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Summary

In the changing landscape of nanobiotechnology and nanomedicine research, there has
been a sharp increase in the different types and categories of nanostructured modalities
available for diverse biomedical applications like fluorescent labeling, biosensing,
therapeutics, enhancing biocatalyst performances and biomolecular detection.
Tailoring m-conjugated materials such as semiconducting polymers and graphene
generates novel carbon-based nanomaterials with customized physicochemical (e.g.
optical, electrical, surface, electrochemical, mechanical and morphological) properties
for these applications. Currently the field of conjugated carbon nanomaterials is in its
infancy, and is filled with many challenges and opportunities. This thesis work aims to
contribute to this field by engineering novel conjugated carbon-based nanomaterials

with tailored properties for versatile applications in biomedicine.

Firstly, an electropolymerization-ultrasonication based facile and high-throughput
synthesis strategy was conceived to synthesize polymer quantum dots from one-
dimensional semiconducting polymers. Using this strategy polymer dots with small
sizes, high brightness, tunable photoluminescence, excellent photostability and superb
biocompatibility were derived from a non-fluorescent semiconducting polymer
poly(3,4-ethylenedioxythiophene) (PEDOT). The developed strategy was easily
modifiable and could be used to develop other polymer dots with versatile properties.
The small sized, fluorescent PEDOT-Pdots showed good quantum yields (~13%) and
were utilized as bioimaging probes and optical sensors for toxic metals. The PEDOT-
Pdots were used to image early endosomes and demonstrated sensitive optical
detection of toxic mercury (Hg>") ions with a detection limit of 0.87 pM (with S/N =

3) and the linear response upto 10 uM.



Subsequently, the thus developed synthesis route was modified and used to tailor
polymer dots with improved brightness and small sizes from another 1D
semiconducting polymer, poly(2,2’-bithiophene). The synthesized pTh-Pdots were
small, showed high brightness and demonstrated excellent biocompatibility.
Furthermore, the pTh-Pdots were observed to demonstrate negative solvatochromism,
and showed promise as robust cellular imaging fluorophores and trackers. They were
subsequently utilized to label and differentiate early endosomes and lysosomes, due to
their unique ability to fluoresce different colors in the two compartments. This

additionally highlights their use for tracking the endocytic pathway.

Identifying new antibacterial alternatives is increasingly becoming more urgent. The
aqueous suspensions of the amphiphilic pTh-Pdots were found to be potent
antibacterial agents and showed promise as synthetic antibacterial alternatives. With
low minimum inhibitory concentrations, the pTh-Pdots showed activity against both
gram-negative bacteria (E. coli - 45 pg/ml, P. aeruginosa -100 pg/ml)) and gram-
positive bacteria (S. aureus - 60 pg/ml), including drug resistant strains. Additionally,
they demonstrated excellent peroxidase mimicking activity resulting from their good
electron transport property. Subsequently, through a synergistic use of their ability to
disrupt bacterial membranes and mimic peroxidase, the pTh-Pdots demonstrated a
dramatic increase in their antibacterial potency (MIC - 10 pg/ml) against both gram-
positive and gram-negative strains. To the best of our knowledge the antibacterial

ability of polymer dots was studied for the first time in this work.

The last segment of this work further utilizes the synergistic effect between two -
conjugated carbon allotropes to enhance the performance properties of an alternative
bio-power device for power generation (biofuel cells) for use in implantable medical
devices. A one-dimensional (1D) n-conjugated carbon allotrope, single walled carbon

nanotubes (SWCNT) were composited with freestanding graphene (a three-
7



dimensional architecture of 2D graphene) to fabricate bioelectrodes for a glucose/O;
powered enzymatic biofuel cell (EBFC). The novel 3D graphene-SWCNT-enzyme
based bio-electrodes demonstrated a synergistic integration between two conjugated
carbon allotropes (graphene and carbon nanotubes), to enhance a bio-power device
performance to new limits. With the highest performance till date due to extensive
electrochemically active surface areas, excellent achoring of enzymes by SWCNTs,
efficient direct electron transfer and superb conductivity, the EBFC approached the
theoretical open circuit voltage limit at 1.2 V and showed superb power densities at

227+0.11 mW cm™.



Chapter 1

1. Background and Overview

1.1 Background

An increase in availability of advanced healthcare has seen an overall improvement in
the average lifespan of an individual. However, the world of today has conversely seen
a sharp rise in the severity and incidence of medical problems, wherein diseases like
cancer have been projected to be the leading cause of deaths in the future." With an
increase in occurrence of life threatening conditions such as cancer, multiple drug
resistant microbial infections, heart attacks, toxic metal poisoning the need and
urgency for managing these conditions has concurrently risen. While impressive work
and biomedical advancements such as organic fluorophores for imaging cancer cells,
multidrug treatments for infections, chemical sensors and pacemakers have been
developed over the past decades, with their increased use several concerns have been

recognized.

For example, conventional organic fluorophores suffer from rapid photobleaching,
which makes long-term imaging and tracking extremely difficult.” This makes
monitoring biological processes and detecting cancerous cells highly challenging.
Similarly, whilst antibiotic combinations are popular solutions against microbial
infections, an increase in the expression of multiple drug resistance has resulted in the
rising ineffectiveness of these drugs.’ Additionally, increasing drug dosages
intermittently for treatment adversely affects the patients. Furthermore, whilst
pacemakers are one of the most important biomedical devices in recent history, like
any other device they require batteries with functioning.* However, batteries possess a

finite life. This translates into replacing the device via surgical routes once the battery



lifetime expires, which is expensive. This can also be highly invasive and challenging
for elderly users. The urgent need of the hour is to find and investigate alternative

materials/technology to overcome these challenges.

Current advances in nanotechnology have led to nanomaterials being recognized as
promising candidates for diverse biomedical applications. Semiconductor quantum
dots (semi-QDs) have been developed in the past decades and have seen increasing
applications as alternative fluorescent reporters, optical sensors, energy generators,
super-capacitors, fuel cells and other biomedical applications.”® However with their
rising prominence as biomedical agents, several innate limitations, including heavy
metal ion leaching induced toxicity, significant blinking which induces intermittent
signal loss during tracking, bulky sizes which result in steric hindrances, tendency to
form non-specific physiological clusters reduces their desirability for biomedical

applications.

