 (m, 4H), 2.81 (s,
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6H), 2.55 (m, 2H), 2.37 (m, 2H), 2.03 (m, 2H), 1.78 (m, 4H), 1.42 (s, 9H), 1.26 (m, 20H).
13C NMR (100 MHz, CDCls) § ppm: 157.01, 132.91, 131.77, 127.99, 126.61, 113.91, 64.94,
55.87, 52.52, 43.53, 43.40, 30.00, 28.82 and 25.46. FT-IR (cm): 3368.56, 2956.39,
2926.33, 2311.32, 1731.33, 1510.79, 1456.19, 1417.46, 1392.41, 1366.22, 1249.83,
1171.39, 1106.33, 971.52, 857.86, 776.44, 700.79 and 668.34.

3.2.20 Synthesis of TPE-cationic N!, N-dimethylpropane-1,3-diaminesubstituted PCL
(TPE-Cat-NR2-NH>): TPE-Cat-NR>-NHBOC (100 mg, 0.2 mmol) polymer was dissolved
in 1 mL DCM and TFA (159 pL, 2.0 mmol) was added to the same in ice-cold condition.
The reaction was continued at 25 °C for 24 h. TFA was evaporated in rotatory evaporator
and precipitated in diethyl ether. Yield = 60 mg (78.2 %). *H -NMR (400 MHz, CDCls3) §
ppm: 7.07 — 7.01 (m, 15H), 6.89 (d, 2H), 6.62 (d, 2H), 4.15 (m, 4H), 3.69 (m, 4H), 3.49 (m,
1H), 3.16 (m, 4H), 2.82 (s, 6H), 2.53 (m, 4H), 2.01 — 1.79 (m, 6H), 1.27 (m, 18H). FT-IR
(cm™1): 3480.09, 3417.74, 3393.34, , 2926.21, 2854.50, 2566.48, 2377.50, 1941.86, 1842.85,
1732.11, 1682.38, 1645.39, 1609.04, 1567.26, 1361.68, 1338.93, 1244.04, 1186.30,
1137.05, 1109.32, 1061.69, 969.30, 700.10 and 668.28.

3.2.21 Determination of Critical Aggregation Concentration (CAC): The AIE property of
TPE-based cationic polymers facilitated the detection of CAC. The emission of the TPE
fluorophore is regulated by restriction of intramolecular motions. At lower concentration,
TPE conjugated cationic polymeric chains are dispersed freely in water showing faint
fluorescence but as the concentration of the polymer reaches above CAC value, due to
gradual phase segregation of hydrophilic and hydrophobic segments of the polymer, the AIE
luminogen will aggregate in the hydrophobic core of the aggregated self-assembly. It leads
to a pronounced AIE emission above CAC. Serial dilutions (10-fold) of polymeric samples
were prepared (1 X 102 g/mL to 1 X103 g/mL) in water and PL intensity was measured at
hexc = 330 nm.

3.2.22 Solvent-dependent and composition-dependent AIE phenomenon: TPE based
cationic amphiphilic polymers showed ultrafast solution state quenching in organic solvents
where they were highly soluble while the amphiphilic nature of the polymers leads to

formation of self-assembled nano-aggregates in aqueous medium. This restricted their
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intramolecular motions and ultimately block their non-radiative decays which makes them
highly emissive in aqueous medium. TPE-Cat-NEt; polymeric solution (10% pug/mL) was
prepared in three different solvent systems (DMSO, THF, and water) and their respective
photoluminescence intensity was measured at Aexe = 330 nm. The change in emission
intensity on decreasing the solvation of TPE-based cationic polymers can be observed by
increasing the water content in DMSO solutions. Various DMSO/Water solvent composition
systems were prepared by increasing the fraction of water gradually while maintaining the
total solvent volume as 3 mL. 10° pg/mL concentration of TPE-Cat-NEts polymer is

dissolved in each of the solvent systems and fluorescence was measured at Aexc = 330 nm.

3.2.23 Particle size and Zeta Potential determination through DLS: In order to determine
the average particle size and particle size distribution of the cationic nano-aggregates in
water DLS measurement has been done. 100 ug/mL concentration of cationic amphiphilic
polymers were weighed and dissolved in 1 mL millipore water and hydrodynamic radius is
determined along with polydispersity index. Similarly, zeta potential (surface charge) of the
nano-aggregates were also determined using Zetasizer Nano ZS 90 setup (Malvern) to
determine surface potential.

3.2.24 Photophysical Studies: The absorbance and fluorescence studies were conducted at
optical density of TPE as 0.1. The excitation source used for TPE and CV were 330 nm and
620 nm respectively. For TCSPC lifetime measurement, nano-LED source of Aexc = 370 nm
for TPE excitation was used where the lifetime decay was obtained at Aem = 480 nm. The

decay profile was fitted by using EZ software.

3.2.25 Evaluation of Cellular Morphology using Transmission Electron Microscopy
(TEM): TEM technique was implemented to observe any distortion in size or shape of the
bacterial cells on account of polymer action. 1 X 10° bacterial cells were incubated with
TPE-Cat-NEts polymer in a thermal shaker for 8 h at 37 °C. Samples were centrifuged at
8000 rpm for 10 min and redissolved in sterile PBS buffer. Bacterial samples were incubated
with 2.5% glutaraldehyde overnight at 4 °C and ultimately dehydrated using graded ethanol

series. 20 pL sample was dropcasted on 400-mesh copper grids and dried overnight at 25 °C
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and then under heating oven at 37 °C. TEM images were obtained using JEM-2200FS Field

Emission Electron Microscope with an acceleration voltage of 200 keV.

3.2.26 Bacterial Inhibition Assay via Colony Suspension Method: As reported earlie*, in
order to determine the antibacterial property of the cationic amphiphilic polymers, Minimum
inhibitory concentration (MIC) is determined. It was the minimum concentration of the
polymer required to inhibit the observable growth of bacteria. In colony suspension method,
well-isolated E. coli colonies were picked up (usually 2 to 3) from a stock and bacterial
inoculum was prepared in LB broth with turbidity of the suspension equivalent to 0.5
McFarland standard. It was then diluted to O.Deoonm = 0.005 which corresponds to 1 X 10°
CFU/mL. Serial dilutions of polymeric stock solutions (1 X 10 ug/mL to 1 X 10° pg/mL)
were prepared. 100 pL of the polymeric solutions were incubated with 100 pL of bacterial
suspension along with a positive and negative control containing only bacterial suspension
and Ampicillin at its antibiotic concentration (16 pg/mL) respectively. Time-dependent
scattering of the bacterial turbid solution was measured at Aexc = 600 nm for 18 h using Perkin

Elmer Enspire Multimode Plate Reader.

3.2.27 Crystal violet staining of E. coli (Gram-negative) bacterial cells: Enhanced outer-
membrane permeability due to pore-forming ability of cationic polymer was corroborated
with the retention of crystal violet dye in bacterial membrane. Bacterial cells (1 X 108
CFU/mL) were incubated with different polymers (10° pg/mL) along with a negative control
(without polymer) for 8 h at 37 °C in a shaker incubator. Cells were pelleted and washed
with phosphate buffer (pH 7.4, 1 mL). 10 uL of 10* g/mL CV solution in PBS buffer was
added to the same and kept it in dark for 10 min. The resultant solution was given PBS
washes (X 2) followed by addition of Gram’s decolorizer (95 % ethyl alcohol) and kept for
15 seconds, and then washed with PBS again. The E. coli cells were fixed on a glass slide
and examined under oil immersion objective (100x) by using the Leica SP8 optical

microscope employing Ase1nm (red channel) laser.

3.2.28 FRET analysis through confocal imaging: The co-localization of two
fluorochromes (TPE-based antibacterial polymer and Crystal violet) in a bacterial micro-

environment sheds light on the alteration in bacterial membrane permeability by the
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antibacterial polymer. It was achieved through FRET were observed upon donor excitation
and detection of emission from acceptor fluorophore, and simultaneous reduction of donor
fluorescence. E. coli (1 X 108 cells/mL) suspension was prepared in LB broth and incubated
with TPE- polymers (10% ug/mL) for various time points at 37 °C. Cells were pelleted and
washed thrice with phosphate buffer (pH 7.4, 1 mL). 10 pL of 10* mg/mL CV solution in
PBS buffer was added to the same and kept it in dark for 10 min. The resultant solution was
given PBS washes (X 2) followed by addition of Gram’s decolorizer (95 % ethyl alcohol)
and kept for 15 seconds, and then washed with PBS again. A control slide was also prepared
which did not involve Gram’s staining. The slides were observed under oil immersion

objective (100x) by using the blue channel and red channel in Leica SP8 optical microscope

3.2.29 Hemolysis Assay: The bio-compatibility of polymeric samples was evaluated by in-
vitro hemolysis assay by monitoring the hemoglobin release in the medium as an indicator
for red blood cell lysis. Antibacterial polymers (TPE-Cat-NH, and TPE-Cat-NEts) were
incubated at their MIC concentration (100 ug/mL in PBS) with 5 % v/v solution of RBCs in
PBS. For non-antibacterial polymers (TPE-Neutral, TPE-Anionic, TPE-Cat-NMelmz and
TPE-Cat-NR2-NH>) assessment was done at the highest concentration till which bacterial
inhibition assay was demonstrated i. e. 500 pug/mL in PBS. 1 % Triton X-100 solution and
PBS were also taken as positive and negative controls respectively. 100 ul of polymeric
sample was incubated with 100 pL of RBCs for 1 h in static incubator followed by
centrifugation at 8000 rpm for 5 min. The observance of RBC pellet at the bottom of the
eppendorf was confirmative of the non-toxicity of the sample. Absorbance was measured at

Laps = 570 nm and % hemolysis was determined as mentioned in the reported procedure.?*

3.2.30 Colony Counting Experiment: A single colony was picked from an E. coli-streaked
plate and 100 pL of E. coli (1 X 10° CFU/mL) was incubated with 100 uL of various
polymeric samples followed by irradiation with a blue LED light source (Osram 58 W/865
LUMILUX T8), giving an incident light intensity of ~499 + 19 lux for 1 min. After
irradiation, the samples were incubated for 18 h (Incubation is done for 18 h to replicate

broth microdilution experiment). In order to count the number of viable colonies at the end
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of 18 hours, diluted samples were spread evenly over agar surface and incubated for 18-20

h and colonies were counted.

3.3 Result and Discussion

3.3.1 Synthesis of tert-butyl 3-((7-oxooxepan-4-yl)oxy)propanoate (M2)

1,4-Cyclohexane diol was subjected to multi-step reactions to yield y-Cl substituted
caprolactone monomer (M1, as described in chapter-2) and y-tertiary butyl ester substituted
caprolactone monomer (M2) as shown in Scheme 3.2. The synthesis of tert-butyl 3-((7-
oxooxepan-4-yl)oxy) propanoate (monomer M2) involves three consecutive steps. Michael
addition of 1,4-cyclohexanediol with tert-butyl acrylate in the presence of potassium tert-
butoxide to yield tert-butyl 3-((4-hydroxycyclohexyl)oxy)propanoate (A) (as shown in
Scheme 3.2). The mono substituted product (A) underwent PCC oxidation to yield tert-butyl
3-((4-oxocyclohexyl)oxy)propanoate (B) and subsequently Baeyer Villiger oxidation in the
presence of MCPBA and NaHCO:s to ultimately obtain monomer M2.

)

(a) R
Chapter 2

e

o o)
e :
o N0t O o gl g L N YK o,
KO'Bu, Dry THF HO DrybcMm © Dry DCM
80 °C 25°C 259G o

™

(o}
M2

Scheme-3.2. Synthetic scheme of »~Cl substituted caprolactone monomer (M1) and -
tertiary butyl ester substituted caprolactone monomer (M2)
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Figure 3.4. *"H NMR spectrum of TPE-CIPCL in CDCl; The expanded spectra from 0.5 ppm to 8
ppm is shown for clear visualization and the peaks are assigned by alphabets with respect to the
types of protons shown in the chemical structure.
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Figure 3.5. *H NMR spectrum of TPE-Neutral in CDCl3 The expanded spectra from 1 ppm to 8 ppm

is shown for clear visualization and the peaks are assigned by numeric with respect to the types of
protons shown in the chemical structure.
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TPE-phenolic OH (1) was coupled with mono-tosylated alcohol (2) to make AIE-
active hydroxyl functionalized tetraphenylethylene (3, TPE-OH) as shown in Scheme 3.3.
TPE-OH was employed as an initiator for ring opening polymerization (ROP) of monomers
M1 and M2 using Sn (Oct) catalyst with M/l =10 to yield TPE-conjugated homopolymers
TPE-CIPCL and TPE-BPCL, respectively. *H-NMR analysis enabled the determination of
number of CIPCL and BPCL repeating units in the homopolymer as 10-11 units (Figure 3.4
and 3.5). In chapter-2,2** the PCL cationic polymers (non-luminescent system) showed
saturation in their antibacterial activity beyond 10 repeating units; and thus, it is adopted in
the present study. Deprotection of tert-butyl protecting group in TPE-BPCL polymer yielded
carboxylic substituted PCL polymer (Figure 3.6), and the TPE-BPCL polymer is hereafter
referred as TPE-Neutral. The conversion of -COOH units into its corresponding sodium salt
-COO'Na" resulted TPE-Anionic polymer. The carboxylic polymer was coupled with Boc-
protected ethanol amine followed by deprotection to yield amine-salt substituted cationic
polycaprolactone (referred as TPE-Cat-NHy, exists as a -NH3*CF3COOQO"). These polymers
were successfully characterized by *H-NMR spectroscopy (Figure 3.7 and 3.8). TPE-CIPCL
polymer was derivatized into three different quaternized polymers using three different
tertiary amines. N-methyl imidazole, triethyl amine and tert-butyl (3-(dimethylamino)
propyl) carbamate to yield imidazolium ion substituted polycaprolactone (TPE-Cat-NMe-
Imz), triethyl amine substituted polycaprolactone (TPE-Cat-NEts) and N, N-dimethyl
substituted quaternized caprolactone polymer (TPE-Cat-NR>-NHBOC), respectively, as
shown in Scheme 3.3 (see NMR spectra in Figures 3.9-3.12). Size exclusion chromatograms
of TPE-CIPCL and TPE-BPCL polymers showed monomodal distribution (see Figure 3.13)
with PDI in the range of 1.4 to 1.5. The molecular weight of these fluorescent cationic

polymers was found in the range of M, ~ 5000 g/mol to 8000 g/mol.
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Figure 3.8. *H NMR spectrum of TPE-Cat-NH; in CDCl3 The expanded spectra from 0.5 ppm to 8.5

ppm is shown for clear visualization and the peaks are assigned by numeric with respect to the types
of protons shown in the chemical structure.

Ve 0
[\

\
SAGUNNE SOV .. N WA
H—
o™ o o n  DMF,80°C O%OWOT
4 1 110
& 0
2
5

°1 ; i gzo

& ) & th th ) & h

= o ® o S : @

a 3 S8 8 g < &
90 85 80 75 70 65 60 5 40 35 30 25 20 15 1

Figure 3.9. *H NMR spectrum of TPE-Cat-NMelmz in D,O. The expanded spectra from 0.5 ppm to
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types of protons shown in the chemical structure.
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Figure 3.10. *H NMR spectrum of TPE-Cat-NEt; in CDCl3 The expanded spectra from 0.5 ppm to
7.5 ppm is shown for clear visualization and the peaks are assigned by alphabets with respect to the
types of protons shown in the chemical structure.
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Figure 3.11. *H NMR spectrum of TPE-Cat-NR,-NHBOC in CDCl3 The expanded spectra from 0.5
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to the types of protons shown in the chemical structure.
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Figure 3.14. (a) Diagram showing self-assembly of TPE-polymers in DMSO and water (b) Plot
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photograph showing the gradual occurrence of AIE with increase in water-rich domain. (c) Plot
showing absorbance profile for TPE-Cat-NEt; polymer at different DMSO + Water compositions.
(d) Emission spectra of TPE-Cat-NEt; ar Aexe = 330 nm with increase in concentration of polymer.
Plot showing concentration dependent change in PL Intensity J..m = 480 nm (inset).

These newly designed cationic PCL polymers inherited amphiphilicity from its
hydrophobic aliphatic polyester backbone and hydrophilic groups in the side chains in each
repeating unit. The diagrammatic representation of one of the cationic polymers TPE-Cat-
NEts is shown in Figure 3.14a, where the hydrophobicity arose from the bulky aromatic TPE
unit and quaternized triethyl amine units were responsible for hydrophilicity. In aqueous
medium, these amphiphilic polymers would adopt a phase segregation of TPE hydrophobic
segment in the core and the cationic charge on the periphery to produce well defined micellar
nanoparticle assemblies as shown in Figure 3.14a. As shown in the vials, TPE chromophores
in the cationic polymer was completely dispersed in DMSO and its emission was switched-
off. The increase in the water content in DMSO + water solvent mixture, the fluorescent

characteristic of the TPE-cationic polymer was restored with strong blue-emission. In Figure
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3.14Db, upon increasing the water content in DMSO solution, a gradual rise in emission
intensity was observed due to the increase in the AIE of the cationic nano-assemblies in
aqueous medium with a constant absorbance maxima i.e., Amax (Figure 3.14c) commenting
on no change in molar absorptivity of TPE.

A gradual increment in TPE AIE fluorescence upon increasing the water content
which might be due to the difference in self-assembled state at various DMSO/water
compositions of TPE-Cat-NEtz cationic polymer. This trend is attributed to the impact of the
TPE chromophore hydrophobicity on the chain aggregation that restricts their intermolecular
motion (RIR or RIV) even at lower water content that ultimately facilitates the TPE-AIE
emission. Concentration dependent fluorescent spectra of TPE-Cat-NEts from 1 x 107
pg/mL to 1 X 10° ug/mL in water was recorded to determine the critical aggregation
concertation (CAC, see Figure 3.14d). The emission intensity gradually increased at 480 nm
with the increase in the concentration of TPE-Cat-NEtz polymer. A clear break point at 50

ug/mL polymer concentration was observed with respect to its CAC as shown in the inset

plot.
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Figure 3.15. (a) Absorbance spectra for all the polymers are shown in water. (b) Plot showing
normalized intensity profiles for all the TPE conjugated polymers. Plot showing PL Intensity at Aem
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= 480 nm for various solvent compositions for TPE-BPCL (neutral polymer, ¢) and TPE-CPCL
(anionic polymer, d).

The absorbance and fluorescence spectra for all other TPE-polymers (TPE-Neutral,
TPE-Anionic, TPE-Cat-NHz, TPE-Cat-NR.-NH. and TPE-Cat-NMe-Imz) are shown in
Figure 3.15a and 3.15b. To understand the role of the charges (cationic, or anionic) on the
AIE property of the polymer, the solvent composition dependent AIE fluorescence of TPE-
Anionic (anionic polymer) and TPE-Neutral (neutral polymer) were also studied and the
details are shown Figure 3.15¢ and 3.15d. For TPE-Neutral, breakpoint at lower water
content i.e., 30 % water in DMSO and for TPE-Anionic, breakpoint at higher water content
i.e., 70 % of water in DMSO was observed. Hence, the polymer self-assembly in solvent
mixtures (DMSO+water) was also influenced by the charge of the pendent units in the PCL
chains. Nevertheless, all the TPE-conjugated polymers showed highest AIE emission in 100

% water confirming their suitability for biomaterial research.