The need to develop alternative nanomaterials that can overcome these disadvantages
has spurred researchers to look towards alternate sources. m-Conjugated carbon based
nanomaterials have garnered interest due to several factors including the high
abundance of carbon and its self-bonding ability’/ catenation properties'® leading to
versatile organic structures like semiconducting polymers, carbon nanotubes and
graphene. Furthermore, carbon being a primary building block in humans makes it
relatively simpler for its derivatives to assuage biocompatibility concerns. As a result
they exhibit unique characteristics that include high conductivity, tunable bandgap,
high photostability, superb biocompatibility, mechanical strength and immense surface
area, making them highly desirable for versatile applications.'' Effective utilization of
these m-conjugated nanostructures requires the development of high-throughput
strategies and properties for desirable applications. Currently the field of n-conjugated

carbon nanomaterials is in its infancy and filled with abundant opportunities. This
10



thesis work attempts to contribute to the growing field of conjugated carbon
nanomaterials by developing nanomaterials and nanocomposites for applications in

imaging, therapeutics and biomedical devices.

1.2 Research Objectives

The aim behind this work is to conceive sustainable strategies to develop and utilize 7t-
conjugated semiconducting polymeric nanostructures for imaging and therapeutic
applications. Following development of a general synthesis strategy to produce
nanostructures with customizable physicochemical/surface properties, we explore their
suitability for intracellular live cell imaging, fluorescent sensing and therapeutic
applications. Present day biomedical applications are not just constrained to
diagnostics, sensing and therapeutics. Active implantable medical devices like
cochlear implants, pacemakers are biomedical devices that require power sources such
as batteries. But the existing power-sources suffer from limited lifetime. Fabrication of
bioelectrodes using m-conjugated carbon nanocomposites is an alternative strategy, to
develop power sources with enhanced properties capable of using physiological sugars
as fuels. Theoretically in an implantable setting such devices would translate into self-

sustained power sources for lifelong use.

Specific objectives:

To design a general bottom-up strategy for the synthesis of polymer quantum

dots from a n-conjugated carbon nanomaterials.

This aim pertains the development of a general and facile synthesis strategy for
polymer quantum dots (or polymer dots) from linear 1D semiconducting polymers. A
simple, facile and easily modifiable electropolymerization - ultrasonication based

synthesis strategy is developed to synthesize fluorescent polymer quantum dots from

11



II.

I11.

an intrinsically non-fluorescent semiconducting polythiophene poly (3,4-
ethylenedioxythiophene) (PEDOT). Subsequently, the physical, chemical, optical and
biocompatibility properties of the synthesized polymer dots are studied. Theoretical
simulations are conducted to elucidate the absorption and fluorescence emission

mechanisms of the synthesized 0D polymeric nanostructures.

To perform live cell imaging applications using the fluorescence behavior of the

electrochemically synthesized polymer dots.

This objective pertains to the study and application of the fluorescence properties of
the synthesized polymer dots for optical applications in biology. Utilizing their
fluorescence properties, PEDOT-Pdots developed in Chapter 3 are used as photostable,
biocompatible and specific fluorescent reporters for cellular imaging applications.
Furthermore by virtue of their optical properties and specificity, the polymer dots are
developed into sensitive optical sensors for the detection of toxic mercury ions.
Subsequently, the synthesis strategy is modified to increase the yield and brightness
and develop a new type of polymer dots derived from Poly (2,2’-bithiophene) (pTh-
Pdots). Following various characterizations studies, these polymer dots are also
investigated for their intracellular live cell imaging behavior. Detailed studies are

conducted to further elucidate their cellular imaging mechanism.

To investigate the efficacy of polymer dots as therapeutics.

This segment pertains to the exploration of new biomedical applications for the
versatile polymer dots. The pTh-Pdots developed in Chapter 4 are investigated for
therapeutic abilities, wherein their potential as antibacterial agents is realized for the
first time. Studies are conducted to probe the antibacterial activities of the polymer
dots against both gram (+) and gram (-) bacterial strains, including drug resistant

bacteria. The minimum inhibitory concentrations against the different bacteria are

12



IVv.

calculated. Subsequent investigations reveal the peroxidase mimicking behavior of the
polymer dots. The behavior is subsequently utilized to improve their potency as
antibacterial agents against strong bacterial strains like Bacillus subtillis. Studies are

conducted to elucidate the killing mechanism of the polymer dots.

To induce a synergistic interaction between two m-conjugated carbon
nanomaterials for enhancing the performance of an alternative biomedical power

device.

This aim pertains to the tandem utilization of two m-conjugated carbon nanomaterials
to enhance the performance of a bio-device for power generation from physiological
fuels such as glucose. A synergistic association between single-walled carbon
nanotubes (SWCNT) and freestanding graphene is demonstrated by the fabrication of
novel 3D graphene-SWCNT-enzyme bioelectrodes. The fabricated hybrid electrodes
are functionalized and utilized to fabricate enzymatic glucose based biofuel cells
capable of generating power using glucose as a power source. The thus, fabricated
biofuel cells are subsequently, tested for the open circuit voltage (E..;”"), power
output density and long-term stability. Subsequently, as a proof-of-concept study
LEDs are lit up using the enzymatic biofuel fuel cell where glucose and oxygen, are

utilized as the fuel and oxidizer, respectively.

1.3 Overview

In brief, Chapter 1 highlights the need for alternative materials in biology/biomedicine.
The reason behind the exploration of m-conjugated carbon nanomaterials is established.
Chapter 2 summarizes the current developments in this field of conjugated
nanocarbons. Synthesis strategies, properties and biomedical applications of prominent
n-conjugated carbon based nanostructures namely semiconducting polymer dots,

carbon nanotubes and three-dimensional graphene are discussed in detail. In Chapter 3,

13



a high throughput and general strategy for the production of semiconducting polymer
dots is discussed. Various characterization studies including theoretical studies are
performed to understand their properties and mechanism. Their utility as a fluorophore
reporter and optical turn-off sensors are further investigated. Chapter 4 aims to
subsequently, improve and modify polymer dots for cell labeling and tracking
applications. To this end, new polymer dots with unique properties are synthesized by
modifying the previously developed strategy. A study to elucidate their imaging
mechanism is performed. Following this, Chapter 5 explores new therapeutic
applications by revealing the antimicrobial potential of polymer dots to develop new
antibacterial agents. A detailed study on the antibacterial behavior of an embodiment
of polymer dots developed in the previous chapter is followed by an investigation of
their killing mechanism. In Chapter 6, two m-conjugated carbons are composited
together to enhance the performance of a bio-power device used to generate power
from a biofuel, glucose. Detailed characterization and performance studies are
conducted, following which a light emitting diode is powered as a proof-of-concept
demonstration for the biofuel cell. Chapter 7 summarizes the conclusions that
contributed to this thesis and includes a brief discussion on the future outlook of -

conjugated carbons nanomaterials.

14



Chapter 2

2. Literature Review

2.1 Introduction

Carbon with atomic number 6 has six electrons, which occupy 1s*, 2s°, and 2p” atomic
orbitals and can hybridize in sp, sp>, or sp’ forms."? The self-bonding or catenation
property is predominantly unique to carbon, in that most other elements including
silicon mostly experience strong steric effects which in turn prevents p-orbital
overlaps.'® More importantly being an integral part of the human body, it is promising
as a biocompatible element. Conjugated carbon nanomaterials form an important
subclass of the carbon family consisting of sp® carbon bonded materials. Conjugated
systems are structures containing overlapping p-orbitals, across interspersed sigma
bonds that allows the pi-electrons across adjacent p-orbitals to be delocalized.” These
pi-electrons are shared by a group of atoms rather than belonging to a singular bond or
atom. Some of the largest and most well known conjugated systems are those
belonging to the conjugated carbon family such as semiconducting polymers, carbon

nanotubes and graphene. '

Semiconducting polymers are linear 1D intrinsically conductive polymerized systems
which, contain large m-conjugated backbones and delocalized electronic structures.'*
The delocalized m-electrons result in these polymers exhibiting high conductivities.
Based on their species doping (p- or n-) these polymers using oxidation or reduction
results them in exhibiting band gaps, which in turn allows for emission & absorption at
the band edges, generating desirable optical properties.'” Furthermore, functionalizing

and modifying their size-dependent properties results in polymeric nanostructures with

15



unique physicochemical properties,'® thereby increasing their attractiveness for

fluorescence labeling, tracking and therapeutic applications.

Other than semiconducting polymers, carbon nanotubes and graphene are two other
embodiments of the m-conjugated carbon family. Being carbon allotropes both exhibit
several unique properties including excellent biocompatibity, high carrier mobility,
high electron transfer rate, high robustness, and large electrochemically active area
with outstanding structural and mechanical properties.'”*° Furthermore, a three
dimensional (3D) architecture of graphene demonstrates several intrinsic advantages
whilst avoiding the disadvantages of its two dimensional (2D) counterpart. These
critical electrochemical properties such as high surface area, efficient electrolyte
transport, increased conductivities and good biocompatibity demonstrate the immense
potential of m-conjugated carbons in electrochemical bio-power devices such as such

. . 21
as biosensors and biofuel cells.

Doubtless, an extensive knowledge of the synthesis, physicochemical and surface
properties of these conjugated carbons are of significant importance for designing low
dimensional nanostructures for diverse biomedical use. Given a particular application,
the design of the m-conjugated carbon nanostructure is significantly influenced by the
precursors, synthesis technique, functionalization, structure dimensions, and substrate.
The following sections will briefly discuss about the various existing strategies to
develop m-conjugated semiconducting polymer quantum dots, their properties and
various applications in biomedicine. The last sections of this chapter will briefly
discuss the properties and enzymatic biofuel cell applications of two other -
conjugated carbon nanomaterials (carbon nanotubes and graphene) utilized for the

final work in this thesis.
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2.2 Semiconducting Polymer Dots

2.2.1 Conventional Inorganic QDs (Semiconductor Quantum Dots)

It is well known that decrease in size of a macroscopic structure to nanometer (nm)
dimensions, results in the material in exhibiting several unique properties.
Semiconductor quantum dots (Semi-QDs) have over the past decades, become one of
the best-known tools in nanotechnology especially for of bio-imaging and optical
sensing.22 Their versatile colors, broad absorption bands, narrow symmetric emissions,
high brightness and photo-stability compared to conventional fluorescent dyes make
them attractive for cellular applications. As a result, some of the very first alternatives
to conventional fluorophores developed were semiconductor quantum dots (semi-
QDs), with the term quantum dots being indicative of < 30 nm sized particles.*”
Several well known semi-QDs utilized extensively for biological imaging and optical
sensing include CdSe,” CdTe ** and other semiconductor QDs. However these semi-
QDs possess certain intrinsic drawbacks such as high toxicity ***° blinking,”® stearic
hindrance,*® relatively high time and cost of synthesis, which make them undesirable

for permanent long term use.

2.2.2 A Conjugated Carbon Alernative: Semiconducting Polymer

Dots

Developing alternatives capable of overcoming the disadvantages posed by the
conventional inorganic nanomaterials for biomedical applications is imperative.
Carbons based nanomaterials on the other hand, are readily available, non-toxic, and
customizable. The low dimensional conjugated nanocarbons form a broad category of
nanometer-sized structures called the carbon dots that are primarily comprised of

graphene quantum dots, carbon nano-dots and polymer dots.”’ By virtue of their
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extensive variety of properties, these nanocarbons have been found as suitable
replacements for conventional organic & inorganic nanomaterials. Of these carbon
dots, polymer dots despite being in its infancy have been found to be superior to its
counterparts. Unlike graphene quantum dots and carbon dots suffer from
disadvantages like decreased brightness in their bare forms, the polymer dots showed
numerous advantages including high brightness, lack of blinking and unique properties

resulting from heteroatomic abundance.