(a) DLS (b) Zeta Potential
D,= 83+1.8nm E=+45+6mV
i
10 100 0 20 40 60 80
Size (d.nm) Zeta Potential (mV)

Figure 3.16. (a) Dynamic light scattering histogram and (b) Zeta potential plot for TPE-
Cat-NEtz polymer at 100 xg/mL concentration. (¢) FE-SEM and (d) HR-TEM image of TPE-
Cat-NEtz polymer.

To determine the size of the polymeric nano-assemblies, TPE-Cat-NEtz polymer was
readily dispersed in water (100 ug/mL) by sonication, and subjected to dynamic light
scattering (DLS) measurement. TPE-Cat-NEtsz sample showed tiny nano-assemblies in the
size range of 8.3 £ 1.8 nm in diameter with PDI < 0.1 (see Figure 3.16a) and zeta potential
of + 45 mV (as shown in Figure 3.16b) which can be attributed to its positive surface charge.
FE-SEM and HR-TEM images of the TPE-Cat-NEts showed the existence of spherical
nanoparticles with an average size of 6.6 £ 0.2 nm and 6.5 £ 0.3 nm, respectively (Figures
3.17a and 3.17b). For all the other cationic polymers (TPE-Cat-NEts, TPE-Cat-NH,, TPE-
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Cat-NR>-NH> and TPE-Cat-NMe-Imz), neutral polymer (TPE-Neutral) and anionic polymer
(TPE-Anionic), DLS histograms and Zeta potential values are shown in Figure 3.18. It can
be clearly noted that, sizes of TPE-Neutral and TPE-Anionic nanoparticles are relatively
larger (~ 150 nm) than cationic nanoparticles (~ 10 nm to 80 nm). This might be due to the
insufficient amphiphilicity in polymeric structure of neutral and anionic (TPE-Neutral and

TPE-Anionic) polymers. The values are tabulated for comparison in Table 3.1.

(b) HRTEM

Figure 3.17. (a) FE-SEM and (b) HR-TEM image of TPE-Cat-NEtz polymer.
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Figure 3.18: Plots of DLS Sizes along with Zeta potentials for all the polymers in water. Polymer
concentration was maintained at 100 zg/mL.

Table 3.1. Table enlisting size and zeta potential, MICg, HCso along with selectivity index the
polymers (100 ng/mL concentration)

Table containing values of size, zeta potential, MICq, HCy,and selectivity index

Polymer DLS Zeta Potential MIC,, HC;, Selectivity
(d. nm)? (mV)? (mg/mL)® (mg/mL)¢ Index®
NA -

TPE-Neutral 140.0+ 10.0 -9.8+04 >0.5

TPE-Anionic 148.0+ 11.0 -16.9+0.8 NA >0.5 -
TPE-Cat-NEt, 83+1.8 +45.0 £ 6.0 0.1 >0.1 >10
TPE-Cat-NH, 6.4+0.8 +26.2+0.4 0.1 > 0.1 >1
TPE-Cat-NR,-NH, 83.6+3.8 +31.0+£1.0 NA >0.5 -
TPE-Cat-NMe-imz 25.0+£4.7 +23.0+0.5 NA >0.5 =

aSize and zeta potential was determined by dynamic light scattering (DLS) instrument. ®Minimum inhibitory concentration for
90% inhibition of E. coli growth was determined by colony suspension assay. “Minimum polymer concentration for 50 %
inhibition of RBCs.9HC5y/MIC5,

The antibacterial activity of the polymers was determined by broth microdilution
assay?** 24" hy measuring the optical density (O.D. at 600 nm) of bacterial suspension upon
action of polymer. Variable concentrations of the amphiphilic polymers (1 X 10 to 1 X 103
ug/mL) along with control positive control (without polymer treatment) and negative control
(ampicillin) were incubated with 108 CFU/mL of bacterial suspension (0.005 O.D. at 600
nm) at 37 °C for 18 h. The decrease in turbidity of bacterial suspension over incubation time
was direct readout of antibacterial action of polymers as shown in Figure 3.19. The MICg
value was determined by comparing the optical density for control (when no polymer is
added) at the end of 18 h to that of polymer incubated samples and MICgy for TPE-Cat-NEt3
polymer was observed to be 1x10? ug/mL (Figure 3.19a). Similarly, for TPE-Cat-NH:
(cationic polymer), the MICgy value was observed to be 1x10? pg/mL (Figure 3.19D).
However, the other two cationic polymers TPE-Cat-NR>-NH2 and TPE-Cat-NMe-Imz did
not show any considerable decrease in optical density at 600 nm for E. coli suspension (till
maximum concentration, 5 X 102 pg/mL) (Figure 3.19c and 3.19d). This suggests that
among the four units that were introduced as cationic charge in PCL polymer; both
quaternary amine (*NEts) and primary amine ("NHz) are responsible for > 90 % inhibition

of E. coli whereas imidazolium ion and the combination of primary amine and quaternary
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amine ("NR2- "NEt3) were found to be ineffective. Under the identical conditions, both TPE-
Neutral (ester pendant unit) and TPE-Anionic polymers were also found to be non-

antibacterial in nature (Figure 3.19¢e and 3.19f).
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Figure 3.19. Determination of MICy for (a) TPE-Cat-NEts, (b) TPE-Cat-NH>, (c) TPE-Cat-NMe-
Imz and (d) TPE-Cat-NR2-NH,, (e) TPE-Anionic and (f) TPE-Neutral. (g) Broth microdilution assay
showing the plot of optical density at 600 nm with time for TPE-Cat-NEts. (h) Comparative
determination of MICgy for various polymeric samples

The growth profile of E. coli cells without polymer treatment (control sample)
comprises the following phases of bacterial growth curve which involves: (a) lag phase
(during the initial 0 to 2 h) where there was no change in turbidity of the sample as the cells
are metabolically active but did not start to divide, (b) log phase (for time interval ~ 2 h to
12 h) where exponential increase in E. coli density is observed, and (c) stationary phase (for
time interval ~ 12 h to 18 h) marked by the plateau region where rate of cell division and
cell death were roughly equal. In contrast, for TPE-Cat-NEtz polymer incubated E. coli
suspension, as the cationic polymer concentration was increased from 1x10 to 1x10° pg/mL,
a gradual decrease in bacterial turbidity was observed as a measure of decrease in O.D. 600
nm of the bacterial suspension which marked the antibacterial action of the polymers (see

Figure 3.199). A comparative plot of various polymers with respect to their final optical

121



Chapter 3

density value at the end of 18 h is shown in Figure 3.19h, where it is clearly visible that
optical density of antibacterial polymer (TPE-Cat-NEts, TPE-Cat-NH.) incubated E. coli
samples was drastically less as compared to non-antibacterial polymers (TPE-Cat-NR2-NHa,
TPE-Cat-NMe-Imz, TPE-Neutral and TPE-Anionic). This result suggested that the type of
cationic units in the polymer backbone played a very significant role in determining the

antibacterial activity.
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Figure 3.20. (a) Zeta potential values for all the polymers along with E. coli. (b) Change
in zeta potential after 4 h incubation with E. coli.

To validate polymeric interaction with E. coli membrane, E. coli surface charge
potential was monitored by Zeta potential. Zeta potential of nascent E. coli suspension (0.5
OD at 600 nm) was found out to be -25 mV due to presence of anionic units comprising of
lipopolysaccharide and phospholipids on its surface.!? Zeta potential of nascent polymers
along with E. coli is shown in Figure 3.20a. After 4 h incubation of the polymeric samples
with E. coli, the magnitude of zeta potential in Figure 3.20b for all the cationic polymers
were reduced to ~ -5 mV to +5 mV showing charge neutralization upon polymeric interaction
with E. coli membrane. However, in the case of TPE-Neutral and TPE-Anionic polymers,
the zeta potential of bacterial surface remained almost unchanged (see Figure 3.20b). This
clearly suggests polymeric adherence onto the surface of E. coli can be determined through

zeta potential measurement for cationic polymers due to charge neutralization but not in case
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of neutral and anionic polymers as shown diagrammatically in Figure 3.20a. Moreover,
irrespective of their antibacterial action, all cationic polymers were able to neutralize the E.
coli surface charge potential by adhering on its surface. The comparison of the data in Table
3.1 and Figure 3.20b revealed even though all cationic polymers could adhere on the surface
of E. coli; only TPE-Cat-NH> and TPE-Cat-NEts breach the membrane due to their

antibacterial activity.
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Figure 3.21. () Hemolysis activity determination for TPE-Neutral, TPE-Cat-NEts;, TPE-Cat-NH;
and TPE-Cat-NMe-Imz along with PBS and 1% Triton-x. (b) Plot showing % Hemolysis value for
TPE-Cat-NEt; polymer at two different concentrations (100 pug/mL and 10° zg/mL) along with PBS
(as negative control) and 1 % Triton-x (as positive control).

The hemocompatibility of TPE-polymers was ascertained by incubating them with
RBCs of freshly withdrawn mice blood. After 1 hour of static incubation at 37 °C, the
samples were taken and centrifuged at 8000 rpm for 5 min. The presence of an undisturbed
RBC pellet at the bottom of the eppendorf was affirmative of polymer’s hemocompatibility
(see Figure 3.21). The percentage hemolysis was determined for four polymeric samples
along with PBS as negative control, relative to 1 % Triton-x as positive control. The
polymers were found to be completely non-hemolytic (see Figure 3.21a) with their HCso
values to be higher than the concentration range at which hemocompatibility was checked
(see Table 3.1). The selectivity index provides us a therapeutic window of a drug at which

its efficiency is maximum without causing any unwanted toxicity. Upon analyzing the
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selectivity index, it can be inferred that at MIC concentration, the quaternary amine and
primary amine functionalized antibacterial polymers were found to be more selective
towards E. coli than RBCs. The hemolysis activity was also checked at 10 times higher
polymeric concentration (10% ug/mL) for TPE-Cat-NEts polymer (see Figure 3.21b). The
polymer was non-hemolytic and the selectivity index could be improved by order of 10 times
than the values reported in Table 3.1. In our earlier attempt*®, the PCL cationic polymer
without TPE substitution showed selectivity index 1000 times better than the present system.
It indicates that the TPE conjugation probably influenced on the hemolysis action of the
PCL-based cationic polymer and the exact reason is not clear at present. In general, TPE-
based antibacterial polymers are very new in the literature, and therefore, more insight into
the structure-property relationship is further required to establish to rationalize their effect
on hemolysis data. For the development of efficient cationic antibacterial polymer, balance
between hydrophobic and hydrophilic content is extremely important. It has been known in
the literature that lack of appropriate hydrophobicity leads to lower bactericidal activity (due
to less membrane penetration) whereas selectivity is compromised at higher hydrophobic
content due to non-specific polymer insertion into bilayer membrane of RBCs and
mammalian cells.?? In the present case, the cationic polymers is designed with the minimum
amount of sufficient cationic units (10-12 units per chains) that are required to maximize the
impact on the bacterial membrane breaching based on existing structure-property
relationship data.?** Further, the polymers were built on biodegradable and biocompatible
PCL platform, and therefore, the antibacterial polymers were found to be more compatible
to the RBCs and epithelial cells. Hence, the hemolysis data indicate that the newly designed
polymers can be stated as safe to use.

(a) o E (b) E. Coli without polymer (Control) (c) E. Coli incubated with TPE-Cat-NR; polymer

E. coli Z)) o

Membrane disruption

Figure 3.22. (a) Schematic representation of membrane disruption by cationic antibacterial
polymer. TEM images of (b) E. coli and (c) TPE-Cat-NEt; incubated E. coli.
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In order to understand the membrane disruption mechanism upon polymeric
interaction, samples were viewed under electronic microscopy to observe membrane
imperfections upon polymeric action as shown in Figure 3.22a. The morphological changes
in E. coli cells were examined after its treatment with TPE-Cat-NEts homopolymer by HR-
TEM imaging. The bacterial cells were incubated with TPE-Cat-NEts homopolymer for 8 h
at 37 °C along with control sample (without polymer) and then examined by HR-TEM. It
was observed that in case of control, the cell surface morphology appeared to be smooth and
regular with clear edges in Figure 3.22b. On the contrary, as shown in Figure 3.22c, image
of the bacterial membrane of cationic polymer treated sample showed completely
compromised cellular membranes with apparent cellular debris nearby the membrane
compromised E. coli cells. The appearance of blebs and wrinkles due to membrane
disintegration ultimately led to release of cellular content and cell lysis. This observation
suggested that the mechanism of polymeric killing involved surface association followed by

membrane disruption which ultimately led to bacterial killing.

The AIE property of the cationic TPE-polymer on bacterial surface was studied using
E. coli as a template by confocal microscope. The membrane rupturing capability of the
TPE-polymer would facilitate the influx of propidium iodide (PI) to bind to the DNA at the
intracellular level in membrane-compromised dead E. coli. Pl is a membrane impermeable
biomarker and it would undergo cellular internalization exclusively in the membrane
compromised cells (not inner or outer membrane specific); thus, it is regularly employed as
readout for non-fluorescent antimicrobial agents to infer the viability of the bacterial cells.
Interestingly, the employment of fluorescent antimicrobial agents like in the present case
along with PI, would enable the co-localization of signals in confocal microscope to
differentiate site specific accumulation of probe molecules in the bacteria. By using selective
photoexcitation of TPE chromophore at 405 nm laser and Pl at 561 nm laser and the
colocalization of confocal microscope images; one could directly visualize TPE on the

bacterial membrane distinct from the PI-DNA at the intracellular compartment.
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Figure 3.23. (a) Confocal image of E. coli bacterial cells without polymer (first panel) and
incubated with TPE-CPCL polymer for 8 h (second panel). (b) Calculation of Mean CTCF
value for TPE fluorescence and (c) propidium iodide intensity coming from bacterial cells
for control (without polymer) and TPE-CPCL incubated bacterial cells. Each point
represents mean £ SEM (n = 15), (****P < 0.0001). (d) Energy profile plot showing change
in fluorescence intensity with distance across a single bacterium along with a magnified
CLSM merged image (magenta (pseudo color) for TPE-CPCL and green (pseudo color) for
PI for better visualization).

E. coli (1x108 CFU/mL) was treated with TPE-Cat-NEts homopolymer (1xMIC) and
without polymer (control) for 8 h, and stained with P1 to record the confocal images as shown
in Figure 3.23. In the absence of cationic polymer, (control first panel), the bacterial cells
were healthy and the membrane was not compromised which is evident by the absence of
signals in the blue and red-channels (PI staining is not possible). Upon exposure to the TPE-
Cat-NEtz incubation (second panel), the bacterial cells were observed to be brightly
illuminated under confocal microscope in the blue-channel due to the binding of TPE
chromophore on bacterial surface. The simultaneous membrane disruption by the cationic

polymer enabled the Pl entry and binding to the DNA which account for the strong emission
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in the red-channel. The merged image of TPE-Cat-NEtz incubated cells showed the
colocalization of both the channels from E. coli cells. The corrected total cell fluorescence
(CTCF) was calculated for the blue and red channels and showed in Figures 3.23b and 3.23c,
respectively. Strong AIE-based emission was observed from the polymer incubated bacterial
cells whereas no blue emission was observed in the control sample (Figure 3.23b). This
confirmed that the polymeric interaction on the E. coli bacterial membrane did not alter the
AIE phenomena of the probe and its blue-fluorescence emission retained. Further, the Pl
emission is minimal in the control while an exuberant increase after incubation with TPE-
Cat-NEts (Figure 3.23c); this reinstates that Pl could only enter into the cells followed by
the membrane disruption by the cationic polymer. The precise location of both the
fluorophores inside a single bacterium was determined by generating a horizontal
fluorescence profile plot wherein a cursor line is drawn across an E. coli and fluorescence
intensity for both the fluorophores (TPE-Cat-NEts polymer and Pl biomarker) that fall along
that line is plotted as shown in Figure 3.23d. TPE-Cat-NEtz and Pl emission were given
magenta and green colors (instead of cyan and red), respectively, for distinct visualization
of their colocalized part in a single bacterium. The intensity of the magnified image of
bacterial cells showed distinct signals in the membrane from the cytoplasm. TPE emission
from the cationic NP predominately visible in the bacterial envelope as evident for its
membrane binding ability. The apparent white emission from the center of the bacteria due
to colocalization of two complementary colors, magenta (from TPE) + green signals (from
PI). This confirmed PI emission coming from inside the cell which is due to its interaction
with bacterial DNA. Selective photoexcitation of TPE chromophore and observing the
signals from PI (570-720 nm) was also carried out to find out the cross-talking between the
two chromophores. There is no signal observed from PI (red channel) and it clearly rules out
the interaction between TPE and PI. Therefore, the individual optical purity was retained for
further colocalization analysis in the bacterial cells to confirm the polymer into the lipid

hydrophobic layer of E. coli which causes membrane-disruption, and ultimately cell death.
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Figure 3.24. (a) Diagrammatic representation showing differential incapability of CV to stain gram
negative cell lines through gram’s staining.(b) Confocal microscopy images of E. coli bacterial cells
(1 X 108 CFU/mL) stained with CV by Gram’s stain procedure without polymer.