Semiconducting polymers: They are a class of one-dimensional (1D) m-conjugated

carbon polymers that possess delocalized & electrons along their backbone, resulting in
versatile electronic and optical properties.”>*® Often called as semi-metals, they
possess a high degree of conductivity. Several well known semiconducting polymers
such as polythiophenes and polyanilines have been widely used in optical applications
such as active materials in thin film transistors,*® organic LEDs,” photovoltaics ** and
a variety of other optoelectronic devices. Specifically, polythiophenes have always
been considered desirable for optical applications due to their ease of large-scale
synthesis and outstanding properties. The intrinsically conductive nature of
polythiophene allows them to possess a small electronic band-gap. Various synthesis
and functionalization strategies can be used to widen these electronic band-gaps and
generate interesting physical, chemical and optical properties for diverse biomedical

applications.

The phenomenon of fluorescence usually involves the photo-excitation of an electron
from the highest occupied energy band (m band) to the lowest unoccupied energy band
(n* band), thus forming an electron-hole pair. On returning to its normal state to
recombine with the hole, a fluorescent photon at a lower energy is generated. The

absorbed wavelength is determined by the - ©* band gap, and is usually tunable by
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altering the polymeric molecular structure,”® creating edge defects, functionalizing,

doping or twisting the polymeric backbone.** '

With their wide spread use in diverse applications including chemical sensors, organic
light emitting diodes, photo-voltaic and so forth, the preparation of semiconducting
polymer nanoparticles/quantum dots for optoelectronic applications started garnering
extensive interest.”> More recently, the synthesis and application of these low-
dimensional semiconducting polymeric nanostructures for diverse biomedical
applications including diagnostics, cellular imaging and therapy has accumulated some
scrutiny.”® ** However, not much investigation has been carried out regarding

synthesis strategies as well their versatility for different biomedical applications.

Semiconducting Polymer Nanoparticles/Dots: Due to lack of precise definitions,

polymer nanoparticles (pNP) are defined as nanometer-sized entities (particle sizes <
100nm), representing separate discontinuous phases, which are always surrounded by
continuous free flowing mediums such as water.® Colloidal pNPs are predominantly
hydrophobic, but hydrophilic or amphiphilic polyelectrolytes can form these NPs as
well. On the other hand polymer quantum dots (Pdots), are nanostructures with particle
sizes < 30 nm (comparable to that of semi-QDs).** Some existing semiconducting
polymer dots have been derived from polyfluorenes (such as PDHF and PFO;),
polyphenylenes (such as PPE), polyphenylene vinylenes (such as MEH-PPV and CN-
PPV). PFBT (poly(fluorene-alt-benzothiadiazole)), a heavily substituted polyfluorene
derivative is another commonly favored polymer dot for biomedical applications.
Polythiophenes (and their derivatives) are linear 1D intrinsically conductive
polymerized thiophene systems that contain large =m-conjugated backbones and
delocalized electronic structures resulting in an intrinsically conductive nature.'* While
they are classified as some of the most conductive polymers, there is a significant gap

in the investigation for their potential as polymer dot materials.
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A relatively new field of research there limited strategies for the synthesis of these 0D
structures and limited research into their potential as biomedical agents. An urgent
need of the moment is to develop alternative but simpler strategies of polymer dot
synthesis, design new types of polymer dots and gain a deeper insight on their

versatility.

2.2.3 Synthesis Strategies

Often many applications in biology/biomedicine such as biomolecule sensing or
cellular imaging have size constraints on the nanoparticle diameters but may require
high brightness or working concentrations. Larger sized nanoparticles may experience
the effects of limited uptake due to crowded cellular locations, steric hindrances from
biomolecules and so-forth. This highlights the need for the development of new facile
methods for the synthesis of small sized pNPs or Pdots with high brightness and
excellent biocompatibility. Present synthesis strategies for these 0D nanoparticles/dots
either involve direct polymerization methods (NPs synthesized from low weight
monomers) or post polymerization techniques (precursors are already synthesized high

weight polymers).”

I. Direct Polymerization

1. Chemical Polymerization

The chemical polymerization approach involves techniques such as oxidative
polymerization, and coupling reactions catalyzed by transition metals in multiphase
systems.” This technique lends a greater degree of control on size and properties of
the Pdots, and is not limited by the solubility of polymers in organic solvents, a

primary bottleneck for the post-polymerization based methods.

Drawbacks: On the other hand, some of the drawbacks suffered by chemical

polymerization based strategies include:
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Tedious & long polymer synthesis,

Extensive pre/post polymerization processes (e.g. monomer pre-
functionalization, polymer purification etc.),

Extensive expertise in organic synthesis (making this extremely user

unfriendly).

2. Electrochemical Polymerization

In contrast, electrochemical polymerization is a relatively easier, simpler and faster

technique, which is superior to chemical polymerization due to several reasons.*
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High purity polymer films can be easily acquired after synthesis,

Limited post-polymerization processing and purification,

No pre-functionalization of the monomer required,

The amount of monomer required is limited,

Synthesis parameters can be easily adjusted to achieve appropriate conditions
in a time-effective manner,

The infrastructure requirements are limited,

The polymer can be easily switched between its oxidized, reduced and neutral
state depending on necessity.

polymer dots and nanoparticles have not been directly prepared using this

technique, several semiconducting polymers like polythiophenes and polyanilines have

been oxidatively electro-polymerized to form stable, homogenous and regular films.>”

% Easily polymerized, the structure and quality of the polythiophene films are

dependent on the nature of the monomer and the polymerization condition. With a

highly regular and modifiable backbone, polythiophene and its derivatives can be

promising candidates for a new generation of polymer dots. As a result of these

advantages we make use of an -electropolymerization-based approach using

polythiophenes in this work.
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II.

Post-Polymerization Methods

The post polymerization technique is more simplistic by comparison. Capable of
utilizing the commercially available polymers, this technique makes use of the mini-
emulsion, re-precipitation, self-assembly and solvent exchange methods (Figure 2-1)
for the synthesis of pNPs and Pdots. While the mini-emulsion/nano-precipitation
techniques make use of hydrophobic polymer precursors (most commonly used for
polymer dots synthesis), the self-assembly/solvent exchange techniques use

hydrophilic polymers (commonly used for polymer nanoparticle synthesis).

1. Mini-emulsion

The preparation of pNPs and Pdots from emulsified droplet solutions using two
opposing solutions (immiscible solvents) forms the heart of this technique. The two
solutions containing a water immiscible solvent (containing the polymer) and water are
initially mixed to form small sized droplets. The former is extracted subsequently;
while strong shear forces are applied to the latter to form nanometer-sized particles.
More often than not, a surfactant is used during preparation in order to preserve
colloidal stability.”” Landfester et al. used this method to develop fluorescent
polymeric nanoparticles for use in light emitting devices (LEDs).”> The particle size
was found to be a factor of polymer concentration and surfactant nature. Particle sizes

are usually within the diameter range of 40nm — 500nm. >

2. Nano-precipitation:

Conversely, this procedure works using the miscibility of the solvent in water. Similar,
to the mini-emlulsion process this technique utilizes the polymer dissolved in an
organic solution (water miscible) as the starting solution, following which it is rapidly
injected into water under high shear stress. A sudden change (decrease) in solubility,
combined with hydrophobic chain collapse of the polymer chains results in a

suspension of highly fluorescent Pdots. First developed by Masuhara et al. to form 400
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nm polythiophene pNPs, it was later modified by McNeill et al. to synthesize 5 — 30
nm Pdots.”® * This technique allows for particle size control by varying precursor

polymer concentration. The resultant pNPs and Pdots are within 5 — 100 nm.

Drawbacks: However, both mini-emulsion and nano-precipitation suffer from several

disadvantages.

» Dependence on initial polymer precursor concentration for controlling polymer
dot sizes results in highly dilute polymer dot suspensions,

» Extremely low yield of polymer dots per cycle,

» Limited variety of commercially available fluorescent semiconducting
polymers,

» Infrastructure expensive and sophisticated precursor polymer synthesis,

» Time-consuming precursor polymer purification and functionalization,

» Extensive functionalization required for synthesizing polymer dots with unique
properties,

» Polymer dots are sometimes large in size, especially those from the mini-

emulsion technique.

3. Self-Assembly:

The self-assembly method makes use of difference in charge between the conjugated
polymers. Making use of electrostatic interactions, they are either dispersed in water or
dissolved followed by mixing at specific ratios, followed by separation using high
speed centrifugation. Antibacterial pNPs were prepared by this method, wherein the
opposing charges between water-soluble polythiophene and cationic porphyrins
(TPPN) were utilized **. The pNPs usually had diameters in the range of ~100nm. The

pNPs generated are usually large sized due to the hydrophilic nature of the precursors.
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4. Solvent Exchange:

This technique is also utilized for the synthesis of pNPs and Pdots from exclusively
hydrophilic precursors. pNPs between 10nm - 100nm can be prepared using a solvent
exchange method, inclusive of sequential ultrafiltration. This method was applied for
the preparation of acetic acid treated polymers.* ™ Conjugated polyelectrolytes, being
hydrophilic in nature can be synthesized using hyper-branched structures, to form 3D
morphologies in water. The particle sizes here are dependent on segmental flexibility

. . . . . . .. . 44
and generation number, which can result in uniform particle size distributions.

Drawbacks: However using hydrophilic polymers as precursors for the synthesis of
Pdots/pNPs suffer several disadvantages which in turn make these synthesis protocols

. 2
undesirable.*®

» Presence of heavily functionalized side-chains that lead to non-specific
interactions,

» Lowered fluorescence quantum yields due to side chain modifications,

» Tedious synthesis & functionalization protocols,

» Increased difficulty in maintaining nanostructures morphology due to water-

solubility resultant solvation & repulsive effects.
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Figure 2-1: Schematic representation of various methods of preparation. Reproduced with

permission from Reference '*. Copyright 2013, The Royal Society of Chemistry.

2.2.4 Functionalization Strategies

Modifying the surface chemistry is the first step in enabling the versatility of polymer
dots/pNPs for various applications. As seen in Figure 2-2 functionalization is
commonly done using encapsulation, co-precipitation of the nanoparticle or directly

onto the precursor.

I. Encapsulation:

The encapsulation or embedding technique is one such method utilized for controlling
the surface chemistry of these Pdots. The method makes use of materials such as silica,

45,46-47

lipids and other moieties to encapsulate the semiconducting polymer dots.

Drawbacks: While encapsulation with silica often results with a change of particle
size by a few nm, coating materials like phospholipids invariably result in very large

sizes (>100 nm). This restricts the use of these particles in majority of the size
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sensitive biological applications, and only allows their use of size tolerant applications

such as sensing and surface based antimicrobial applications.

II. Co-Precipitation:

Chiu et al. developed an alternative technique for functionalization involving
amphiphilic polymers.” The technique works by co-precipitating functional groups
bearing amphiphilic polymers alongside the semiconducting polymers to induce
simultaneous integration of the functional group bearing polymer during particle
formation itself. One such preparation made by the group involved an amphiphilic
polystyrene polymer (PS-PEG-COOH), which was used to functionalize highly
fluorescent PFBT Pdots.” Another study by the same group involved the co-
precipitation of poly(styrene-co-maleic anhydride) (PSMA) besides PFBT to

synthesize functionalized PFBT Pdots. >’

Drawbacks: The particle sizes in both the cases were ~15nm, indicating the particle
size control that could be exhibited by this technique, however the throughput is
extremely low. Additionally, this technique carries an inherent risk of possible

functional group detachment due to dissociation.
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Figure 2-2: Functionalization using (a) Co-precipitation, Adapted with permission from

Reference *. Copyright 2010, American Chemical Society (b) Click chemistry, Adapted with

5

permission from Reference *°, Copyright 2010, Wiley-VCH (c) Direct Functionalization,

Adapted with permission from Reference *', Copyright 2012, American Chemical Society

ITII. Direct Functionalization:

Another and infinitely simpler technique, simpler in many cases, is the direct
attachment of relevant functional groups (e.g. Hydrophilic, proteins etc.) during the
initial synthesis by covalent bonds, cross-linking chemistry, electrochemical
functionalization etc.”' This technique doesn’t have the inherent drawback of possible
functional group detachment due to dissociation, as with the co-precipitation
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I.

technique. Additionally, Chiu et al. carried out a series of studies on PFBT Pdots with
different molar fraction carboxyl side chains to study the dependence of low-density
functional groups on the Pdot stability and fluorescence intensity.”’ The same group
also developed a cross linking strategy to form covalently linked functional molecules
for direct functionalization of Pdots. Functional polymer poly(isobutylene-alt-maleic
anhydride) (PIMA) or PSMA was used to cross link with the synthesized PFBT
polymer via side-chain amine groups.’> The Pdots synthesized using this technique

were 10 nm or less.