E. coli membrane has intact morphology and it does not allow CV to penetrate
through the outer-membrane surface in gram-staining procedure.?*® CV could be physically
adsorbed on outer-membrane surface by electrostatic interactions; however, ethanol-wash
protocol involved as part of the gram-staining procedure would remove CV completely from
the outer membrane as shown in Figure 3.24a. Since CV does not stain E. coli in the gram-
staining protocol, the CV cannot be visualized by fluorescence imaging in confocal
microscopy. This point is validated in Figure 3.24 for E. coli samples in the native state and
there is no fluorescence signal from CV. A non-fluorescent PCL-antibacterial polymer (CP-
10, from Chapter-2), was chosen to disrupt the membrane so that the CV could be stained in
the peptidoglycan layer as shown in Figure 3.25a. Once the CV is strongly bound on the
peptidoglycan layer, it is not removable by ethanol wash in gram staing procedure, and

therefore, one can image the CV signals in the confocal microscope. This point is validated
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in the present investigation, by treating E. coli with non-fluorescent cationic PCL polymer
(synthesized as per Chapter-2) for 8 h and the cells were stained with CV, washed with 90
% ethanol and fixed for confocal imaging. The cells were excited at 561 nm (CV excitation)
and their signals were collected in the red-channels (570-720 nm). E. coli exhibited strong
red-emission in Figure 3.25b confirming the outer membrane disruption by the polymer and
subsequent permeabilization of CV in the peptidoglycan layer. This was further corroborated
by observance of very minimal mean CTCF values in Figure 3.25c¢ for red-channel in control
(in the absence of polymer, Figure 3.24b) whilst a significant enhancement in CV signals
with respect to their strong binding on membrane compromised cells (as shown in Figure
3.25¢). This experiments clearly demonstrated CV binding exclusively on membrane
compromised E. coli cells. This method is currently tested for E. coli which is gram-negative
bacteria; however, a detail analysis is separately required to test the polymer action on gram

positive bacteria membrane.
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Figure 3.25. (a) Schematic representation of CV staining on E. coli membrane after incubation with
antibacterial polymer CP-10 (non-luminescent mentioned in Chapter-2) treatment and remove the
unbounded CV by 90 % ethanol wash. (b) Confocal microscopy images E. coli bacterial cells (1 X
10® CFU/mL) stained with CV after treatment with non-fluorescent polymer. (c) Plot showing mean
CTCF values for CV alone and CV+CP10 samples, lexc = 561 nm, Aem = 570 - 720 nm(****P <
0.0001). For CTCF measurement, each point is mean + SEM (n = 15).
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Figure 3.26. (a) Schematic representation of interaction between a fluorescent antibacterial polymer
(TPE-Cat-NEts) with E. coli followed by CV staining. (b) Confocal microscopy images of polymer-
stained E. coli bacterial cells (1 X 108 CFU/mL) without CV (first panel) and with CV staining
(second panel). Plot showing mean CTCF values for TPE emission (¢) and CV FRET emission (d)
at lexe = 405 nm, lem = 410 - 530 nm and Aem = 570 - 720 nm (****P < 0.0001). For CTCF
measurement, each point is mean + SEM (n = 15).
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The CV image based assay in Figure 3.25 could indirectly acount for the antibacterial
activity of the non-luminescent polymers; however, it does not provide conclusive evidence
for the actual location of polymer on the membrane surface. This emphasized the need for
the development of bi-molecular interaction reflecting assay such as FRET-between a
fluorescent antibacterial donor polymer (TPE cationic polymer in the present case) and
membrane bound acceptor biomarker like CV as an acceptor. The present investigation is
emphasized on the development of this new FRET probe-concept. TPE containing
antibacterial polymer is exploited as a FRET donor along with CV to understand the
polymeric membrane breaching mechanism in E. coli. TPE-Cat-NEtsz polymer treatment for
8 h followed by staining with CV, washed with ethanol, and imaged as shown in Figure 3.26.
The cells were excited at TPE utilizing 405 nm laser and the emission signals were collected
at two well-separated emission channels: Zem = 410 - 530 nm (TPE self-emission, blue
channel) and Jem =570 - 720 nm (CV FRET emission, red-channel). Upon 405 nm excitation,
the self-emission from the TPE was reduced in the blue-channel and simultaneous

enhancement in CV FRET emission was observed in the red-channel in Figure 3.26a. It is
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classic evidence of the photoexcitation energy transfer from TPE to CV for the occurrence
of FRET on the membrane reinforced donor-acceptor arrangements on E. coli. The
fluorescence intensity of the cells was further quantified by CTCF calculations which clearly
showed a qualitative decrease in average magnitude of blue channel emission in the presence
of CV acceptor with concomitant increase in red channel emission at Aexc = 405 nm (see
Figures 3.26b and 3.26c¢). In order to determine the percentage FRET energy transfer
following equation was used: 1-{Fpa/Fp}, where Fpa = fluorescence intensity of the donor
in presence of acceptor while, Fp = fluorescence intensity of donor alone.?*® Upon
substituting the CTCF values of Fpa and Fp from average CTCF values in Figure 3.26b,
clearly signifies nearly 50 % energy transfer from TPE to CV on the E. coli membrane
surface. Hence, the development of FRET based bio-imaging assay directly correlate the

involvement of the TPE-polymer on membrane disruption process.

TPE-Cat-NEt; cv TPE-Cat-NEt; + CV

DiC

Aexe =561 nm
Aem=970-720 nm

Figure 3.27. Confocal microscopy images of TPE-Cat-NEt; incubated E. coli bacterial cells (1 X
10® CFU/mL) without CV (first panel) and with CV staining (second panel), alone CV (third panel)
and CP10+CV (fourth panel). For Aexc = 405 nm, Jem = 410 - 530 nm and Aem = 570 - 720 nm were
used and for Aexc = 561 nm, Aem = 570 - 720 nm.

132



Chapter 3
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Figure 3.28. (a) Normalized absorbance and emission spectra of TPE-Cat-NEt; polymer and Crystal
violet in glycerol where the shaded portion (green in color) shows the energy overlap between
emission spectrum of TPE and absorbance spectrum of CV along with TCSPC-FRET parameters.
(b) Fluorescence spectrum of TPE-Cat-NEt; and TPE-Cat-NEts + CV at Aexe = 330 nm and only CV
and TPE-Cat-NEt; + CV at Jexe = 580 nm in PBS. TCSPC decay profiles for (c) TPE-Cat-NEt;
polymer, and along with CV as acceptor in the absence of E. coli (schematic representation of two
cuvettes showing TPE fluorophore (A) and TPE fluorophore along with CV (B)). (d) TPE-Cat-NEts
polymer, and along with CV as acceptor in the presence of E. coli (schematic representation of two
cuvettes showing TPE fluorophore (C) and TPE fluorophore along with CV (D)). (e) Table enlisting
all the TCSPC FRET parameters.

At 560 nm excitation (with respect to CV self-excitation), the E. coli treated with
TPE-Cat-NEts did not show any signals from 570-720 nm (as shown in Figure 3.27). E. coli
without polymer treatment did not show signal since the cells cannot be stained by CV. On
the other hand, the E. coli treated with polymer and co-stained CV showed strong CV self-
emission from 570-720 nm. This further validate that the FRET CV signals and CV self-
emisson could be distinguished by the selective photoexcitation of TPE and CV at 405 and
560 nm, respectively. To estimate the FRET overlap between TPE donor and CV acceptor,
absorbance and emission spectra were plotted together and shown in Figure 3.28a. The
emission spectrum of TPE showed about 39 % overlap with the CV absorbance spectrum

and confirming their appropriate energy levels for efficient photoexcitation energy transfer.
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To measure the energy transfer process from TPE-Cat-NEts to CV, the emission spectrum
was recorded by dexc = 330 nm in PBS and shown in Figure 3.28b. The self-emision of TPE
was significantly reduced (~ 50 %) in presence of CV confirming the excitation energy
transfer from TPE donor to CV acceptor. However, CV did not show FRET emission at 580
nm in PBS due to the lack of AIE phenomena in CV by free rotation of molecules in PBS.
To determine the FRET parameters, time-correlated single photon counting (TCSPC)
technique was utilized to study fluorescence lifetime decay profile of TPE-Cat-NEtz in
water, TPE-Cat-NEts + CV in water, TPE-Cat-NEts incubated with E. coli for 4h in water,
and TPE-Cat-NEts incubated with E. coli for 4h and stained with CV in water. The
fluorescence lifetime of TPE-donor polymer alone (zp, sample A) or in presence of CV
acceptor (zpa, sample B) in water is shown in Figure 3.28c. The lifetime of the donor
polymer (TPE-Cat-NEts) was found to be 1.57 ns and it has been observed to reduce to 0.38
ns in presence of crystal violet. The FRET efficiency, Erretr = 1 — (tpa/ Tp) Was estimated to
be 75% which is very good for any probe development. TCSPC data for TPE-polymer
adhered on the E. coli membrane alone (by incubation with TPE-Cat-NEts for 4 h, sample-
C) and subjected to further CV staining (sample D) are shown in Figure 3.28d. The lifetime
of TPE-Cat-NEtz polymer in the free state was 1.57 ns which reduced to 0.41 ns upon binding
on the E. coli membrane. The reduction in the life time values of the probe is direct indication
for the TPE-polymer bound on the E. coli membrane. In the presence of the acceptor CV
molecules, the donor polymer life time further reduced from 0.41 ns to 0.15 ns confirming
the donor-acceptor bimolecular interaction on the E. coli membrane. The FRET efficiency
in the E. coli bound state (Figure 3.28e) was estimated as 63 % which is also comparable to
that of their free state in solution. It confirms that FRET energy transfer has been observed

in both the cases with good FRET efficiency between the two fluorophores.

The set of non-antibacterial and antibacterial polymers shown in Scheme-3.3 were
further differentiated based on their ability to form a FRET pair with CV as shown in Figure
3.29. To demonstrate this molecular interaction between the newly synthesized TPE-
conjugated polymer and CV, E. coli was incubated with all the TPE-based PCL polymers
for 4 h and the cells were stained with CV followed by 90 % ethanol to remove surface
adsorbed CV prior to confocal imaging as shown in Figure 3.29a. The treatment of

antibacterial TPE-polymers make the E. coli into blue-fluorescent, and the subsequent CV

134



Chapter 3

staining make them further into a dual emitting FRET substrate having both TPE donor and
CV acceptor together on the membrane surface. Non-antibacterial TPE-polymers do not
disrupt the membrane; thus, CV cannot be stained, and the resultant E. coli membrane could
not be used for FRET studies (see Figure 3.29a). Confocal microscope images corresponding
to E. coli cells followed by treatment with non-antibacterial polymers: TPE-Neutral, TPE-
Anionic, TPE-Cat-NR2-NH2, and TPE-Cat-NMe-Imz, and antibacterial polymers: TPE-Cat-
NEts and TPE-Cat-NH> are shown in Figures 3.29b and 3.29c, respectively. The cells were
excited at TPE utilizing 405 nm laser and the emission signals were collected at two well-
separated emission channels: Aem = 410 - 530 nm (TPE self-emission, second row) and Aem
=570 - 720 nm (CV FRET emission, third row). Self-emission of CV was collected by 561
nm excitation and collection at Aem = 570 - 720 nm (fourth row). The corrected total cell
fluorescence (CTCF) from these images are calculated and plotted for various TPE polymers
in Figures 3.29d to 3.29f.
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Figure 3.29. (a) Schematic representation of the FRET imaging protocol for E. coli bioimaging
followed by the treatment of antibacterial and non-antibacterial polymers. (b) Confocal microscopy
images of E. coli treated with non-antibacterial polymers (TPE-Neutral, TPE-Anionic, TPE-Cat-
NR2-NH; and TPE-Cat-NMe-Imz), stained with CV and washed with 90 % ethanol. (c) Confocal
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microscopy images of E. coli treated with antibacterial polymers (TPE-Cat-NEt; and TPE-Cat-NH,),
stained with CV and washed with 90 % ethanol. (d) Comparative Mean CTCF values for TPE self-
emission (Aexe = 405 nm, Aem = 410 - 530 nm). () Comparative Mean CTCF values for CV FRET
emission (exc = 405 nm and Aem = 570 — 720). (f) Comparative Mean CTCF values for CV self-
emission (Aexc = 561 nm and Aem = 570 - 720 nm). (****P < 0.0001). For CTCF measurement, each
point is mean + SEM (n = 15).

In the case of non-antibacterial polymers (TPE-Neutral, TPE-Anionic, TPE-Cat-
NR2-NH2, and TPE-Cat-NMe-Imz), TPE self-emission in the blue channel was observed in
Figure 3.28b suggesting that the E. coli membrane was adhered by the polymers irrespective
of their charges-cationic, neutral and anionic. This suggests that both the PCL backbone and
TPE chromophores facilitated the membrane adherence. On the other hand, the subsequent
CV staining was not facilitated by these polymers due to the gate-closed as shown in Figure
3.3. Therefore, no CV emission was observed in the FRET channel nor in CV self-emission
channels. Interestingly, the antibacterial polymers TPE-Cat-NEtz and TPE-Cat-NH. breach
the membranes efficiently and gate-opened for the CV staining (see Figure 3.3). In Figure
3.28c, the E. coli cells incubated with the antibacterial polymers exhibited bright
illumination from the red channel corresponding to CV FRET emission and CV self-
emission. This directly evident for E. coli membrane compromised by the antibacterial
cationic polymers and their function as a gate-keeper for CV staining in the peptidoglycan
layer as shown in Figure 3.3. Ethanol wash is a crucial factor to remove the unbound CV in
the gram-staining protocol and building neat FRET probes based on TPE-polymers. More
description regarding this protocol is discused in Figures 3.30 and 3.31. The Mean CTCF
plots for E. coli incubated with six different polymers for three different emission channels
(TPE fluorescence, CV FRET fluorescence and CV self fluorescence) are shown in Figures
3.29d, 3.29e and 3.29f. A considerable amount of TPE emission can be observed from
various polymer incubated E. coli cells suggesting successful binding of TPE-conjugated
polymers on the surface of E. coli as shown in Figure 3.29d. However, CTCF values for CV
FRET and self emissions for antibacterial (TPE-Cat-NEt; and TPE-Cat-NH,) and non-
antibacterial polymers (TPE-Neutral, TPE-Anionic, TPE-Cat-NR2-NH. and TPE-Cat-NMe-
Imz) were completely different. In case of non-antibacterial polymers, CV FRET and self
emission was observed to be minimalistic as compared to that of antibacterial polymers
(Figure 3.29e and 3.29f). This confirms the membrane disruptive action of antibacterial

polymers is very crucial factor to stain CV in the peptidoglycan layer and successful
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construction of E. coli membrane re-inforced FRET probe. These experiments validated the
gate-opening for FRET probe function as shown in Figure 3.3. The significance of ethanol
wash has been demonstrated in Figures 3.30 and 3.31. E. coli was incubated with the polymer

sample (TPE-Neutral and TPE-Cat-NEts) (without ethanol wash) stained with CV and

directly fixed for confocal microscope imaging. In case of non-antibacterial polymers, as it
has been shown in the diagrammatic representation (Figure 3.30a), there was an initial
physical adsorption of polymers (TPE-Neutral) on the surface of E. coli and then

simultaneous adsorption of CV on the non-compromised E. coli.
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Without Ethanol wash, (it is Not gram-staining protocol), CV is retained after the treatment by antimicrobial and non-antimicrobial polymer
on the E. coli membrane. So, without ethanol wash, the experiment is not valid.

Figure 3.30. (a) Schematic representation of the imaging protocol for non-antibacterial and its (b)
confocal microscopy images of polymer incubated bacterial cells (1 X 108 CFU/mL) for 4 h. (c)
Schematic representation of the imaging protocol for antibacterial and its (d) confocal microscopy
images of polymer incubated bacterial cells (1 X 10®° CFU/mL) for 4 h. Laser source: 405 nm
excitation, two well-defined emission channels, Aem = 410 - 530 nm and Lem = 570 - 720 nm were
imaged.

Due to the appropriate distance and dipole-dipole coupling between the two
fluorophores, FRET emission could also be observed from E. coli surface. Cells were excited
at TPE excitation wavelength (Aexc = 330 nm) and collected at TPE emission channel (em =
410 - 530 nm) and CV FRET channel (Aem = 570 - 720 nm). Confocal microscopy images
show that signals were obtained for both TPE self-emission as well as for CV FRET emission
which confirms the presence of both the fluorophores on E. coli. (See Figure 3.30b). For
antibacterial polymer (TPE-Cat-NEtz), since the membrane is compromised there must be
dual retainment of CV at two different locations i. e on the surface of E. coli as well as in
the peptidoglycan layer as shown in Figure 3.30c. In this case as well, emission from both
the fluorophores confirms that both TPE and CV are retained on E. coli and devised as a
FRET pair (see Figure 3.30d).

137



Chapter 3

(a) Non-Antimicrobial Neutral Polymer -~~~~COOR hvy  NoEnergy Aexe =405 nm Aexe = 405 nm

Transfor (b) DIC Zem =410-530 nm Jem = 570-720 nm

With
% Ethanol wash

CV Removed

®
(c) Antimicrobial Cationic Polymer MNR;, Energy (d)
Transfer
? mm s TR
*, * * SSEEBEE thanol wash *,
EEEFESE Crysalvae
EnEn &% a
(with Ethanol wash)

CV is retained Only by the Antimicrobial Polymer on the E.coli membrane: Significant Difference & Important Assay

Figure 3.30. (a) Schematic representation of the imaging protocol for non-antibacterial with
ethanol-wash and its (b) confocal microscopy images of polymer incubated bacterial cells (1 X 108
CFU/mL) for 4 h. (c) Schematic representation of the imaging protocol for antibacterial with
ethanol-wash and its (d) confocal microscopy images of polymer incubated bacterial cells (1 X 108
CFU/mL) for 4 h. Laser source: 405 nm excitation, two well-defined emission channels, Aem = 410 -
530 nm and Aem = 570 - 720 nm were imaged.

For non-antibacterial polymer, physically adsorbed crystal violet on the surface of E.
coli gets washed away along with lipid component upon ethanol treatment (see Figure
3.31a). This has been observed through confocal imaging where TPE emission is retained
(due to its membrane submerged state) but CV FRET emission was absent as it was present
only on the outer membrane lipid surface (Figure 3.31b). But, for antibacterial polymer CV
emission was observed due to the membrane compromised state and successful FRET
emission could be observed and simultaneously confirmed by imaging as shown in Figures
3.31c and 3.31d. These observations prove membrane “slit-through” induced FRET pair
consisting of TPE-conjugated cationic antibacterial NP and CV is stable on the surface of E.
coli, suggesting successful bacterial detection through photoinduced energy transfer between
TPE and CV. In the present investigation, the TPE antibacterial polymers initially breach the
bacterial membranes and gate-opened for CV staining. Therefore, the possibility for
photoexcitation energy transfer induced reactive oxygen species (ROS) generation by CV
and its subsequent antibacterial activity is insignificant.?> To study ROS effect from CV,
control experiments were carried out and the details are shown in Figure 3.32. TPE-Cat-NEts
and CV were administrated to 1 X 10° E. coli cells in media, immediately irradiated with
blue-LED light source (400 nm, Osram 58 W/865 LUMILUX T8) for 1 minute.
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Figure 3.32. Photographs of E. coli smeared plates for (a) control (no treatment), (b) CV dye
(100.g/mL), (c) Ampicillin treated (16 wg/mL), (d) TPE-CPCL polymer (10 xg/mL) and (e) TPE-
CPCL+CV (10° ug/mL + 100 pg/mL) after 18 h incubation at 37 <C. (f) histogram showing logio
(CFU/mL) for various samples.

E. coli cells were incubated for 18h, then smeared in agar plate and incubated for
additional 18-20 h at 37 °C. Control experiments were done under identical conditions by
treating E. coli with TPE-Cat-NEts (alone) CV alone, without polymer treatment (positive
control) and treatment with ampicillin (as negative control). As it can observed in Figure
3.32, a larger number of bacterial colonies were observed in the positive control as well as
CV alone treated samples (Figures 3.32a and 3.32b). E. coli growth was completely inhibited
by Ampicillin (Figure 3.32c). A significant reduction in number of cells were observed in
the samples treated with TPE-polymer sample (Figure 3.32d). Comparison of Figures 3.32e
and 3.32f suggests that the number of colonies seems to be almost same for the polymer
treated plates irrespective of CV staining. Colony forming unit (CFU/mL) estimated from
each of these plates in Figure 3.32f supported the above observation. Based on this evident,

the ROS generation through the photoexcitation process in ruled out. This further supported
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the gate-opening action of the TPE-polymer exclusively by the membrane breaching action
as shown in Figure 3.3. Time dependent FRET probe action was studied on E. coli cells upon
incubation with TPE-Cat-NEts polymer at various time intervals from 2 h to 8 h followed by
staining with CV. The deconvoluted confocal microscopy images are shown for better
resolution in Figure 3.33a (other images are shown in Appendix Figure 8.17). The first row
corresponds to 2h of bacterial incubation with polymer where a considerable red emission is
observed when the sample is excited at TPE excitation source (Lexc = 405 nm) which can be
corroborated to occurrence of FRET energy transfer between TPE and CV (see Figure

3.33a). Similar trend for FRET energy transfer has been observed for other timepoints as
well.
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Figure 3.33. (a) Deconvoluted confocal microscopy images of TPE-Cat-NEt; incubated and CV-
stained E. coli at various incubation times. Bar diagram showing mean CTCF value quantified for
(b) TPE self-emission at Aexc = 405 nm (****P < 0.0001) (c) FRET emission for CV by selective
photoexcitation of TPE using 405 nm laser (****P < 0.0001). (d) Plot showing mean CTCF values
for TPE-Cat-NEt; incubated E. coli for dexc = 561 nm, dem = 570 - 720 nm (****P < 0.0001). The
quantification was done from the digital images at lower magnification. Concentration of polymer

was maintained at 10° zg/mL and number of bacterial cells were 108 CFU/mL. Here, values represent
mean = SEM (n = 10).
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A residual TPE self-emission (after the energy transfer to CV) in the blue channel
was preserved on E. coli bacteria at all time points suggesting the stability of TPE-Cat-NEts
polymeric nanoparticles on the surface of E. coli. CV self-emission at Aexc = 561 nm
markedly increases with time due to increase in CV uptake on outer-membrane
compromised E. coli cells due to time dependent antibacterial action of TPE-Cat-NEt3
polymer as shown in Figure 3.33a. The CTCF value of TPE self-emission was observed to
be stable and did not alter with increase in time due to successful adherence of TPE-Cat-
NEts polymer on the surface of E. coli (see Figure 3.33b). A significant increase in FRET
emission was observed from 2 h to 6 h as shown in the CTCF values in Figure 3.33c. As
anticipated, self-emission of crystal violet at various time-points was observed to be more
than the FRET emission (see Figure 3.33d).
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Figure 3.34. (a, b) Zoomed in images of E. coli cells at 6 h timepoint where region- A and B signifies
the single bacterium across which energy profile curve has been generated for TPE self-emission
and CV FRET emission respectively. (c, d) Energy profile curve for TPE self-emission and CV FRET
emission for 6 h data along with an illustrative E. coli diagram.