Drawbacks: Depending on this type of functionalization, based on covalent bond
formation or cross-linking techniques may require a high degree of expertise in
organic chemistry and is ultimately unfeasible in many cases due to complex synthesis
requirements. In contrast, formation of non-covalent bonds during direct

functionalization may be relatively simpler.

2.2.5 Properties

Physical Size and Morphology
Any biological utilization of Pdots is highly dependent on its physical characteristics

such as their size and surface morphology. As discussed in the previous section the
post-polymerization techniques result in particles of varying size distributions, ranging

from 5 nm — 500 nm. 2% 3233
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Figure 2-3: (a) TEM image of pNPs of poly (p-pheynylene) prepared by microemulsion
method and Pdots prepared from poly (fluorene) copolymer by nano-precipitation methods.
Adapted with permission from Reference ** " >’, Copyright 2002, Wiley-VCH. Copyright
2010, Wiley-VCH. Copyright 2013, Wiley-VCH. (b) Multi-emission Pdots synthesized from

different boron dipyrromethene (BODIPY) units, with (inset) showing absorption behavior -

Confocal images of Pdots with MCF-7 cell. Adapted with permission from Reference **,

Copyright 2013, American Chemical Society.

As shown in Figure 2-3a the mini-emulsion technique results in particle sizes of
varying diameters upto 500 nm, while the Pdots synthesized from the nano-
precipitation method are usually in the range of 5 nm — 50 nm. Varying polymer and
surfactant concentrations in the starting solution controls the particle sizes and
morphologies in the former, wherein extremely dilute polymeric concentrations
resulted in smaller sized (~13 nm) Pdots.”> The average size observed using mini-

emulsion synthesis was seen to be ~75 nm to 250 nm, with the nanostructures being
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surfactant stabilized.”> The nano-precipitation method on the other hand results in
smaller sized particle distributions, resultant from competing inter-chain and intra-

chain collapse in a poor solvent.

The nanostructures form stable spherical suspensions in water. Investigation reveals
the propensity of pNPs to collapse and form thermodynamically favorable spherical
structures. This is most likely a result of strong hydrophobic interactions and large
surface tension between the polymer chain and water.”® The techniques result in
densely packed, spherical shaped pNPs with high-energy transfer efficiency and is

stabilized through electrostatic/steric interactions.>

However a significant drawback with the post-polymerization methods is their
dependence of precursor concentrations for size control. Using a highly concentrated
precursor solution results in large sized pNPs. Masuhara et al. has reported
nanoparticles ranging from 40 nm to 140 nm derived from a polymer poly(3-[2-(N-
dodecylcarbamoyloxy)ethyl]thiophene-2,5-diyl), P3DDUT using these methods.”” The
pNPs formed are generally amorphous in nature, however some crystalline
nanoparticles have also been reported. Both Landfester ef al. and McNeill et al. have

reported crystalline nanoparticles of polyanilines and polyfluorenes, respectively.”®>’

II.  Optical Properties

Studies have indicated superiority of Pdots over semiconductor quantum dots (Semi-
QDs) of comparable sizes in terms of single particle and cell labeling brightness.*’
Extensive studies (of both nanostructures and bulk systems) have revealed the optical
behavior of the Pdots to be strongly dependent on the chain conformations and the
occurrence of aggregates of various types and sizes.”® This behavior results from the
intrinsic nature of the material wherein their conjugation lengths and particle

distribution are influenced by inter- and intrachain interactions.”®> Additional factors
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further influencing the conjugation lengths include its interaction with the surrounding
environment such as additional compounds, solvents, and the preparation and intrinsic

nature of the sample.”

1. Absorption:
The Pdots very commonly exhibit a red or blue shifted absorption spectrum depending

on their degrees of order in solution and their preparation conditions, with the highly
ordered and crystalline structures exhibiting a red shifted spectrum. Nanoparticles
synthesized using the post-polymerizations methods commonly exhibit broad, blue
shifted absorption spectra with bands in the near-UV and visible range.” Attributable
to the reduction in conjugation lengths due to kinks and twists as a consequence of the
collapsed small size, the red shift remains linearly dependent on the size increase.®”
Furthermore, the Pdots usually contain multiple conformations with variable localized
conformational changes that result in a commonly observed long red tail with an
overall blue-shifted absorption spectrum.”® Absorption studies reveal high absorption
cross-section areas for single Pdot particles in the visible and near-UV ranges with
high values in the range of 10" cm®. The reported values are considerably higher than

Semi-QDs, and brighter than organic flurophores.”

2. Fluorescence:

The hydrophobic Pdots exhibit multicolor emissions (Figure 2-3b). Due to forces
originally involved in their formation, the Pdots tend to exhibit red shifted
fluorescence (PL) emission in organic solvents or good solvents.”” This is particularly
due to energy transfer to lower energy chromophores, with increasing chain
interactions. An increase in the size has a linear effect on the red shift, with an
approach towards the bulk material spectrum for sizes > 10 nm including nanoparticles
of single layer thickness.*® Furthermore across all polymer dots, changes in the

conjugation length due to bending, torsion or kinking along the polymer backbone
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appear to be responsible for the modulation of most optical properties.*

3. Two-Photon Emission:

Pdots interestingly possess good two-photon properties making them important for in
multi-photon imaging applications. Absorption cross-section values upto 10° -10° GM
have been reported.®’ Recently, using an alternative direct polymerization synthesis
route Mecking ef al. has reported >60 nm sized pNPs with high cross-sections of 10’
GM.* The reported two-photon absorption cross-sections are several orders higher
than those of organic/semiconductor fluorophores of comparable size and volume.
These properties become particular important in light of deep tissue or in vivo imaging

applications wherein higher penetration and lesser background noise are critical.