A closer examination of the zoomed images (for 6h data) revealed colocalization of
TPE self-emission and CV FRET emission from the bacterial membrane. In order to quantify
the same, a horizontal line was drawn across a single bacterium (marked as point A) in TPE
self-emission image (Figure 3.34a) and CV FRET emission image (Figure 3.34b). A distance
dependent fluorescence intensity profile plots for both TPE and CV fluorophores was plotted

as shown in Figure 3.34c and 3.34d. The maxima of intensity profile curves for TPE self-
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emission and CV FRET emission colocalized at the same position inside the bacterium
which clearly accounts for maximum accumulation of TPE and CV fluorophores at the
bacterial membrane. For clear demonstration, a diagrammatic representation of E. coli is
shown where the emission from the membrane region is marked with a double-sided arrow
(see Figure 3.34c and 3.34d). Enclosing all the above detailed photophysical studies and
imaging quantification, it can be concluded that the newly-designed TPE-tagged cationic
polymer nanoparticle fulfilled the necessary objectives for development of FRET probe
based on TPE and crystal violet donor-acceptor pair for quantitative estimation of
antibacterial activity of the cationic amphiphilic polymer through membrane-disruption

mechanism.

Mayitati
excitation .
(ii) Membrane

immobilization

Pore Fom@v_l C * 3

Q. @%@@ P@ﬁh W@ (iii) Resonance
.éfo. & Energy Transfer
Q’S .
Ny & }“excitation

“ Direct Readout for
Membrane Breaching”

Intact
2%
RO

@ Cryst‘iIViolet
T

“NO” Membrane immobilization

“NO” Readout

excitation

Figure 3.35. Proposed mechanism for FRET probe as a direct readout for membrane breaching.
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Based on the above experimental evidence, a mechanism for the membrane-
reinforced FRET probe design is proposed in Figure 3.35. It provides a detailed overview of
the consecutive steps required for the successful observance of FRET on the surface of E.
coli. The lower half circle of the plausible mechanism describes the limitation in the
development of TPE-CV based FRET probe in case of non-antibacterial polymers due to the
inherent impermeable property of CV in viable E. coli by gram-staining procedure. A new
probing pathway has been developed based on the antibacterial action of the polymer (donor)
to induce membrane disruption, which would lead to crystal violet adherence onto E. coli
membrane and its successful utilization as a FRET acceptor along with TPE-based cationic
antibacterial polymers as FRET donor. It is composed of three consecutive steps, wherein
the first step involves the utilization TPE cationic NP as a membrane-permeable antibacterial
agent for disrupting the E. coli membrane and providing necessary pores for the entry of CV.
The second step proposes the successful immobilization of CV in the peptidoglycan layer in
the membrane-compromised cells. Ultimately, the close vicinity and optimal energy gaps
between the two fluorophores in the E. coli membrane layer permits efficient energy transfer
from TPE to CV as shown in step third, Figure 3.35. This on-site FRET probe has been
utilized as a direct readout for membrane breaching mechanism of TPE-conjugated cationic
polymer on E. coli. This investigation opens new avenues for the development of AIE-FRET
theranostic probes for both therapeutics and diagnostics together in a single polymer
platform, and the proof-of-concept is demonstrated successfully in gram-negative E. coli

bacterial membrane.

3.4. Conclusion

In summary, a new on-site membrane active FRET probe was developed employing
a set of antibacterial and non-antibacterial polymers as an antibacterial switch where FRET
energy transfer was feasible only when the polymers were antibacterial in nature. For this
purpose, TPE-derived Dblue-luminescent PCL antibacterial polymers (donor) and
peptidoglycan-adherent crystal violet (CV) (acceptor) fluorophores were employed to study
the membrane breaching mechanistic aspects. The polymeric synthesis was attained by
utilizing TPE derived initiator for solution-phase ring-opening polymerization of chlorine-
substituted caprolactone and tert-butyl ester substituted monomers and transmuted to their

respective neutral, anionic and cationic polymers. Two cationic polymers TPE-Cat-NEts and
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TPE-Cat-NH; exhibited antibacterial activity (MICg = 1 X 10% pg/mL) against E. coli by
broth microdilution method which was further corroborated by charge neutralization assay
by measuring zeta potential and electron microscopic images of polymer treated E. coli
samples. The E. coli membrane functions as a “FRET gate” which upon polymeric
membrane slit-through action “Gate-Opened” for CV to permeabilize at the peptidoglycan
layer. It has also been shown that in the case of non-antibacterial polymers, the membrane
remained intact i.e., “Gate-Closed” for the permeabilization of CV. TCSPC analysis further
confirmed energy transfer between the two fluorophores in solution and in presence of E.
coli. Time-dependent FRET analysis affirmed the stability of TPE-CV FRET probe at
various time-points of incubation. The intensity profile curve clearly confirms the nano-
confinement of TPE and CV fluorophores in E. coli membrane as evident from the
colocalization of their respective emission intensities inside a single E. coli. The bacterial-
membrane reinforced FRET probe development, in principle could be expanded to study
other biological pathways for both fundamental understanding as well as making therapeutic
formulation in improving the treatment of infectious diseases. Currently efforts are taken in
this direction to exploit the full potential of the membrane-reinforced FRET probe strategy

in biomedical field.
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Tweaking Polymer Topology for Combination
Therapy in Bacterial Research
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Abstract

Polymeric topology is one of the important aspects towards development of bactericidal
polymers with low therapeutic indices along with antibiotic drug loading capability to
accomplish synergistic combination therapy. The role of polymer topology control is
investigated in detail by carefully designed 1D rod-shape (linear) and 3D star-shaped diblock
(non-linear) core-shell cationic polymers of similar molecular weights, repeating units, size,
morphology, and hydrophilic/hydrophobic content. These two different polymeric
topologies were explored to understand the effect of chain architecture on infiltrating the
biological membranes. Even though, minimum inhibitory action (MICgg) for both the
architectures were similar with a M1Cgg value of 500 pg/mL, star architecture was found to
be less toxic to WT-MEF cell lines (mammalian cells) and RBCs. Moreover, effective
loading of a hydrophilic bioprobe (HPTS) facilitated direct imaging of E.coli cells along
with Pl as a membrane-impermeable dye. This helped us to visualize and quantify the
membrane breaching mechanism of star polymer. Flow cytometry analysis further showed
enhanced uptake of HPTS loaded star nanoparticle in E. coli cells than HPTS alone.
Furthermore, encapsulation of a hydrophobic clinical broad-spectrum bacteriostatic
macrolide antibiotic (azithromycin) maximized the antibacterial action impact via
synergistic combination therapy. There has been an observance of 50 times reduction in MIC
concentration of azithromycin when it is encapsulated in the polymeric nano-assemblies.
Disk diffusion assay also showed a greater zone of inhibition in case of polymer + drug
sample as compared to free drug. The development of such polytherapy treatment builds the
foundation for substantial enhancement of drug efficacy along with reduced drug resistance

by reducing their systemic dose amount.
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4.1 Introduction

The upsurge in antibacterial resistance has become a serious public health concern
due to the emerging rise of multi-drug resistant ‘superbugs’ at an alarming rate.?>*?%! Drug
combinations are under investigation to fight against these multi-drug resistant bacterial
infections but their systematic exploration in bacteria is under process.?®> 23 Recently,
polymeric biomaterials such as hydrogels and nanoparticles assisted delivery of antibiotics
is explored for treating bacterial infections.?>* These delivery systems can protect the cargo
(antibiotic) from degrading enzymes, facilitate simultaneous delivery of more than one drugs
and thus improving the efficacy of therapeutic drugs by decreasing their systemic dose
amount.82%. 26 Along with being a conveyor of drugs, polymeric macromolecular
antibacterial agents exhibit sustained inhibitory effect, broad spectrum activity and scope of
action tunability through covalent and non-covalent functionalization.?®” Antibacterial
platforms have been developed based on essential 0ils>, nitic oxide release®®®, and potent
antibiotics.?®>2%2 A synergistic antibacterial action between cationic antibacterial polymer

and doxycycline is shown in Figure 4.1.%8
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Figure 4.1. Synergistic antibacterial activity of synthetic antibacterial polymer and doxycycline.
(adapted from ACS Infect. Dis. 2019, 5, 1357-1365)
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The cationic charge on polymers interacts with bacterial negatively charged cell
membrane through electrostatic interaction while the hydrophobic component allows the
polymer to permeate through the membrane for membrane disruption. A proper
hydrophilic/hydrophobic balance is essential for its antibacterial action. In addition, overall
molecular weight, hydrophobicity content, and most importantly polymeric
architecture/structure greatly affects polymeric antibacterial efficiency and drug loading. It
has been observed that non-linear architectures are more effective in mitigating antibacterial
resistance than linear architecture due to increased drug’s susceptibility as well as non-
toxicity (as shown in Figure 4.2).2632% polymeric films-based m-PEG(PMMA-ran-
PDMAEMA), dendritic copolymers were found to be more antibacterial as compared to
linear architecture.?%® Different non-linear architectures were also used as a template to load
Ag nanoparticle?®”-2%° nitric oxide>,2"%?"t macrolides such as azithromycin?’? and as
semipermanent antibacterial coating.2”® Few more examples include studies on polyacrylic

acid based organic—inorganic hybrid brush?’* and cyclodextrin/cationic polymers?’>27 etc.
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Figure 4.2. Schematic representation of amphiphilic cationic copolymers which shows an increase
in antibacterial activity in higher molecular weight of non-linear architectures. (Adapted from
Biomacromolecules 2019, 20, 1146—1156)

Star polymers represent a broad spectrum of three-dimensional architectures which
consists of a central core and polymeric branches radiating out of the central “core.”?’" 278
Due to their unique topological structures and encapsulation capabilities, they have been
widely employed for biomedical applications. Although the three-dimensional globular
structure of star polymers seems to be like dendritic architecture but due to presence of linear

arms as compared to branched arms of dendrimers, they are less viscous and more
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flexible.?® 280 Few classifications of star polymer based on their architecture is shown in
Figure 4.3.27

a)

Homopolymer Statistical Block
Star Copolymer Star Copolymer Star

b)

Compositional Mw End-functional
Miktoarm star Miktoarm star Miktoarm star
c)
O
Small Compound Macromoleclule Network
Core-structured Core-structured Core-structured
Star Star Star
d)
Core-functionalized Arm-functionalized End-functionalized
Star Star Star

Figure 4.3. lllustration of various types of star polymers classified by (a) composition and sequence
distribution of the arm polymer, (b) difference in arm species, (c) core structure, and (d) functional
placement. (adapted from Chem. Rev. 2016, 116, 6743—6836)

They have been greatly explored in the development of antibacterial polymers as
well.  Star-shaped poly[2-(dimethylamino)ethyl methacrylate]-based  zwitterionic
copolymers with poly (sulfo-betaine) were observed to be non-toxic to RBCs?®'while

maintaining their antibacterial activity, fluorogenic/magnetic probe conjugated star-shaped
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polymers has been employed for bacterial inhibition?®2. Moreover, different architectures of
non-biodegradable polymers comprising hydrophobic poly(butyl acrylate) and cationic
poly((3-acrylamidopropyl)trimethyl ammonium chloride) (PAMPTMA) segments are
utilized to understand the effect of MW, hydrophobicity content and architecture (linear, 4-
arm stars, 6-arm stars) against representative gram-positive and gram-negative bacterial
strains?® Although, these polymeric systems are widely explored, presence of non-
biodegradable backbone is a major challenge for in vivo applications.?3428° Qut of the various
biodegradable polymers, 3D-architectures of peptide polymer nanoparticles based on
copolymers of lysine and valine?®2%, arginine and glycine?®®, poly(l-ornithine)?%® 2%, PE|-
g-PLL?2, | -lysine®® and y-functionalised L-glutamate®®* are widely explored for their
broad-spectrum antibacterial activity. Their hybrid polymeric architectures based on a-poly-
L-lysine and glycopolymer®®®, PCL-b-AMP*°, indole grafted poly lysine (PLL-g-indo)?%,
etc. enhanced bacterial affinity and mammalian cell biocompatibility.?** Non-linear
architectures of polycarbonates like mannose functionalised cationic star polycarbonates are
also reported which are found to target BCG mycobacteria inside immune cells without
causing toxicity to mammalian cells.?®” Apart from these two classes of biodegradable
polymers, star-shaped polyesters based on poly lactic acid (PLA/B-CD-based fibres)?%,
polycaprolactones®®®, PEO-b-PCL etc are only utilized as delivery vehicles to enhance the
accumulation of antibiotics like ofloxacin, ciprofloxacin, vancomycin, octenidine
hydrochloride etc.'3140 In the field of biodegradable macromolecular architectures,
influence of polymer topology on antibacterial efficacy, therapeutic indices and combination
therapy with other therapeutic agents has been least explored. Recently, from our group
Pranav et. al. demonstrated structurally engineered unimolecular star block copolymers as
anticancer drug delivery systems.!*8 These PCL based star block copolymers were developed
with various arm numbers to understand the influence of degree of branching on
unimolecular nature of star polymers. The anticancer drug loading content in these
unimolecular micelles were found to be 3-4 times higher than aggregated micellar assembly.
They were found to be extremely efficient drug loading carriers which can be used for next

generation drug delivery agent.

In this work, topological influence on polymeric bactericidal activity has been
recognized by exploring two different architectures in order to develop polycaprolactone
(PCL) based linear di-block copolymer and star nano-architectures of similar molecular

weight and composition of hydrophobic and hydrophilic content in the polymeric chains (As
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shown in Figure 4.4). The main objective of this work was (i) to gain structural
understanding of cationic linear diblock copolymer and star diblock copolymer, (ii) to probe
the influence of different polymer topologies towards antibacterial activity, (iii) to
investigate the toxicity in mammalian cells and mammalian RBCs and lastly, (iv) their drug
loading capability to deliver clinical antibacterial drug (azithromycin) for synergistic
combination therapy etc.. Herein, the hydrophobic block comprised of polycaprolactone
units while the hydrophilic block was composed of PCL functionalized n-dodecyl projecting
imidazolium units. Their self-assembled nano-assemblies exhibited aggregated
nanoparticles in the similar size range along with identical surface charge potential.
Although, their topological influence was not observed in their overall macromolecular
nano-assemblies (size and surface charge), but it played a major role in their biological
action. It was observed that both cationic nano-assemblies were bactericidal towards E. coli
but the therapeutic selectivity (selectivity towards bacterial cells as compared to RBCs and
mammalian cells, denoted as, HCso/MICso or 1Cs0/MICsp respectively) demonstrated by
linear polymer was far lower than star architecture which provides a rational understanding

of topology control in antibacterial therapy.
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Furthermore, star di-block nano-architecture was further utilized for encapsulating
(@) hydrophilic dye (HPTS) to substantiate theranostic approach towards visualization and
quantification of dead/alive E. coli, as well as (b) hydrophobic semi-synthetic macrolide
antibiotic (azithromycin) for simultaneous dual action towards bacterial infection via
bactericidal membrane breaching as well as bacteriostatic inhibition of protein synthesis (see
Figure 4.4). Overall, two polymeric systems with similar chemical compositions were
studied based on their topological variation, antibacterial activity, cytotoxicity, hemolytic
activity as well as combination therapy along with an encapsulated drug. It has been
postulated that such an amalgamation would hinder bacterial resistance development and
thus could be a promising candidate for potent antibacterial strategies. Overall, this study
yields valuable information related to structure—activity correlation of PCL based cationic

antibacterial copolymers.

4.2 Experimental Section

4.2.1 Materials and Methods: Imidazole, 1-bromo dodecane diol were purchased from
Aldrich chemicals and used without further purification. Analysis was carried out by Bruker
400 MHz spectrophotometer, Gel Permeation Chromatography, HRMS-ESI-Q-TOF LC-
MS, MALDI TOF/TOF Analyzer, Perkin-Elmer thermal analyzer STA 6000 model, UV-
Visible Spectrophotometer, SPEX Fluorolog HORIBA JOBIN VYON fluorescence
spectrophotometer, DLS instrument, Agilent ZnSe ATR system. Syngene G:Box Chemi
XX6 was utilized for high resolution images for disk diffusion assay. FE-SEM analysis
require sample drop cast on silicon wafer utilizing Zeiss Ultra Plus Field Emission Scanning
Electron Microscope and Agilent instruments respectively. Flow cytometry was performed
using a BDFACS Celesta cell analyzer. The substituted caprolactone monomer 2-chloroethyl
3-((7-oxooxepan-4-yl) oxy) propanoate (monomer M1) was reported in Chapter 2. Note:
Animal ethics committee approval number for this project is IISER-Pune/IAEC/2021-
01/10/A1.

4.2.2 Synthesis of Cationic unit 1-dodecyl-1H-imidazole (N-alkyl Imidazole)(1): Imidazole
(3.00g, 0.04 mol) and powdered potassium hydroxide (4.50 g, 0.08 mol) in DMSO (15 mL)
were stirred at 25 °C for 30 minutes. The reaction mixture was immersed in water bath at 25
°C andl-bromo dodecane (10.00g, 0.04 mol) was added dropwise. The reaction was
continued at 25 °C for 12 h, distilled water (200.00 mL) was added to quench the reaction

and product was extracted in diethyl ether (40.00 mL) twice. Solvent was evaporated and
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crystalline solid as a product. Yield = 9.00 g (94%). 'H NMR (400 MHz, CDCls3) & ppm:
7.42 (s, 1H), 7.01 (s, 1H), 6.99 (s, 1H), 3.88 (t, 2H), 1.73 (m, 2H), 1.30 (m, 18H), 0.85 (t,
3H). 3C NMR (100 MHz, CDCls) & ppm: 137.34, 129.60, 119.06, 77.53, 47.35, 32.19,
31.37,29.88, 29.81, 29.72, 29.62, 29.36, 26.84, 22.97 and 14.40. FT-IR (cm™?): 3362, 2922,
2853, 1650, 1509, 1465, 1377, 1283, 1229, 1109, 1078, 1032, 907, 809, 727 and 664. HR-
MS (ESI+): m/z [M + H+] for C3gH140, Calculated= 237.23 and found = 237.23.

4.2.3 Synthesis of Macro-Initiator: Linear PCL Macroinitiator (PCL Macroinitiator): In
a schlenck tube, triethylene glycol monomethyl ether (24.00 mg, 0.14 mmol) was taken in
dry toluene (1.00 mL) under nitrogen atmosphere. Under nitrogen purge at 25 °C, Sn (Oct)
(29.50 mg, 0.07 mmol) was added to the reaction mixture and stirring was continued for 15
min. e-Caprolactone (CL) (1.00 g, 8.70 mmol, for M/l = 60) was dissolved in 1.00 ml dry
toluene and added to the reaction mixture under nitrogen atmosphere, and the polymerization
was continued at 110 °C for 48 h. The polymer was precipitated in methanol. Yield =0.90 ¢
(87 %). *H NMR (400 MHz, CDCl3) & ppm: 4.04 (t, 2H), 3.64 (m, 12H), 3.36 (s, 3H), 2.29
(t, 2H), 1.63 (m, 4H), 1.36 (m, 2H). *3C NMR (100 MHz, CDCl3) § ppm: 173.59, 64.17,
62.63, 34.13, 32.32, 28.36, 25.54, 24.59. FT-IR (cm™1): 2944.24, 2865.81, 1723.03, 1470.85,
1418.70, 1397.26, 1366.55, 1294.54, 1242.33, 1189.28, 1107.71, 1046.54, 961.79, 933.87,
840.67 and 732.05. GPC molecular weights: M, = 8700 g/mol, My = 12900 g/mol, and
Mw/Mp =1.4.

4.2.4. Synthesis of Linear PCL-block-chlorine PCL polymer (Linear PCL-block-CIPCL):
PCL macroinitiator (470.00 mg, 0.08 mmol) was added in a schlenck tube followed by
addition of 1.00 mL dry toluene and it was nitrogen purged for 15 min at 25 °C. Sn (Oct)
(16.20 mg, 0.04 mmol) was added and nitrogen purged for an additional 15 min at 25 °C.
Monomer 4 (1.00 g, 4.00 mmol, for M/l = 50) was dissolved in 1 mL Dry toluene and the
solution was added to reaction mixture and polymerization was kept at 110 °C for 48 h under
sealed condition. The polymer was then precipitated in 50 mL diethyl ether. Yield =1.40 g
(77 %). *H NMR (400 MHz, CDCls3) § ppm: 4.35 (m, 2H), 4.13 (m, 2H), 4.05 (t, 2H), 3.69
(m, 16H), 3.46 (m, 1H), 3.38 (s, 3H), 2.58 (t, 2H), 2.36 (t, 2H), 2.30 (t, 2H), 1.88-1.78 (m,
4H), 1.64 (m, 4H), 1.38 (m, 2H). 3C NMR (100 MHz, CDCl3) & ppm: 173.43, 75.47, 64.22,
63.98, 41.37, 34.93, 33.93, 29.49, 28.63, 28.14, 25.32, 24.37,13.73 and 11.56. FT-IR (cm™):
2944.17, 2867.92, 1721.92, 1458.24, 1418.83, 1365.64, 1295.12, 1244.14, 1172.02,

150



Chapter 4

1104.51, 1064.00, 1048.03, 962.64, 732.19 and 667.26. GPC molecular weights: M, = 3900
g/mol, My, = 8500 g/mol, and Mw/M, =2.1.

4.2.5 Synthesis of Block copolymer: Linear PCL-block-Imz substituted cationic PCL
polymer (L-Cat): Polymer L-PCLego-b-CIPCLs0(200.00 mg, 0.70 mmol) was added in round
bottom cylindrical reaction vessel followed by addition of 1 (1.700 g, 7.50 mmol) along with
1.00 mL Dry DMF (1 mL). The reaction mixture was kept at 85 °C for 48 h. The polymer
was precipitated in 50.00 mL diethyl ether. Yield = 190.00 mg (54.20 %). 'H -NMR (400
MHz, D20) & ppm: 9.05-7.35 (m, 3H), 4.60-4.03 (m, 8H), 3.70 (m, 4H), 3.50 (m, 1H), 2.61
(m, 2H), 2.28 (m, 4H), 1.85 (m, 6H), 1.61 (m, 4H), 1.24 (bs, 20H), 0.84 (t, 3H). 3C NMR
(100 MHz, CDCl3) 6 ppm: 173.39, 77.05, 63.97, 33.94, 31.71, 30.72, 29.40, 29.15, 28.85,
28.16, 26.30, 25.35, 24.39, 22.49 and 13.94. FT-IR (cm™): 3414.57, 2925.37, 2855.70,
2310.79, 1725.91, 1565.13, 1513.01, 1467.92, 1418.69, 1367.52, 1295.52, 1244.91,
1172.28, 1106.05, 963.40, 841.27, 732.19 and 667.92.

4.2.6 Synthesis of Star PCL Macroinitiator (Star-PCL Macroinitiator): A custom-made
melt reactor set up was utilized with a build-in overhead stirrer for ring-opening
polymerization of e-caprolactone utilizing dipentaerythritol as an initiator. Dipentaerythritol
initiator (37.12 mg, 0.14 mmol) was added in schlenck tube along with g-caprolactone (CL)
(1.00 g, 8.70 mmol, for M/l = 60) as monomer (statistically 10 units in each arm). Sn (Oct).
(177.45 mg, 0.43 mmol) was added to the same and reaction was sealed under vacuum. The
polymerization was continued for 6h at 110 °C. The polymer was precipitated in 50.00 mL
methanol. Yield = 1.00 g (96.43 %). *H -NMR (400 MHz, CDCls3) § ppm: 4.05 (bs, 2H),
3.64 (bs, 2H), 3.39 (bs, 4H), 2.30 (bs, 2H), 1.64 (bs, 4H), 1.38 (bs, 2H). *C NMR (100 MHz,
CDCls3) & ppm: 173.39, 77.05, 63.98, 62.43, 33.94,32.13, 28.16, 25.34, 24.39. FT-IR (cm™):
2943.79, 2865.33, 1720.72, 1470.67, 1418.32, 1396.84, 1365.55, 1293.62, 1239.31,
1165.79, 1106.42, 1064.92, 1044.22, 960.88, 933.68, 840.65, 803.33, 731.60 and 710.18.
GPC molecular weights: My = 5500 g/mol, My = 7000 g/mol, and Mw/M, =1.27.

4.2.7 Star PCL-block-chlorine PCL polymer (Star PCL-block-CIPCL): In a Schlenk tube,
macroinitiator S-PCLego (473.00 mg, 0.06 mmol) was dissolved in dry toluene (1 mL) and
nitrogen purged for 15 min at 25 °C. Sn (Oct)2 (81.00 mg, 0.20 mmol) was added to the
reaction mixture while maintaining the nitrogen atmosphere and nitrogen purge was
continued for another 15 min at 25 °C. Monomer M1 (1.00 g, 4.00 mmol, for M/l = 60) was

dissolved in 1.00 mL dry toluene and to the reaction mixture at 25 °C. Polymerization was
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kept at 110 °C for 48 h under sealed conditions. The polymer was precipitated in diethyl
ether (50.00 mL). For purification, it was redissolved in THF and re-precipitated in diethyl
ether. Yield = 1.00 g (72 %). *H -NMR (400 MHz, CDCls3) & ppm: 4.35 (t, 2H), 4.13 (t, 2H),
4.05 (t, 2H), 3.69 (m, 4H), 3.47 (m, 1H), 2.59 (m, 2H), 2.37 (m, 2H), 2.30 (t, 2H), 1.86-1.78
(m, 4H), 1.65 (m, 4H), 1.38 (m, 2H). 3C NMR (100 MHz, CDCls) & ppm: 173.44, 77.04,
63.98, 33.94, 29.50, 28.48, 28.15, 25.34 and 24.39. FT-IR (cm™): 2945.28, 2868.04,
1729.20, 1553.42, 1455.65, 1418.41, 1359.31, 1165.54, 1103.01, 1064.16, 969.59, 805.01,
739.95 and 667.92. GPC molecular weights: M, = 6800 g/mol, My = 8600 g/mol, and Mw/Ms
=1.26.

4.2.8 Synthesis of Star PCL-block-Imz PCL cationic polymer (S-Cat): S-PCLgo-b-CIPCLeo
(100.00 mg, 0.30 mmol) was taken along with 1 (446.00 mg, 1.80 mmol) in a round bottom
cylindrical reaction vessel. 1.00 mL Dry DMF was added to the reaction mixture and
reaction was placed at 85 °C for 36 h. Polymer was precipitated in 50.00 mL diethyl ether.
Yield = 159.00 mg (90 %). %). *H -NMR (400 MHz, CDCls3) § ppm: 7.61 (bs, 1H), 7.10-
6.96 (m, 2H), 4.35-4.14 (m, 4H), 4.05 (t, 2H), 3.93 (m, 2H), 3.68 (m, 4H), 3.44 (m, 1H),
2.54 (m, 2H), 2.30 (m, 4H), 1.89 (m, 2H), 1.78 (m, 4H), 1.63 (m, 4H), 1.44 (m, 2H), 1.24
(bs, 18H), 0.87 (t, 3H).2*C NMR (100 MHz, CDCls) & ppm: 173.71, 77.36, 64.29, 34.25,
32.02, 29.73, 29.46, 29.14, 28.47, 25.65, 24.70, 22.80 and 14.25. FT-IR (cm™1): 3392.22,
2926.37, 2856.38, 2311.08, 1731.67, 1565.34, 1456.37, 1418.59, 1359.91, 1168.05,
1104.29, 1066.03, 971.11, 904.71 and 732.84.

4.2.9 Determination of Critical Micellar Concentration (CMC): Pyrene was utilized as a
fluorescent probe to determine critical micellar concentration for linear and star architecture.
Pyrene solution was prepared by dissolving 3.64 mg of pyrene in 10 mL of HPLC acetone.
The solution was diluted 20 times (serially diluted twice by taking 1 mL of stock solution
and adding 9 mL acetone) to prepare 3.64 X 10 g/mL concentration. 100 uL of resultant
solution were taken in glass vials and acetone was evaporated to get final amount of 0.36 X
10 g which corresponds to 0.6 pM in 3mL solution. Different polymeric concentrations
ranging from 0.5 mg/mL to 1 ng/mL were prepared. The resultant solution was sonicated for
4 h to induce encapsulation of pyrene into the nano-assemblies, then the solutions were
equilibrated at 25 °C for 12 h. This was done to settle down unencapsulated pyrene at the
bottom of the vials. Pyrene was excited at 334 nm and spectrum was collected from 350 nm

to 500 nm with excitation and emission slits of 2 nm. The ratio of fluorescence emission
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intensities corresponding to first (A =372 nm) and third vibrational peaks (A=382 nm) (/i)
was sensitive to probe’s microenvironment and its ratiometric change upon changing the

polymer/surfactant concentration led to the determination of CMC.

4.2.10 DLS size and Zeta Potential determination: 1 mg polymer was weighed in an
eppendorf and directly dissolved in 1 mL milli pore water. 100 pL of the polymeric solution
was taken and 900 uL of millipore water was added to make resultant concentration of 0.1
mg/mL. Hydrodynamic diameter was determined using DLS instrument along with zeta

potential.

4.2.11 FE-SEM sample preparation for Polymers: 0.5 mg/mL solution of Linear and star
polymer were prepared along with HPTS loaded polymeric samples. 5 pL drop of all the
four polymeric samples were added in silicon wafers and they were kept at room temperature
overnight. After that, the samples were dried in vacuum oven at 37 °C for 48 h. Gold-coating
was done and samples were analyzed using Zeiss Ultra Plus Field Emission Scanning

Electron Microscope for FE-SEM imaging.

4.2.12 Hemolysis Assay: Hemolysis assay was determined by procuring blood from
C57BL/6 mice. Blood was collected in 5 % EDTA coated 15 mL falcon tube and 5 % v/v
RBC solution was prepared. 100 uL of RBC solution was incubated with 100 uL of linear
and Star polymers at MIC concentration and incubated at 37 °C for 1 h along with PBS and
1 % Triton X-100 as negative and positive controls. Eventually, samples were centrifuged
at 8000 rpm for 5min to obtain an undisturbed RBC pellet at the bottom of the eppendorfs
in case of healthy erythrocytes. 100 uL of supernatant were taken in 96 well plate and
absorbance were measures at Aaps = 570 nm and hemolysis were determined following earlier

reports®,

4.2.13 Hydrophilic dye (HPTS) loading: 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (HPTS) was encapsulated in the above-mentioned polymers using the following
procedure. 5 mg polymer + 0.5 mg dye were dissolved in 1 mL HPLC grade DMSO. The
polymers were completely solubilized in DMSO followed by dropwise addition of the
polymeric solution in 14 mL milli-Q water. The resultant solution was stirred at 25 °C for 4
h followed by dialysis using 3.5kDa dialysis bag for 48 h. Water was replenished frequently
to ensure complete removal of DMSO and unencapsulated dye. Drug loading content (DLC)
and Drug loading efficiency (DLE) was determined as shown in Chapter-2.
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4.2.14 Hydrophobic drug (Azithromycin) loading: Drug was encapsulated using double
emulsion solvent evaporation technique.?® In the following technique, 2 mg of polymer was
dissolved in 40 uL of THF. Similarly, 40 uL solution of azithromycin from 10mg/mL stock
(in THF) was added to the same. The following polymer and drug solution was added to 1.5
mL water in a glass vial dropwise under vigorous stirring. The solution was kept under
stirring for half an hour followed by evaporation of THF by placing it under heating stirrer
at 50 °C. Complete evaporation of volatile solvent took around 30 min followed by
centrifugation at 14000 rpm for 5 min to separate unloaded insoluble drug molecules. The
solution was decanted and absorbance of unloaded azithromycin was determined in 1:1
acetonitrile-water solvent composition by UV/vis spectrophotometry at 210 nm and referred
to a standard calibration plot (appendix Figure 8.19). The amount of total drug loading was
determined by referring to subtracting optical density value (O.D. at 210 nm) for unloaded
drug molecules to total drug taken. DLC and DLE was determined similarly to that of dye

loaded nanoparticles.

4.2.15 Transmission Electron Microscopy (TEM) imaging of E. coli samples: A single
colony of E. coli was picked and it was allowed to grow for 8 h. Bacterial suspension was
diluted to 1 X 10° CFU/mL which was then incubated with 250 ug/mL (MIC) concentration
of polymers (star and linear architectures) for 4 h. LB was removed by centrifugation at 8000
rpm for 2min and resultant samples were washed with an ascending order of ethanol
gradients from 10% to 90% ethanol in water. Finally, they were stored at 4 °C in 2.5 %
glutaraldehyde overnight. The samples were washed with water and dropcasted in TEM
grids and dried at room temperature for 12 h followed by 37 °C for another 12 h.

4.2.16 Colony Suspension Method for Bacterial Inhibition Assay: A bacterial inoculum
was prepared by suspending few well-isolated E. coli colonies in LB broth resulting in final
turbidity of the suspension equivalent to 0.5 McFarland standard. The bacterial suspension
was diluted to O.Degoo nm = 0.005 which corresponds to 1 X 10° CFU/mL. 100 pL of the
bacterial suspension was added into 96 well plate. 100 pL of serially diluted polymeric stock
solutions (500 ug/mL to 0.1 ug/mL) were also added to the E. coli cell suspension along
with positive control (without polymer) and negative control (with Azithromycin, 50
ug/mL). Bacterial turbidity was measured at Aexc = 600 nm for 18 h using Perkin Elmer

Enspire Multimode Plate Reader.
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4.2.17 Determination of Zeta Potential of polymer treated E. coli cells: PBS is prepared by
dissolving NaCl (1.33 g, 45.7 mM), KCI (33.5 mg, 0.9 mM), NaH2PO4 (234 mg, 3.3 mM)
and KH2PO4 (41 mg, 0.6 mM) in 500 mL distilled water and sonicated for 30 min. The
resultant PBS was autoclaved and used for the experiment. One E. coli colony was picked
up and inoculated in LB for 12 h. Cells were washed with PBS and 0.05 O.D. at 600 nm was
maintained. 500 uL of 0.05 O.D. of bacterial culture was incubated with 500 uL of polymeric
solution (250 ug/mL) in PBS for 3 h. Zeta potential of all the polymer incubated E. coli
samples were measured along with nascent E. coli and polymeric solutions using Nano ZS-
90 Zetasizer.

4.2.18 Confocal Imaging for E. coli incubated with HPTS loaded S-PCLego-b-CatimzPCLeo
polymer: 100 uL of HPTS loaded star polymer (1 mg/mL) was incubated along with 100 puL
of E. coli suspension (1 X 108 CFU/mL) for 8 h. Cells were given PBS washes (X 2) followed
by PI (10 pL, 56 pg/mL in PBS) staining and incubating at dark for 15 min. After that, cells
were washed to remove un-encapsulated PI and heat-fixed in glass-slide. Imaging was done
under oil immersion objective (100 X) by using the Leica SP8 optical microscope employing

A405 nm (blue channel) and Ase1 nm (red channel) lasers.

4.2.19 Flow cytometry: A single colony of E. coli was picked and inoculated in LB for 6 h.
The cell suspension was then diluted to 0.5 O.D. HPTS loaded S-PCLego-b-CatlmzPCLgo (100
L, 1 mg/mL) polymer and Free HPTS (100 uL, 0.1 pug/mL) were incubated with E. coli
suspension (100 pL, 0.5 O.D.) for 2 h followed by addition to 300 uL 70 % ethanol (to fix
the cells). Cell suspension was then kept at 4 °C. Solution was centrifuged and re-dissolved
in 600 uL PBS. Fluorescence reading in cells were analyzed with BDFACS Celesta cell
analyzer utilizing a 405 nm laser for HPTS excitation and emission was collected using BV
510-A filter.

4.2.20 Disk-Diffusion Assay: LB agar was poured on 100 mm X 20 mm polystyrene petri
dish and allowed to cool. Simultaneously, a single E. coli colony was picked up and
incubated at 37 °C for 6 h. E. coli cell suspension was diluted to 0.1 O.D. at 600 nm and 100
uL of the final inoculum was evenly spread on LB agar plate and allowed to dry. 20 ul single
drop of different samples (Img/mL of only polymer, 25 ug/mL of only azithromycin, 1
mg/mL of azithromycin loaded polymer) were added to whatmann filter paper disks of 6mm

dimeter and allowed to dry for 2 h inside hood at medium air flow. The disks were then

155



Chapter 4

carefully placed on LB agar plate and kept at 37 °C for 18 h and images were taken under
white light illumination using Syngene G: Box Chemi XX6 instrument.