4. Brightness:

Studies investigating the fluorescence brightness of the Pdot particles have revealed
them to possess a remarkably degree of brightness as compared to both organic
fluorophores and commercially available Semi-QDs. Chiu et al. synthesized Pdots
derived from compositing PFBT and PF-DBTS5 (red emitting polymers) that exhibited
15 times the brightness compared to a semi-qds.”® The Pdots, especially those
synthesized using the re-precipitation techniques form densely packed cores with high
degrees of energy transfer and have reported a wide range of fluorescent quantum
yields between 10 % - 70%.’*  Extensive studies have demonstrated a correlation
between the decreasing quantum yields and increasing nanoparticles sizes. ®* The size
dependence of the quantum yield has been correlated to the size dependent energy
transfer efficiency to fluorescence quenching sites of the quantum dots. ®* This is more
significant in terms of dye incorporation into quantum dots for enhanced energy
transfer, however excessive dye amounts have been known to exhibit severe quenching

behaviour.*?
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5. Fluorescence Lifetime & Photostability
Time correlated single photon counting (TCSPC) studies have shown that the

fluorescence lifetimes of the Pdots solutions range between 100ps to Ins, with the
values being dependent on the polymeric nature.®* Further calculations conducted by
Wu et al. revealed the fluorescence radiative rate constant values; a factor of quantum
yield and fluorescence lifetime exhibited by Pdots to be between 107 -10° s™.* With
values comparable to those exhibited by organic fluorophores (10° s™), they show
good potential as alternative fluorophores.”® Furthermore, these parameters are

generally critical for molecular imaging & real-time tracking studies.

The photostability of quantum dots or chromophores is characterized by the
fluorescent quantum yield, which is defined as the number of molecules photo-
bleached divided by the total number of photons absorbed over a given time interval.
Extensive photobleaching kinetic studies performed to study the photostability of the
Pdots indicate the photobleaching mechanism to be highly complex and not fully
understood. While their mechanisms are not completely comparable to single dye
molecules, studies speculate that these nanoparticles may possess longer triplet
lifetimes due to hindered migrations across the backbone resulting in enhanced
photostability.®> Photobleaching quantum yields of typical chromophores (organic
dyes) have been reported to be between 10 to 10°.°® In comparison, Pdots
demonstrate yields between 107 to 107'%.2%3** These quantum yields were obtained
from the rate constants obtained during photobleaching kinetics measurements.
Several authors have demonstrated a lack of photobleaching by polymer dots over
extended durations within biological systems making them good probes for cell

imaging and tracking applications.”

6. Blinking

Pdots were also observed to be superior to conventional fluorophores in terms of
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blinking, with Pdots (>10nm) showing extremely steady fluorescence and the smaller
(<10nm) Pdots being slightly dimmer or fluctuating in comparison.®’ The phenomenon
of is attributed to a single photo-oxidation event, an irreversible change of the particle
surface that induces a change in emission intensity whereby the extent of oxidation
was dependent on the particle size.®® The effect is significantly pronounced in smaller
particles.®” However, the amount of blinking was extremely insignificant compared to
conventional dyes & semi-QDs, with both exhibiting pronounced blinking in
extremely small timespans.®® Furthermore, depending on their synthesis conditions and
resultant chain conformations, the polymer nanoparticles have been known to behave

as single photon sources.

III.  Stability

Pdots show excellent colloidal stability without any aggregation upto months. Kee et
al. speculated the formation of partially ionized defects due to oxidation during Pdots
synthesis to be the reason for the excellent colloidal stability exhibited by Pdots in
deionized water.”” Supporting this Wu ez al. demonstrated the possibility of induced
minor chemical defects on the surface of Pdots during generation of hydrophilic
properties as a cause for improved stability.*® Additionally, surface modifications were

shown to improve the colloidal stability of the Pdots as demonstrated by Chiu et al. **

51

For Pdots prepared using post-polymerization methods the particle stability is further
dependent on the Pdots maintaining their structural integrity over time, i.e. since the
formation is primarily driven by hydrophobic interactions, the presence of hydrophilic
side chains causes differences in the association across the polymer backbone.
However, the presence of hydrophilic side chains is a pre-requisite for water-solubility.
Research by Chiu et al indicates the possibility of decreasing the density of

hydrophilic side chains, to increase particle stability.”’ However, the side-chains still
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allude to the possibility of formation of loose aggregates over long storage times. This
clearly highlights the need of alternative preparation techniques to produce highly

stable, yet non-bulky Pdots for biological applications

IV. Toxicity

Another key factor of consideration for biological applications is obviously the toxicity
of the Pdots towards mammalian cells. While various m-conjugated semiconducting
polymers have a history in tissue engineering as biomaterials,”® as with any other
nanomaterial the Pdots may exhibit different properties in the zero dimensional state.
Thus, it is imperative to test the toxicity effects of the Pdots. Extensive research has
shown the Pdots to possess extremely low degrees of cytotoxicity. Christensen et al.
conducted several cytotoxicity studies on ~18nm PFBT Pdots on live J774A1 cells
over 18 h and observed no discernible cytotoxic effects.®* Further studies performed on
various cell lines by Moon ef al. and others confirmed the non-toxic nature of the

Pdots. 4> 7!
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Conventional Organic
Fluorophore (Alexa 488)

Conventional Inorganic

PFBT Polymer

Fluorophore (Qdot 565
26, a* P 26, a‘SQ ) Dots ¢
Size 1 nm 15 nm 10 nm
Toxicity Highly Biocompatible Contains Selenium Biocompatible
Molar
Absorptivity 54%10* 29%10° 1.0 * 107
M' em™)
Quantum
. 03-0.5 03-0.6
Yield 09
Fluorescence
4.2 ~20 0.6
Lifetime (ns)
Photostability Poor Photostability High photostability High photostability

The data obtained are according to previously utilized specifications in Ref>® and a*. [a*- Data obtained from specifications
of Alexa 488 & Qdot 565 provided by Invitrogen]

Table 2-1: Comparison between properties of conventional organic/inorganic fluorophores

with semiconducting polymer dots

Semiconductor Quantum Dots

Semiconducting Polymer Dots

Advantages
Good Photostability

Broad Absorption

Robust

Single light source for
multiple color
excitation

Bright & Tunable
emission

Disadvantages
Toxic

Prone to aggregation in
live cells

Show extensive surface
defects.