Zone (area) of inhibition calculation: area = m(R?- r?) ,

Wherein, R= D/2 and r=d/2, D = Total diameter of disk and circular area of inhibition, d =

diameter of circular disk alone

4.2.21 Colony Counting Experiment: A single colony was picked form an E. coli-streaked
plate and grown in 3 mL of LB broth for 4 hours. This experiment was done in duplicate. E.
coli concentration was reduced to 1 X 10® CFU/mL. 100 pL of E. coli was incubated with
100 pL of 1 X MIC concentration of linear and star polymeric samples for various time
points. Incubation was done in 1. 5 mL eppendorf with pores on its cap at 37 °C in shaking
condition. After incubation, samples were 10 times diluted and 100 uL of the sample was
smeared on LB agar plate and left to dry for 30 minutes. The plates were incubated at 37 °C
for 18 h. Colonies were counted and absolute number of E. coli colonies were determined

upon incubation with polymers using the following formula:

CFU/mL = Total number of colonies X dilution factor

Volume of specimen spread
on the solid culture

4.3 Result and Discussion

4.3.1 Synthesis and Characterization of Bottle-brush type linear cationic diblock

copolymer

The synthetic scheme for one-dimensional linear di-block copolymer architecture is
shown in Scheme 4.1. The linear architecture involves ring opening polymerisation of &-
caprolactone (CL) in toluene utilizing monofunctional initiator triethylene glycol
monomethyl ether to develop a single arm PCL-based macroinitiator. This PCL based
macroinitiator then underwent ring opening polymerisation of M1 monomer to yield
amphiphilic diblock copolymer based on polycaprolactone and chorine substituted
polycaprolactone (PCL-block-CIPCL) as shown in Scheme 4.1. The chlorine units of the

functionalised PCL block were substituted with N-dodecyl substituted imidazole units, to
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yield bottle-brush type linear cationic block copolymer. This polymer is also referred as L-
CAT. The degree of substitution for PCL-Macroinitiator and Linear PCL-block-CIPCL was
maintained as 60 and 50 units respectively by varying the [M]/[I] ratios.

o
—cl o
° L o’ 1 . ¢l
. o Ao~
o R-OH 9 M J
) - o o o o)
C : - RIO{BKVV\OPXK/WOH% R—o{j(\/\/\o}lk/\/\folr"‘“l\’A'O}‘l\/\/‘“OH
cL FirstROP, Sn(0Ch; P pcy Macro-initiator ) x 0 Y o
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Scheme 4.1. Synthetic Scheme showing the synthesis of cationic linear bottle brush type block
copolymer.

'H-NMR of the linear PCL Macro-initiator is shown in Figure 4.5a. In order to
determine the number of repeating units, -OCHs protons of TEG initiator at 3.38 ppm
(proton a) were compared to that of polymer ester peak at -OCH: at 4.06 ppm (proton b).The
degree of polymerisation from *H-NMR (Xn) was found to be 64 + 1, for [M]/[1] = 60. The
chain end -OH group of the macroinitiator was then further utilized for second
polymerisation of y-Cl substituted caprolactone monomer?** (M1) utilizing tin-2-
ethylhexanoate as catalyst at 110 °C in toluene, resulting in linear PCL-block-CIPCL
copolymer (LB-CIPCL). The successful incorporation of monomer units in the growing
polymeric chain was confirmed by *H-NMR by comparing TEG initiator protons at 3.38
ppm to that of newly appeared polymer peak — CH-O- at 3.45 ppm (proton c) in Figure 4.5b.
The degree of polymerization for the second block appeared to be 51 + 1 for [M]/[MI] = 50.
The GPC chromatogram of PCL Macro-initiator and L-PCL-b-CIPCL is shown in Figure
4.6. A slight shift in retention time is observed in case of block copolymer (L-PCL-b-CIPCL)
as compared to macro-initiator (L-PCL). The number-average molecular weight (My),
weight-average molecular weight (Mw) and polydispersity (D) obtained from NMR and GPC
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analysis can be seen in Table 4.1 wherein the number average molecular weight was
determined using the formula, M, = Xn X Mo where My is the mass of each repeating unit.
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Figure 4.5. *H-NMR spectrum of (a) PCL Macroinitiator using triethylene glycol monomethyl ether
as initiator and (b) Linear PCL-block-CIPCL polymer in CDCl;s as solvent
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Figure 4.6. GPC chromatograms of (a) PCL macroinitiator (TEG-PCLso) and LB-CIPCL (TEG-
PCLeo-b-CIPCLgo) (B) Star-Macroinitiator (Star-PCLgg) and SB-CIPCL (Star-PCLgo-b-CIPCLseo),
CHCI; as mobile solvent.
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Table 4.1. Table enlisting M/I ratios in the feed, n (number of repeating units incorporated), M,
(number avaerge molecular weight from NMR), M, (humber avearge molecular weight) and My
(weight average molecular weight) and PDI.

Table enlisting various properties of the polymers

Sample Ml ratio M/l ratio n M, M, M,, PDI
(Feed) (Feed) (TH NMR)® ("H NMR) (GPC) (GPC)
PCL Arm? SPCL Arm? (g/mol)® (g/mol)c (g/mol)c
S-PCLgo 6 (x6 arms) - 60 £1 7000 5500 7000 1.2
S-PClLgg-b-CIPCLyg, initiator S-PCLgq 10 (x6 arms) 56+3 21,800 6800 8600 1.2
L-PClLg, 60 - 64 =1 8700 12,900 7000 1.4
L-PCLgy-b-CIPClLg, initiator L-PCLgq 60 51+1 20,500 3900 8500 21

aMcnomer/Initiator feed ratio for each arm. "Degree of polymerization (n) and molecular weights were estimated by 'H-NMR analysis. *Molecular
weights were determined by GPC in THF solvent using polystyrene standards for calibration.
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Figure 4.7. *H-NMR spectrum of 1-dodecyl imidazolium substituted cationic linear diblock
copolymer in D,O as solvent

The chlorine substituted polymer was post polymerised utilizing 1-dodecyl-1H-
imidazole as quaternizing agent to obtain 1-dodecyl chain projecting imidazolium ion
substituted cationic linear bottle-brush type block copolymer as shown in Scheme 4.1.
Complete quaternisation of chlorine functionalised PCL block was confirmed by'H-NMR,
wherein integration of -CH>CO- peak (proton d) corresponding to 2H was compared to that
of new peaks —(CH2)10- and -CH>-CHzat 1.24 ppm (proton e) and 0.84 ppm (proton f). New
appearance of peaks at aromatic region (9.04 ppm — 7. 35 ppm) confirmed the presence of
imidazolium ring (see Figure 4.7). It has been reported earlier that a long hydrophobic tail
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(C12 hydrophobic unit) necessarily facilitates membrane insertion and simultaneous
destabilization of the bacterial membrane.®® Keeping that analogy in mind, the present
newly designed polymer comprises of an imidazolium cationic unit for electrostatic
interaction with negatively charged bacterial cytoplasmic membrane, a hydrophobic PCL
block for bacterial membrane disruption and an additional hydrophobic dodecyl aliphatic
chain projecting outwards facilitating facile insertion into the E. coli lipid bilayer membrane.

4.3.2. Synthesis and Characterisation of Star cationic diblock copolymer

‘Core-first’ approach?’’ was employed for the synthesis of star-shaped diblock
copolymer with identical molecular weight and composition to that of linear architecture. It
involves dipentaerythritol as a multifunctional initiator for ring opening polymerisation of
e-caprolactone resulting in Star PCL Macroinitiator (see scheme 4.2), wherein all the six -
OH initiating sites had equal reactivity and initiation efficiency. For feed [M]/[I] = 60, the
incorporated number of monomeric units was determined from *H-NMR to be 60 + 1,
suggesting the statistical distribution of 10 units per arm. The *H-NMR spectrum of Star
PCL Macroinitiator is shown in Figure 4.8a wherein the number of repeating units was
confirmed by comparing initiator protons -O-CH2-C- at 3.38 ppm (proton a) to that of -CH>-
O- at 4.06 ppm (proton b) of the growing polycaprolactone units. The observance of protons
(~ 11 protons) at 3.64 ppm corresponds to chain end -CH2-OH units which confirmed the
ability of growing polymer chain (Star PCL Macroinitiator) to initiate another block
copolymer through living polymerisation. These “living” chain ends of the six arm
macroinitiator was availed for the polymerisation of M1 monomer yielding star shaped block
copolymer (Star PCL-block-CIPCL) with X, = 56 + 3, for [M]/[MI] = 60 and its *H-NMR
spectrum is shown in Figure 4.8b. The Macroinitiator peaks at 1.38 ppm (proton e)
corresponds to -CH»- protons were taken into consideration for determining number of
repeating units for Cl-substituted PCL block copolymer. (Note: -CH2-O protons (proton a)
at 4.05 ppm of macroinitiator was not considered due to its merging with new proton peak -
CH»-O- at 4.13 ppm of the growing polymer chain).
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Scheme 4.2. Synthetic Scheme showing the synthesis of cationic star block copolymer.

The GPC chromatogram of star polymers showed monomodal distribution with B =
1.2 (Figure 4.6). It was observed that molecular weights of both LB-CIPCL and SB-CIPCL
were underestimated by GPC (Table 4.1), plausibly due to smaller hydrodynamic diameter
of these polymers as compared to polystyrene (PS) standards. The detail characterization
including number average molecular weight by NMR, number average and weight average
molecular weights by GPC of star macroinitiator and star diblock copolymer is enlisted in
Table 4.1. The GPC chromatogram for star-block copolymer (S-PCL-b-CIPCL) appeared at
slight lower retention time as compared to macro-initiator (S-PCL) commenting on its

relative larger molecular weight.
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Figure 4.8. "H-NMR spectrum of (a) Star PCL Macroinitiator using dipentaerythritol as initiator
and (b) Star PCL-block-CIPCL polymer in CDCl;

The post-polymerization functionalization of star shaped block copolymer with 1-
dodecyl-1H-imidazole yielded imidazolium ion containing cationic block copolymer (S-cat)
with Ci2 chain projecting outwards. Polymer peak -CH2CO- at 2.57 ppm (proton d) was
compared to chain end -CHjs protons at 0.87 ppm (proton f) of imidazolium unit containing
dodecyl chain to determine degree of quaternization. By integrating both protons, complete
quaternization of chlorine functionalized PCL block was confirmed (see Figure 4.9). The
above mentioned cationic diblock copolymers based on linear and star architectures were
similar in terms of their molecular weight and ratio of hydrophobic/hydrophilic content in
each polymer chain but only differ in their topology. Ultimately, these polymers were taken
forward to understand polymeric topology influence on self-assembly aspects in aqueous

environment.
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copolymer in CDCl;
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4.3.3. Self-assembly of Star and Linear Polymer.

The difference in self-assembled nanoparticles of star and linear polymer arose from
contrasting molecular architecture of single polymeric chain. As compared to linear diblock
copolymer, the star shaped polymer comprises of 6 arms of PCL hydrophobic block followed
by 6 arms of cationic hydrophilic block (10 units each arm, statistically), facilitating inward
collapsing of individual branched polymeric chains due to well-defined
compartmentalization of hydrophobic and hydrophilic environment. This gives rise to well-
defined core-shell architectures (as shown in Figure 4.10a). further aggregate in water to
provide aggregated micelles of DLS size in the range of 250 £+ 30 d. nm along with a positive
zeta potential of + 28.4 £ 0.2 mV as shown in Figure 4.10b and 4.10c. The observance of
such large sized nanoparticles (> 200 nm) is due to the decreased interaction between the
polymeric chains which would limit chain entanglements due to densely grafted side chains
of dodecyl aliphatic units.

(a) Self-assembly of Star Polymer e Zeta Potential
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Figure 4.10. (a) Schematic representation of self-assemblized nanoparticle of star polymer. (b, c)
DLS size and zeta potential of star polymer architecture at 0.1 mg/mL concentration. (d) Plot of 11/13
vibronic emission peaks of pyrene for CMC determination. (¢) FE-SEM image of star polymer
architecture at 0.1 mg/mL concentration.

CMC was determined by utilizing pyrene as a probe where different polymeric
concentrations (5 X 10 to 1 X 10 g/mL) were incubated with fixed pyrene concentration
to determine the absolute polymeric concentration at which pyrene would locate in the
hydrophobic environment of the nano-cavity. It has been observed that CMC for star
polymer was 1.5 X 10 g/mL which signifies a shift in pyrene’s microenvironment from
hydrophilic to hydrophobic environment (see Figure 4.10d). At concentrations above CMC,

the polymeric nanoparticle transpired to remain in aggregated state. It has also been well
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corroborated by FE-SEM images of star nanoparticle showing uniform distribution of
particles in the size range of 230 = 20 d. nm at 0.1mg/mL (Figure 4.10e).

In case of bottle brush type linear architecture, individual polymeric chains would
phase segregate in water such that the particles would collapse projecting the branched
hydrophilic polar head group towards aqueous layer and hydrophobic PCL block tightly
packed away from the aqueous environment giving rise to highly compact micellar
nanoparticles as shown in Figure 4.11a. These micellar nanoparticles were found to form
stable aggregated micelles in aqueous environment in the size range of 200 + 10 nm with a
positive surface potential of + 25.6 £ 0.7 mV (Figure 411b and 4.11c). These micelles were
subjected to critical micellar concentration (CMC) determination employing pyrene as a
probe. A polymeric concentration dependent change in pyrene’s fluorescence spectrum
(ratio of first and third vibronic levels (I1/13)) confirmed its encapsulation in polymeric
nanoparticles as shown in Figure 4.11d. The CMC was observed to be 1 X 10° g/mL which
reiterated that micellar nano-assembly of these polymeric nanoparticles are concentration
dependent. FESEM images further showed formation of spherical nano-assemblies in the

size range of 230 £ 20 d. nm (see Figure 4.11e).
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Figure 4.11. (a) Schematic representation of self-assembled nanoparticle of linear polymer. (b, ¢)
DLS size and zeta potential of linear polymer architecture at 0.1 mg/mL concentration. (d) Plot of
11/13 vibronic emission peaks of pyrene for CMC determination. () FE-SEM image of linear polymer
architecture at 0.1 mg/mL concentration.

These observations further confirmed the formation of large number of
multimolecular micelles in agueous environment. Encompassing all these characteristic

features, it can be strongly suggested that though star and linear polymers have different
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topology with respect to their single chain architecture, but their macromolecular nano-
assemblies are similar in terms of molecular weight, number of repeating units,

hydrophobic/hydrophilic content, size, morphology, and zeta potential.

4.3.4. Antibacterial Susceptibility testing

In order to determine the antibacterial activity of star and linear polymers, a fixed
concentration of E. coli (2 X 10° CFU/mL) was incubated with various concentration of
polymer (0.1 X 10 g/mL to 5 X 10* g/mL) at 37 °C in shaking incubator for 18 h. The
change in turbidity of bacterial suspension was monitored with time. It was observed that as
time progresses, E. coli colonies continued to grow exponentially (log phase) and ultimately
saturates in optical density (O.D. at 600 nm) after 15 h, while on the other hand, for
ampicillin incubated bacterial cells, growth was completely retarded (see Figure 4.12a). A
concentration dependent decrease in turbidity was observed in case of star and linear

polymer sample incubated E. coli suspension as shown in Figure 4.12a and 4.12c.
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Figure 4.12. (a, c) Colony suspension method for MIC determination of Star and linear polymer
(b,d) Determination of MICy for star polymer.
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A relative percentage decrease in optical density with respect to control was
determined by using the formula: (O.D.at 600 nm 0f sample/ O.D.at 600 nm Of control) X 100 and
bar graph representations are shown in Figure 4.12b and 4.12d. MICgo was determined as
the concentration at which 90% inhibition of bacterial cells was achieved. For both star and
linear polymers, MICgo was observed to be 5 X 10 g/mL. It can be observed that through
colony suspension method, both the linear and star polymer appear to be inhibiting the

growth of E. coli at the same rate.

(a)

Control Hi

S-Cat

L-Cat

-
o
)

\_ﬂ:sci ~L-Cat

2 4 6
Ampicillin (Negative control) Time points (h)

pe

Log,, (CFU/mL)
o N B (o] [e¢]

o
—_

Figure 4.13. (a) Spread plate method plate photographs for determination of Colony forming units
(CFU/mL) upon E. coli incubation with S-Cat and L-Cat along with positive control (no polymer)
for various time points. (b) Photograph of plate showing E. coli growth after incubation with
ampicillin (negative control) for 2h incubation period. (c) Plot showing effect of polymeric
incubation on E. coli colonies with time.
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To further probe the influence of the polymeric topology on bacterial inhibition,
spread plate technique was employed. In this method, a small volume (100 pL) of bacterial
suspension was spread evenly on the surface of agar plate so that exact number of isolated
bacterial colonies can be enumerated at a particular interval of time. In this method, equal
volumes of 2 X 108 E. coli cells are incubated with MIC concentration (0.5 mg/mL) of star
and linear polymers along with positive control (no treatment) and negative control
containing ampicillin (at 1 X MIC concentration). After incubation at various time points
(1h, 2h, 4h and 6h), bacterial suspension was diluted 10 times and evenly spread on a
solidified culture media (LB agar plate) and incubated in 37 °C for 18 h. Each of the viable
bacteria would multiply to form a separate colony and by counting the visible colonies,
CFU/mL was calculated. The photographs of the final plates after 1 h, 2 h, 4h and 6h
incubation time is shown in Figure 4.13a wherein the first panel corresponds to positive
control, second and third panels correspond to S-Cat and L-Cat incubated E. coli cells for
various time-points respectively. A plate of ampicillin incubated bacterial cells for 2 h is also
shown in Figure 4.13b. In case of positive control, a dense population growth in E. coli cells
were observed at all time points (see Figure 4.13, first panel) whereas for negative control,
no viable colonies were observed which commented on ampicillin’s bactericidal action
(Figure 4.13b). A distinguished demarcation in the number of viable colonies can be
observed for star and linear polymer at lower time-points which suggested that linear diblock
copolymer was more effective in abolishing bacterial cells rather than star diblock
architecture till 4 h incubation period (Figure 4.13a) after which they both are equally active

towards bacterial inhibition.

In order to understand the kinetics of antibacterial effect, polymers were incubated
with fixed E. coli suspension for various time points and then CFU/mL was determined. The
plot for log (CFU/mL) versus incubation time for star and linear polymers along with
positive control (no polymer) is shown in Figure 4.13c. In case of control, as the time
progresses, there has been an enhancement in number of viable colonies which corroborates
to the growth of E.coli in favorable physiological conditions. For polymeric systems, at
initial timepoints (1 h and 2 h) the number of viable colonies were similar for both linear and
star polymers but as the time progresses, we observe a growing gap in the rate of bactericidal
action. After 4h of incubation, no colonies were observed for linear polymer but star
polymer showed comparatively larger number of colonies which suggests that relatively

linear polymeric architecture was quicker than star non-linear architecture for membrane
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permeabilization and ultimately 6 h onwards, they both were equally active. This can be
further correlated to the observance of their similar MIC concentration (0.5 mg/mL) after 18

h of incubation by colony suspension method (broth microdilution assay).
4.3.5. Mechanism of Membrane Disruption

The antibacterial action of synthetic cationic antibacterial polymers is via membrane
breaching due to optimal balance of cationic and hydrophobic units. It is a two-step process
which involves (a) physical adsorption of polymer on bacterial surface and ultimately masks
E. coli surface charge potential and (b) membrane permeabilization by hydrophobic residue
of the polymer chain (Figure 4.14a). In order to authenticate these two major steps of

membrane disruptive action of polymers, two independent experiments were performed.
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Figure 4.14. (a) Schematic representation showing the mechanism of membrane disruption in E.
coli. (b) Charge neutralization assay showing the zeta potential of E. coli, star, and linear polymers
before (left) and after incubation (right). (c) FE-SEM images of E. coli before (below image) and
after treatment (above image).

Firstly, change in surface charge potential was determined for E. coli in free state as
well as upon incubation with star and linear polymers (see Figure 4.14b). Initially, E. coli
has a negative membrane potential ( -25 mV) while the cationic polymers showed positive
zeta potential of +22 to +25 mV, while upon 4 h incubation, it was observed that there has
been a reduction in magnitude of zeta potential of E. coli and it becomes almost neutral upon
polymeric action. This observation confirms the adhesion of polymer on the surface of E.
coli. Secondly, membrane permeabilization mechanism of polymer was authenticated by
visualizing the changes in E. coli morphology upon polymer interaction. To understand the
same, star polymer (at MIC concentration) was incubated with E. coli for 6 h along with

control (no polymer) and fixed for TEM imaging. It was observed that in case of control, the
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visual features of E. coli remain unaltered and intact while upon polymeric incubation, the
membrane appeared to be disturbed and imperfect (Figure 4.14c). Small circular particles
could be observed stuck to the surface of E. coli which resembles polymeric nanoparticles.
This clearly signifies the membrane permeabilization activity of polymer on the surface of

E. coli.

4.3.6. Theranostic activity of star antibacterial polymer

In order to visualize the action of star and linear polymers on the surface of E. coli
(diagnostic probe) along with its inbuilt antibacterial action (therapeutic action), a known
bioprobe (HPTS dye) was attempted to load in polymer NP (shown diagrammatically in
Figure 4.15a). It was observed that for star polymer, drug loading content (DLC) for HPTS
dye was 1 % wherein DLC for linear polymer was 0.04 % (Figure 4.15b).
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Figure 4.15. (a) Schematic representation of HPTS loaded star shaped nanopatrticle. (b, ¢) DLS size
and zeta potential of HPTS loaded nanoparticle.

As it has been already discussed in Figure 4.11, linear polymers would self-
assemblize to give highly compact micellar nanoparticles with a positive zeta potential. It is
plausible that such tightly packed nano-assemblies are unable to confine a water-soluble dye
which leads to extremely low loading capability. The drug loading capability was profoundly
enhanced for star polymer architecture which might be due to the inbuilt

compartmentalization of hydrophobic and hydrophilic arms in a single polymeric chain. The

170



Chapter 4

DLS plot for HPTS loaded star polymer showed monomodal distribution of spherical
nanoparticles in the size range of 250 + 4 d. nm (Figure 4.15c). A photograph of a vial
containing HPTS loaded star polymer is also shown for demonstration of green fluorescence
emission. The absorbance and fluorescence spectra of S-Cat + HPTS (HPTS loaded star
polymer) are shown in Figures 4.15 d and 4.15e. This confirms that the fluorescence
characteristics of the fluorophore is intact and these HPTS loaded nanoparticles can be used
for bio-imaging. The absorbance and fluorescence property of HPTS dye remained unaltered

upon encapsulation in a polymeric NP which established its usage as a nanoprobe to study
membrane disruptive action of polymer on E. coli.
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Figure 4.16. a) Diagram showing theranostic effect of HPTS loaded star NP and simultaneous

facilitating P1 staining. (b) Confocal microscopy imaging of control (without polymer), Star + HPTS,
Linear + HPTS after 8 h incubation with 1 X 108 E. coli bacterial cells (****P < 0.0001). (f) Mean

CTCF values for star and linear polymers. Each point represents mean + SEM (n = 15).

171



Chapter 4

The design strategy is clearly illustrated in Figure 4.16a which shows that initially E.
coli cells were incubated with HPTS loaded star and linear polymer (1 X MIC) for 8 h
followed by addition of propidium iodide (PI) as a membrane impermeable dye. The ability
of propidium iodide to translocate only in membrane compromised cells would differentiate
between dead and alive E. coli cells. The confocal microscopy images for control (without
polymer), S-Cat + HPTS (HPTS loaded star polymer), L-Cat + HPTS (HPTS loaded linear
polymer) are shown in Figure 4.16b. The first fluorescent row corresponds to excitation of
HPTS fluorophore (Aab =405 nm and Aem = 410 — 530 nm) while the second fluorescent row
corresponds to collection of PI fluorescence (Aap = 561 nm and Aem = 570 — 720 nm). It was
observed that star polymer was brightly illuminated in both green and red emission channels
while due to low loading content, linear polymer at similar polymeric content only showed
bright emission in red channel. Interestingly, PI intensity for star polymer was higher than
linear polymer which suggest a better intake of Pl upon membrane breakage in case of star

shaped polymer as shown in Figure 4.16c.
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Figure 4.17. The dot plot showing the cell density in SSC and FSC axes for (a) Control (without
treatment, (b) S-Cat + HPTS and (c) HPTS alone. (d) Graph showing relative uptake of HPTS by
three sample, namely; control, Free HPTS and S-Cat + HPTS after 2h incubation. () Table
containing percentage cells stained by HPTS for the three above mentioned samples.

In order to further validate the uptake of HPTS loaded star nanoparticles in E. coli,

flow cytometry experiment was performed. It is a laser-based technique which differentiates
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cell population based on their size and granularity. Moreover, it can also account for the
fluorescent characteristics of a cell population by employing different laser beam sources
and filters. In the present case, the relative uptake of control sample (without treatment), free
HPTS and HPTS loaded star nanoparticle is determined by employing 405 nm laser for
HPTS excitation and emission was collected using BV 510-A filter. The cell population
density for all the three cases is shown in Figure 4.17a, 4.17b and 4.17c. In case of control,
no emission was observed in the HPTS channel as E. coli cells were not incubated with
HPTS fluorophore (see Figure 4.17d). The relative uptake of HPTS loaded star nanoparticle
(S-Cat + HPTS) by E. coli cells was higher than free HPTS. The statistical percentage of
cells stained by HPTS was 0.3 % for control, 1.64 % for Free HPTS while 18.7 % for HPTS

loaded star polymers (see Figure 4.17¢).

4.3.7. Cytotoxicity and Hemolytic Activity

In order to evaluate the biocompatibility of star and linear polymers, there interaction
has been studied with mice RBCs and WT-MEF cell lines as shown in Figure 4.18a and
4.19a. In general, animal cell membranes are zwitterionic in nature (~0 mV) while membrane
potential for RBCs are slightly negative (~ -15 mV). Hemolytic effect of polymeric
nanoparticles wherein erythrocytes were incubated with star and linear polymeric
architecture at MIC concentration and star polymeric architecture was observed to be
completely non-hemolytic to cells as compared to linear polymeric architecture as shown in
Figure 4.18b and 4.18c.
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Figure 4.18. (a) Diagrammatic representation of interaction of star and linear polymers with RBCs
derived from C57/B1 mice blood. (b) Hemolysis data of star and linear polymers with RBCs. (c)
Photograph of eppendorfs with RBC solution after polymeric interaction along with PBS and 1%
Trx.
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Percentage hemolysis was calculated with PBS as negative control (no lysis) and 0.1 %
Triton-x as positive control (100 % lysis), and relatively for star polymer hemolysis was
observed to be <1 % (0.33 + 0.17 %) while strikingly in case of linear polymeric architecture
with similar monomeric composition hemolysis was obsderved to be 73.44 + 0.08 % at MIC

concentration.
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Figure 4.19. (a) Diagrammatic representation of interaction of star and linear polymers with, mice
epithelial cells. (b, ) MTT assay to measure cytotoxicity of linear and star polymers upon interaction
with WT-MEF cell lines.

This observation was further supported by MTT assay has been used to determine
cellular metabolic activity which could be translated as an indicator for cell viability,
proliferation and cytotoxicity (see Figure 4.19a). The cell viablity for linear and star
polymers at various concentrations are shown in Figure 4.19b and 4.19c. Unlike their
bactericidal activity, the two polymeric architecture showed contrasting difference in their
interaction with WT-MEF cell lines. For linear polymer, ICso value was observed to be 25
ug/mL while in the case of star polymer, 1Cso > 80 pug/mL which demonstrates that linear
architecture is toxic due to membrane disintegration while star architecture is safe to interact
with mammalian cells. Even though both the polymers were composed of similar
compositions of PCL and imidazolium ion substituted cationic PCL counterparts, the
striking difference in their interaction with animal cell line, strongly suggests that polymer
topology is an important factor for understanding membrane-macromolecule interaction.
Bactericidal and toxic properties of an antibacterial polymer is affected by various factors

like cationic and hydrophobic components, charge type, molecular weight, morphology,
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polymeric topology, position of cationic charge®®. In the present investigation, all these
physical characteristics were kept comparable except for their polymeric topology.
Moreover, it has also been established that selectivity of an antibacterial polymer is
compromised upon induction of high hydrophobic residues in a polymeric chain?®. So, it
can be postulated that the non-specific interaction of cationic linear polymer to bacterial
membrane (E. coli), mammalian membrane (WT-MEF) as well as RBCs which leads to
cellular toxicity might be due to equal proportions of PCL (hydrophobic unit) and
imidazolium ion functionalised (cationic and hydrophillic) unit. Interestingly, star polymeric
architecture was observed to be extremely selective towards E. coli cell as compared to WT-
MEF cell lines and RBCs irrespective of the presence of similar hydrophobic composition
to that of linear architecture (overall 60 PCL units). This could be understood due to the 3D
network of star architecture where presence of 6 individual arms containing 10, 10 units of
PCL and cationic polymer segment would dilute the overall impact of membrane
perturbation as compared to 60 units of continuous PCL chain interacting altogether.

4.3.8. Combination Therapy with Azithromycin
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Figure 4.20. Mechanism of Action of Macrolide Antibiotics
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Azithromycin falls under the class of macrolide antibiotics which shows broad-
spectrum antibacterial activity due to inhibition of protein synthesis by targeting bacterial
ribosomes.30:%92 Azithromycin (Azx) is a known macrolide based antibiotic. They work by
targeting bacterial ribosomes and inhibiting protein synthesis mechanism. This is initiated
by blocking nascent peptide exit tunnel (NPET) which is a pathway through which the
synthesized polypeptides leave ribosomes as shown in Figure 4.20. It has been recently
understood that they don’t stop the global translation of proteins by bocking the peptidyl
transferase centre (PTC) but retards the growth of few subsets of proteins®®*. Even though,
it is effective in eradicating antibacterial infections, its potency is restricted mainly due to
two factors, firstly due to reduced intracellular accumulation inside bacterium due to its
hydrophobic nature. Gram-negative bacteria like E. coli have intrinsic resistance to various
hydrophobic (water-insoluble) antibiotics such as outer membrane permeability, highly
efficient efflux pumps etc. which compromises the drug accumulation (see Figure 4.21).
Secondly, azithromycin is a bacteriostatic drug due to fast dissociation kinetics from
bacterial ribosomes and thus limits its efficacy. So, in order to circumvent these challenges,
nanodrug formulation of azithromycin was prepared with star polymer architecture to
produce azithromycin loaded star polymer nano-assemblies which ultimately led to
synergistic combination therapy to treat bacterial infection as shown in Figure 4.21.The
polymeric nanoparticles would act as potentiators to enhance the activity of azithromycin by

increasing its bio-accumulation inside the E. coli cells.
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Figure 4.21. (a) Diagrammatic representation of free azithromycin drug acting on bacterial cells
along with Azithromycin loaded nanoparticles inside the E. coli cells and observance synergism
between polymer and drug.
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Figure 4.22. (a) Comparative DLC of linear and star architecture. (b, c) DLS histogram and FESEM
image of azithromycin loaded nanoparticles.

(a) .
100 - EI 100 -
g ~?§, 2 5
3 50 - &
E & $
3 >
3 & =
Q I'I'I & 3
0 T T T T T T T T o, 0
PN @,@“,f? 2
¢ Polymer conc (A) (ug/mL) 8
(c)
__100 1
X
N—
Py
S 50 -
8
3
8
0 - N ' Polymer conc (pg/mL)
@ 0
&
Drug conc (ug/mL)
Fractional Inhibitory MIC in combination . MIC,,,, in combination 100 1 _
Concentration Index(FICI) = + Dreg - + . =022
MICFo\ymer M'CD,ug 500 50

Synergistic (< 0.5); Additive 0.5 < FICI < 1.0; Ref: Zangeneh et al. ACS Infect. Dis. 2019, 5, 1357-1365.

Figure 4.23. Plots of E. coli viability deduced from bacterial optical density has been shown for (a)
Star polymer (b) Azithromycin (c) Azithromycin loaded star polymer architecture for different
concentrations with E. coli cells along with the determination of fractional inhibitory concentration
index (FICI) for azithromycin loaded polymeric nano-assemblies.

The drug loading content (DLC) for star architecture was found to be 1.1 % with a
drug loading efficiency of 2.8 % while in case of linear architectures no loading was
observed (Figure 4.22a). This might be due to their discrete chain-folding induced self-
assembly which favors star architecture to form colloidally stable drug loaded nanoparticles.

The DLS and FE-SEM image is shown in Figure 4.22b and 4.22c respectively which
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authenticate the formation of stable nanoparticles. Azithromycin loaded star polymeric nano-
assemblies were further explored for combination therapy. Here, broth microdilution assay
was performed to determine minimum inhibitory concentration for drug encapsulated
polymeric samples, free polymeric sample, and free antibiotic. For drug loaded polymeric
samples, screening was done at similar concentrations of polymer to that of free polymeric
sample and relatively drug concentration was determined for individual polymeric
concentrations. Cell viability is defined as the percentage of E. coli cells which are viable
after 18 h of incubation time. The cell viability plot for free polymer, free azithromycin and
drug encapsulated polymeric sample is shown in Figure 4.23. The minimum concentration
for 98 % inhibition of E. coli was observed to be 500 pug/mL for free polymer (see Figure
4.23a) while for free azithromycin MICg was found to be 50 pg/mL (Figure 4.23b).
Interestingly, for drug loaded polymeric samples, a reduction in MIC values for both
polymer and drug were observed. Overall, 98 % inhibition of bacterial colonies was observed
at 100 pg/mL polymeric concentration containing 1 ug of azithromycin (Figure 4.23c). This
has been an extremely important observation because drug concentration has been reduced

50 times upon encapsulating inside a bactericidal polymer.
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Figure 4.24. Photographs of plates containing E. coli suspension incubated with control, only
Azithromycin (Azx, 5 ug/mL), S-Cat (500 xg/mL) and polymer loaded drug sample (S-Cat+Azx) at
polymeric conc. of 500 g/mL and 5 pg/mL drug loading content for 4 h incubation period at 37 °C.
(** P <0.01 and * P < 0.1), each point represents mean = SEM (n = 2).
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In order to understand the type of interaction between drug and polymer, Fractional
Inhibitory Concentration Index (FICI) has been determined. For a synergistic interaction
between two component system, FICI should be < 0.5, while for additive effect, 0.5 < FICI
< 1 and ultimately for antagonistic behavior FICI > 12%’. For the present system, FICI value
was observed to be 0.22 which is less than 0.5, confirming synergistic interaction between
the two components. This has been further illustrated by spread plate method where four
different samples including control (no treatment), Only drug (Azx, at 5 xg/mL), Only S-Cat
(at 500 pg/mL) and S-Cat + Azx (at 500 xg/mL +5 ng/mL) were incubated with E. coli cells
for 4 h followed by spreading in agar plate to observe the number of viable colonies as shown
in Figure 4.24 a. As we can observe, for control, plate is completely submerged with
overlapping E. coli growth. Similarly, for Azithromycin also many countable viable colonies
can be observed but for S-Cat sample, we observe a huge decrease in the number of viable
colonies (as also seen in Figure 4.13a). Interestingly, in the drug loaded polymer (S-Cat +
Azx) sample, least number of colonies were observed as shown in Figure 4.23a. A relative
decrease in the number of viable E. coli cells is plotted and shown in Figure 4.24b. Upon
comparing free Azx and S-Cat sample incubated cells, it is observed that free drug is unable
to completely inhibit the growth as concentration of drug used in the following experiment
is lower than its MIC concentration (50 ug/mL) and time of incubation is also only 4 h. But
at the same point of time, drug + polymer sample was able to show synergistic effect by
working together towards E. coli growth inhibition.

(b) Table enlisting zone of inhibition for various samples

Samples Zone of inhibition (cm?)
Only Polymer (1Img/mL) -

Drug (25 ug/mL) 2.3

Polymer + Drug (1 mg/mL) 4.1

Figure 4.25. (a) Photograph of plate with different disks impregnated by (a) Control, (b) Only
polymer, (c) Only Drug and (d) Polymer + drug placed on 0.1 O.D. of E.coli suspension and
incubated at 37 °C for 24 h. Table enlisting the calculated area of inhibition for various samples in

cm?.
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Moreover, disk diffusion method was further employed to determine the
susceptibility of E.coli cells to star polymer, azithromycin alone and azithromycin loaded
polymeric scaffolds. In this method, an antibacterial sample impregnanted disk is placed
over an agar plate containing bacterial solution and incubated at 37 °C for 18 h. The radially
outward movement of antibiotic is facilitated by plate’s moisture as the mobile phase. The
concentration of antibiotic diminishes as the distance is increased from the circular disk
which leads to development of zone or ring formation around the antibiotic disk. Greater the
area of the inhibiting zone, higher is the antibacterial action. In the following experiment, it
can be observed that in case of control (no antibacterial agent treatment), no inbition ring is
observed which suggests no depletion in bacterial colonies around control sample (see
Figure 4.25a). Star polymer impregnated disk also did not show any visible depletion in
bacterial colonies. This was because the polymeric amount added to the disk (20 ug) was
lower than its MIC concentration. As shown in photograph in Figure 4.25a, azithromycin
alone showed a small inhibiting zone but interestingly for polymer+drug sample, a larger
inhibition zone could be observed. The tabulated values of zone of inhibition is shown in
Table 4.25b, wherein we can easily observe that in case of polymer+drug sample, the zone
of inhibition was almost double in magnitude (4.1 cm?) as compared to only drug (2.3 cm?).
This result also comments on the dual action of polymer and azithromycin together in a
single scaffold for synergistic antibacterial action. As we can note that, polymer alone did
not show any visible inhibition of bacterial growth but perturbs the gram-negative outer-
membrane for enhanced uptake of azithromycin. Note: Further analysis is under progress
where the adsorbed polymer amount is maintained at MIC concentration (500 pg/mL), in
order to determine the polymer susceptibility to larger bacterial population (0.1 O.D. or ~ 1
X 108 cfu/mL).
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Figure 4.26. Mechanism of bactericidal action of azithromycin loaded polymeric nano-assemblies.
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The synergistic action of drug loaded polymeric nanoparticle on E.coli is shown in
Figure 4.26. It is composed of three concerted steps which primaily involves adherence of
star cationic polymer on the surface of E. coli by electrostatic interaction due to presence of
anionic phospholipids on cytoplasmic membrane. This is followed by bacterial membrane
disruption through disruptive intercalation of hydrophobic component into the bilayer
membrane and thus inducing release of cytoplasmic content outside the cell. Simultaneously,
upon membrane breakage, enzymes released from E. coli cells would cleave the self-
assemblised nanoparticles and ultimately lead to the release of azithromycin from the nano-
assemblies. Then, free azithromycin would also show bacterial inhibiton by targeting
bacterial ribosome and inhibiting the protein synthesis. The development of such
polytherapy treatment builds the foundation for substantial enhancement of drug efficacy
along with reduced drug resistance by reducing their systemic dose amount. This study will
be of interest to wide range of researchers working in polymer chemistry, and chemistry-
biology interface.

4.4 Conclusion

In the present investigation, a new class of PCL based cation diblock copolymers were
prepared based on two distinctive topologies; 1D rod-shape and 3D star-shape. These two
polymer topologies resulted in core-shell cationic polymers with sizes in the range of 250
nm and surface charge +25 mV. An interesting fact about these two cationic polymers was
even though their single chain architecture was completely different, their physical
characteristics like size, morphology and zeta potential were in the similar range. These
cationic nanoparticles were found to be antibacterial in nature with MICgg value to be 500
ug/mL for both star and linear polymer. Even though they showed similar antibacterial
activity but star polymer was found to be more selective towards bacterial cells as compared
to mammalian cells and RBCs while linear diblock copolymer was found to be toxic towards
WT-MEF cell lines (ICso value as 25ug/mL) and RBCs (73.44 + 0.08 % , at MIC
concentration). The polymers were observed to show difference in rate of inhibition of E.
coli based on their topology where the linear architecture was more active at initial
timepoints as compared to star architecture. Successful anionic fluorophore (HPTYS)
encapsulation was feasible to only star architecture as compared to linear architecture which
was then utilized to determine polymer uptake by confocal microscopy imaging and flow
cytometry. A clinical broad-spectrum bacteriostatic drug (Azithromycin) was encapsulated
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in star polymer architectures to develop topology-directed drug delivery vehicles. A
synergistic antibacterial action between star polymer and azithromycin was observed which
led to enhancement of drug efficacy 50 folds higher than free drug due to enhanced
accumulation and dual action of E. coli inhibition. The development of polytherapy
treatment builds the foundation for substantial enhancement of drug efficacy along with
reduced drug resistance by reducing their systemic dose amount. It has been postulated that
such an amalgamation would hinder bacterial resistance development and thus could be a

promising candidate for potent antibacterial strategies.
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5.  Overall Conclusion and Future Direction
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In summary, this work is dedicated towards designing new biodegradable polymer
based antibacterial agents and understanding their interaction with gram-negative bacterium
E. coli. In the first chapter, new class of amphiphilic biodegradable polycaprolactone (PCL)
based cationic antibacterial homopolymers were synthesized of different molecular weights.
These nano-assemblies were characterized by dynamic light scattering, pyrene probing,
FESEM, HR-TEM, and AFM microscopic analysis, etc. They encapsulated HPTS in its
hydrophobic core and along with PI, they were imaged to directly visualize and quantify
dead/alive bacterial cells at a particular interval of time. Furthermore, aggregated-induced
emission (AIE) chromophore TPE was chemically tagged to these polymers so that
polymeric adherence on the bacterial membrane could be directly visualized by image-based
antimicrobial quantification assay. These TPE-conjugated polymers were expanded to
develop bacterial membrane reinforced on-site demand FRET probe along with
peptidoglycan adherent dye, Crystal violet (CV) for direct visualization and quantification
of antimicrobial action. This helped us to differentiate between antimicrobial and non-
antimicrobial polymers based on their membrane-bifurcating property. Furthermore, the
significance of polymer topology for the development of efficient antimicrobial agent was
explored by comparing linear and star di-block copolymers with identical chemical
composition. Even though, the minimum inhibitory concentration (MIC) for both the
polymers were in the similar range, the star-shaped polymer was less toxic to RBCs and
mammalian cell lines. Azithromycin- a ribosome inhibiting clinical antibody was
encapsulated in star-polymeric nano-assemblies to study the combination effect of
membrane disruption mechanism via polymer and enzyme-inhibiting pathway via antibody
together in a single nanoplatform. The star-polymer and drug together exhibited excellent
synergistic antimicrobial activity leading to 50 times reduction in azithromycin’s
antibacterial concentration. This work provides an overview of polymeric biomaterials in
antimicrobial field and focusses on the factors which can be responsible to enhance their

selectivity towards bacterial infection.
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This thesis work highlights the importance of understanding the structural
complexities of antimicrobial polymers and its influence in enhancing their antimicrobial
activity. The role of polymeric hydrophobicity and cationic charge has been understood
during its interaction with bacterial membrane. Though these polymers were found to be
extremely non-toxic to RBCs and mammalian cells via in vitro application, understanding
their interaction with various organs and tissues under physiological condition is also
extremely important (in vivo application). For any drug/antibiotic formulation, it is
extremely important to understand two processes, firstly, its action on the body i.e., the study
of its pharmacodynamics and secondly, how the body interacts to the drug i.e., the study of
its pharmacokinetics. When a drug interacts with a cellular receptor, it leads to formation of
signal, which ultimately leads to some biological response. These receptors can be divided
broadly into four categories: (i) Ligand-gated ion channels, (ii) G-protein coupled receptors,
(iii) Enzyme linked receptors and (iv) Intra-cellular receptors. These receptors are
responsible for inducing a change in a particular cellular machinery and leads to generation
of a response. Along with that, it is also important to understand the uptake of these
therapeutic agents along with their distribution/pharmacokinetics. It involves four important

processes, (i) absorption, (ii) distribution, (iii) metabolism and (iv) elimination, or ADME.

In vivo Application: NIR dye (IR-780 or cardiogreen) loaded star antibacterial

polymers is needed to be considered for in vivo application (as shown in Figure 5.1).
Cardiogreen (or indocyanine green) is an FDA approved near Infra-red contrasting agent
which is widely used in medical diagnostics. It has a peak absorption maximum (Amax) at
about 800 nm, allowing successful penetration of tissue layers for in vivo imaging. They
will be injected intraperitoneally to female balb/c mice along with free dye, nascent polymer.
One mouse will be injected with phosphate buffer saline only without any compound; the
organs and plasma procured from this mouse served as the control (for 24 h time-point). The
experiment will be performed in a set of three as biological replicates. Organs and plasma
will be procured at 24 h time point for histological analysis and in vivo full body imaging
will be done using IVIS imaging technique. Moreover, serum compatibility will also be
assessed to determine the half lifetime of nanoparticles in blood plasma. These are major

two experiments planned in the future towards completion of the project.
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Figure 5.1. Schematic representation of in vivo applications of NIR-dye loaded NPs.

Bioconjugate Chemistry: One of the major challenges in this work was low drug/dye

loading capacity of cationic polymers. One way to remove this limitation is by covalently
conjugating a drug/dye molecule to the polymer for enhanced uptake. As these polymers are
chlorine substituted, they can be easily substituted by azide units via reaction with NaNs to
develop azide functionalised polymers. These polymers can be tagged with alkyne
functionalised small molecules to develop fluorophore/drug conjugated polymeric systems.

Synthetic scheme for a new chlorine substituted monomer is shown in Scheme 5.1.

O

OH
CIW o m-CPBA, NaHCO; Q
PCC, Dry DCM (0] Dry DCM
4§,OH40, 7Y o R PR [ ci _ Dbrybcm
HO HO e) o To]A g

25°C 25°C

Toluene: acidic H,O
6 h 12 h
90°C hm
A B o
4h c
s . 0,
Yield : 60 % Yield : 98 % Yield : 97 %

Scheme 5.1. Synthetic scheme for developing a chlorine substituted monomer in three consecutive
steps.

The first step involves the reaction of cyclohexane diol with choro acetic acid to directly
synthesize chlorine functionalised monomer (compound A). The mono-substituted product
is purified and undergoes PCC oxidation reaction to develop 4-oxocyclohexyl 2-
chloroacetate (compound B). Baeyer villiger reaction was performed on compound B with
mCPBA and NaHCO:s to yield ultimately 7-oxooxepan-4-yl 2-chloroacetate (compound c).
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Figure 5.2. Schematic representation of different bio-conjugation on star architecture

The ring opening polymerisation of this monomer to develop chloring functionalised star
shaped polymers can be converted into azide functionalised polymers via post polymer
functionalisation. These azide functionalised polymers can be utilized for conjugation of dye
or drug via azide-alkyne click reaction (see Figure 5.2). This would lead to the development
of smart multi-functional polymers in a single nano-scaffold. Similar approach can also be
extended to conjugate polyethylene glycol chains of various molecular weights (PEG-350,
PEG-750, PEG-2K or PEG-5K) to develop hydrophilic chain containing cationic
antimicrobial polymers. Polyethylene glycol chains are known to provide shielding to the
nanoparticle from unwanted protein interaction and would also be helpful to increase the
half-life time of the polymeric nanoparticles. These are few of the approached which can be

used for development of next generation antimicrobial polymers.
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ABSTRACT: We report a biodegradable fluorescent theranostic Endothelial Cells iodegradabl arIon S earon sy
nanoprobe design strategy for simultaneous visualization and gonymatie Q& : M - D
quantitative determination of antibacterial activity for the treat-

ment of bacterial infections. Cationic-charged polycaprolactone

(PCL) was tailor-made through ring-opening polymerization
methodology, and it was self-assembled into well-defined tiny 5.0

Membrane
. I+ Disruption

+ 0.1 nm aqueous nanoparticles (NPs) having a zeta potential of Blood Strearn ocmiom
+45 mV. Excellent bactericidal activity at 10.0 ng/mL concen- rec= @) @ @ 1O

tration was accomplished in Gram-negative bacterium Escherichia ——— Fluorescent () Bactericidal
Non-Hemolytic Ther tic Nanoprobes rF+  Activity

coli (E. coli) while maintaining their nonhemolytic nature in mice Now Bloconedeblo £l = o ———— "
red blood cells (RBC) and their nontoxic trend in wild-type mouse
embryonic fibroblast cells with a selectivity index of >10* Electron

microscopic studies are evident of the E. coli membrane disruption mechanism by the cationic NP with respect to their high
selectivity for antibacterial activity. Anionic biomarker 8-hydroxy-pyrene-1,3,6-trisulfonic acid (HPTS) was loaded in the cationic
PCL NP via electrostatic interaction to yield a new fluorescent theranostic nanoprobe to accomplish both therapeutics and
diagnostics together in a single nanosystem. The theranostic NP was readily degradable by a bacteria-secreted lipase enzyme as well
as by lysosomal esterase enzymes at the intracellular compartments in <12 h and support their suitability for biomedical application.
In the absence of bactericidal activity, the theranostic nanoprobe functions exclusively as a biomarker to exhibit strong green-
fluorescent signals in live E. coli. Once it became active, the theranostic probe induces membrane disruption on E. coli, which enabled
the costaining of nuclei by red fluorescent propidium iodide. As a result, live and dead bacteria could be visualized via green and
orange signals (merging of red+green), respectively, during the course of the antibacterial activity by the theranostic probe. This has
enabled the development of a new image-based fluorescence assay to directly visualize and quantitatively estimate the real-time
antibacterial activity. Time-dependent bactericidal activity was coupled with selective photoexcitation in a confocal microscope to
demonstrate the proof-of-concept of the working principle of a theranostic probe in E. coli. This new theranostic nanoprobe creates a
new platform for the simultaneous probing and treating of bacterial infections in a single nanodesign, which is very useful for a long-
term impact in healthcare applications.

B INTRODUCTION fluorescent techniques that provide an excellent opportunity
because they require very low probe concentrations and could
also be employed under noninvasive protocols under
physiological condition. Visible light to NIR-active fluorescent
chromophores were encapsulated or tagged in antimicrobial
polymers and antimicrobial peptides in the construction of
fluorescent theranostic probes. Gold/silver nanoparticle-based
photoacoustic® and fluorescent imaging,”'’ NIR fluorophore-
tagged silica—polyelectrolyte nanoparticles,'' ROS-responsive

Ever-increasing demand to treat the infectious diseases caused
by bacteria, viruses, and other microorganisms in clinical
contamination, wound healing, and respiratory chronic
obstructive pulmonary diseases has become a major concern
in healthcare and society.”” Multidrug resistance and steadfast
mutations of microorganisms3 further obscure the treatment of
the infectious diseases with existing drugs or antibiotics.”
Development of new diagnostic tools and methods are also
equally important to accomplish timely required therapeutic
efficacies.” The next generation of antimicrobial candidates are
essential to be smart multitasking probes having the capability
to exhibit both therapeutics and diagnostics together
(theranostics) in a single system so that maximum impact
could be accomplished in a single dose of drug admin-
istration.®” Among the diverse diagnostic tools used include
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ABSTRACT: Designing new antimicrobial-cum-probes to study real-
time bacterial membrane breaching and concurrently developing
inquisitorial image-based analytical tools is essential for the treatment
of infectious diseases. An array of aggregation-induced emission (AIE)
polymers (donor) consisting of neutral, anionic, and cationic charges
were designed and employed as antimicrobial theranostic gatekeepers
for the permeabilization of the peptidoglycan layer-adherable crystal
violet (CV, acceptor). An AlE-active tetraphenylethylene (TPE)-tagged
polycaprolactone biodegradable platform was chosen, and their self-
assembled tiny amphiphilic nanoparticles were employed as a
gatekeeper in the construction of bacterial membrane-reinforced
fluorescent resonance energy transfer (FRET) probes. Electrostatic
adhering of the cationic AIE polymer and subsequent gate opening
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aided fluorescent FRET probe activation on the membrane of Gram-negative bacteria, Escherichia coli. The selective photoexcitation
energy transfer process in confocal microscopy experiments facilitated the building of a visualization-based FRET assay for the
quantification of bactericidal activity. Nonantimicrobial AIE polymers (neutral and anionic) did not breach the bacterial membrane,
resulting in no FRET signal. Detailed photophysical studies were done to establish the FRET probe mechanism, and a proof of

concept was established.

B INTRODUCTION

Bacterial microorganism mutations have continuously chal-
lenged humanity to find smart diagnostic tools for the early
detection of infectious diseases and design efficient therapeutic
drugs in the treatment and handling of public health care at
large.l_3 Penicillin and other B-lactam antibiotic drugs are
currently used for the treatment of bacterial infections;
however, microbes are smart and quick in developing
resistance against these clinical antibiotics and make them
inefficient in the therapeutic regimens.* Currently, fluorescent
antibiotics are developed to study function at the cellular level,
to rationalize the resistance mechanism, high-throughput
screening, and so forth, and to improve therapeutic
efficacies.”™’ Antimicrobial peptides (AMPs) are newly
emerging second-generation therapeutic agents that are
presently investigated for the treatment of bacterial infec-
tions.”” Since the past one decade, synthetic cationic polymers
are emerging as alternative antimicrobial candidates for both
Gram-negative and Gram-positive bacteria.'’”"* Cationic
antimicrobial polymers typically undergo nonspecific mem-
brane disruption similar to AMPs in the inhibition of bacterial
cell growth."*™"7 Several small or polymeric fluorescent
scaffolds are developed either based on steady-state fluo-
rescence'”'” or FRET-based analysis to study bacterial enzyme
responsiveness,zo’21 antibiotic screening,zz’23 pathogen discrim-
ination,”* wash-free bacterial detection,” differentiation of

© XXXX American Chemical Society

7 ACS Publications

bacteria over fungi,26 probe localization,””*® and so forth.

Unlike in the area of antibiotics, in-depth molecular-level
interaction between a polymer analyte and bacterial membrane
substrate has been rarely understood. Furthermore, the
majority of 7z-conjugated chromophores were found to
undergo 7-stack aggregation that caused quenching in an
aqueous medium;~ as a consequence, it was rather difficult to
differentiate the fluorescent signals in Luria—Bertani (LB)
broth (or medium in a free state) from the bacterial
membrane-bound state.’”*’ As an alternative, picking up
aggregation-induced emission (AIE) z-conjugated fluoro-
phores®*™** and building new AlE-assisted FRET probes is
an elegant strategy to overcome the above limitations.
Although the AIE concept has been known in the literature
for bacterial imaging;*>~>" AIE-based FRET probes are rarely
reported. This is partially associated with the scarcity of low
band-gap AIE-acceptor chromophores (E, < 2.0 eV, red
region) that could couple with the AIE donor chromophores
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Development of self-reporting polymers having dual-action of membrane disruption for antimicrobial activity
and simultaneous visualization and quantification by microscopic imaging techniques are urgently required for
early detection and therapeutics. Here, we report a new series of self-reporting coumarin fluorophore-tagged
polypeptides based on PEG-block-poly(L-lysine) copolymers via ring opening polymerization (ROP) strategy.
For this purpose, NHC catalyzed controlled ROP was optimised for e-Cbz-L-lysine NCA monomer to make desired
chain length polypeptides. The resultant cationic polymer was self-assembled into 100 + 15 nm nanoparticles
(NP) having Zeta potentials of +25 to +44 mV associated with strong blue-emission in aqueous medium. The
antimicrobial action of these polymers was tested in E. coli by colony suspension method and their MICy values
were obtained to be 1 x 10™* to 3 x 10™% g/mL. Real-time confocal microscopic imaging enabled the direct
visualization of the fluorescent peptide NP action on the E. coli membrane, and propidium iodide co-staining
assay further established the membrane pore formation mechanism for their antimicrobial activity. In vitro
cytotoxicity and cellular uptake studies in MCF-7 breast cancer cell lines revealed that the fluorescent poly-
peptide NP were readily internalized at the cellular level, and they were also found to be nontoxic to cells up to
80 pg/mL and showed minimal haemolysis to RBCs at their MIC concentration which further established their

high biocompatibility as suitable biomaterials.

1. Introduction

Pathogenic micro-organisms are continuously throwing new chal-
lenges in biomedical field and escalates enormous uncertainty in
handling life-threatening diseases and public health care at large [1].
The development of high-speed detection of pathogenic bacteria and
virus at the early stage of infection is very crucial for the quick
containment as well as for finding new drug formulation in the treat-
ment of the infectious diseases. Some of the most advanced detection-
techniques that are currently employed include fluorescent dye
labelled antibody detection [2], polymerase chain reaction (PCR) [3],
enzyme-linked immunosorbent assay (ELISA) [4], electrochemical
methods [5-8] surface enhanced Raman scattering (SERS) [6,9,10],
fluorescence confocal microscopic imaging [11-16], and fluorescence
(or Forster) resonance energy transfer (FRET) assays [17], etc. Among
them, fluorescence assay is most widely utilized non-invasive technique
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due to its high specificity, sensitivity and real-time imaging in situ [18].
Fluorophore conjugated antibiotics are utilized to understand their
intracellular accumulation, mechanism of action, and ultimately
detection of resistant microbial infections [19]. In the last two decades,
antimicrobial polymers are emerging as an alternative biomaterial due
to their scope of substrate modification by functionalization and tunable
material properties like hydrogels, polymeric micelles, polymeric vesi-
cles, and so forth [20,21]. In this domain, cationic conjugated polymers
have long been used as one of the effective signal amplifiers and non-
invasive diagnostic agents [22]. They have been used as photody-
namic antimicrobial chemotherapeutic agents (PACT) by enhancing
ROS generating activity of photosensitizers [23]. Cationic n-conjugated
polymers or oligomers were also employed as FRET probe along with
fluorescein [24], green fluorescent protein [25], and porphyrin [26] for
screening antibiotic action on E. coli and photodynamic therapy via
singlet oxygen generation [27], etc. However, a major impediment
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Figure 9.1. *H-NMR spectrum of compound 1 in CDCls.
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Figure 9.16. 3C-NMR spectrum of compound 3 in CDCls
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Figure 9.17. Confocal image of E. coli bacterial cells incubated with TPE-Cat-NEt; polymer for 2 h (first row),
4 h (second row), 6 h (third row) and 8 h (fourth row).
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