Poor clearance from the
body

Prone to steric
hindrance following
biomolecule
functionalization

Advantages
High photo-stability

Chemically inert

High brightness,
tunable emission &
high quantum yield

Heteroatom rich —
results in unique
properties

Biocompatible & good
water solubility

Disadvantages
Low yield synthesis

Sometimes large sized
polymer dots

Sophisticated &
expensive precursor
polymer synthesis

Extensive pre/post
functionalization &
purification

Limited commercially
available polymers

Table 2-2: Comparison between conventional inorganic quantum dots and semiconducting

polymer dots
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2.2.6 Biomedical Applications

As mentioned previously the various merits of polymer nanoparticle (and polymer
dots) including their extraordinary brightness, high surface area, tunable surface
properties, immense photo-stability, adjustable bandgaps, low cytotoxicity, fast &
stable emission rates makes them entirely suitable for a multitude of biological

applications (Figure 2-3b and 2-4).

I. In Vitro Cellular Imaging:

It was observed that bare hydrophobic Pdots were stable in culture media, and
preferred to undergo cellular uptake through cellular processes such as endocytosis.**
Their high brightness and multiple fluorescence emissions allowed for their use for
various in vitro imaging applications, such as labeling cells and organelles at
extremely low working concentrations. Studies by Fernando et al. indicated the
uptake of these Pdots to be dependent on macro-pinocytosis rather than clathrin or
caveolin dependent cellular uptake mechanisms, with the final destination being the
lysosomes.”” Liu et al. performed further studies, wherein Pdots loaded PLGA
particles were incubated with MCF-7 cells. The studies indicated efficient endocytosis
dependent cellular uptake, that was due to functionalization of the polymer dots with

. . 4
folic acid receptors.*’

Despite using Pdots as cellular probes for endocytic labeling, it is intrinsically non-
specific. Chiu ef al. conjugated immunoglobulin (IgG) & streptavidin to Pdots
(diameter ~10-20 nm) to label a specific cellular marker EpCAM (epithelial cell
surface marker) for detecting circulating tumor cells from live MCF-7 *° cells. The
same group subsequently developed another set of bright orange Pdots ~10 nm

diameter derived from CN-PPV, and conjugated it to streptavidin for specific labeling
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II.

of cell-surface markers and microtubule structures inside mammalian cells.®’
Fluorescent Pdots were modified by Chiu et al. using click chemistry with amino acids
from metabolically labeled synthesized proteins, for in vitro cellular imaging using
bio-orthogonal labeling. They were subsequently, utilized for the specific targeting and

visualization of glycoproteins.™
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Figure 2-4: Schematic of various biological applications using conjugated polymer dots and
nanoparticles. Reproduced with permission from Reference ', Copyright 2013, The Royal

Society of Chemistry.
In Vivo Imaging:

In vivo imaging becomes of great importance for imaging live models for various
applications including tracking, therapy and diagnosis. Some major limitations for in
vivo applications include tissue auto-fluorescence, limited penetrative depths of the
visible range lasers, absorption and scattering. Using near-infrared (NIR) probes helps
overcome some of these limitations, and the search for alternative stable nanomaterials
capable of emitting in the NIR is ongoing. Pdots can be used as successful NIR probes
for in vivo imaging as demonstrated by Kim ef al. by their utilization of NIR emitting
semiconducting polymer nanoparticles to map sentinel lymph nodes in mice.”” The

designed Pdots were cyanosubstitute derivatives of poly (p-phenylenevinylene), which
38



were synthesized using in situ colloidal polymerization. Bio-distribution studies
indicated that the Pdots remained trapped within the lymph nodes, without escaping

into the circulatory system over time.

Designing blood brain barrier (BBB) penetrating nanoparticles is a highly challenging
task due multiple factors including size and surface property constraints. Chiu et al.
developed in vivo tumor targeting Pdots having small diameters (~15nm), capable of
binding to tumor specific peptide chlorotoxin after traversing the blood brain barrier.**
Exhibiting a deep red emission the Pdot probes were used to target specific tumors in
the brain of a transgenic mice model, ND2: SmoAl. Like other nanoparticles, the
Pdots bio-distribution is dependent on the size and occurs primarily in the liver and

4
spleen.’

III. Particle Tracking:

Developing nanostructures capable of investigating cellular processes such as
molecular transport, and motor proteins motions in real time is important.”
Furthermore, tracking the movement of the nanostructured systems within the
biological environment at real-time helps identify their behavior, action and efficacy
within the system. McNeill ef al. has investigated and developed a variety of Pdots
capable of 2D/3D tracking using CCD equipped inverted fluorescence microscopes or
video rate fluorescence microscopy.’® Chiu et al. has conducted studies using Pdots as
trackers to measure the motion of individual biomolecules and subcellular structures in

a cell.?®

IV. Sensing:

With respect to sensing applications, conjugated polymers have widely garnered
interest due to their high potential to form sensitive sensors as a result of efficient

energy transfer, often characterized by extreme quenching.”” Versatile Pdots based
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sensors can be developed to sense changes in the testing environment such as optical
sensors, temperature sensors, ionic sensors, FRET sensors and so forth. Hydrophobic
Pdots represent a novel platform that exhibits energy transfer within its densely packed
structure & high volume. Some Pdots have been incorporated with hydrophobic
fluorescent dye molecules in order to build unique FRET based sensing systems. The
intra-particle energy transfer between the donor polymer and acceptor dye results in

environmental or analyte responsive emission changes.

Other bio-medically relevant sensors developed include Pdots doped with a
phosphorescent dye platinum octaethylporphyrin (PtOEP) for oxygen sensing,”™ pH-
sensitive polymer dot probes composed of a semiconducting polymer PPE and the pH-

? and temperature-sensitive Pdots probes prepared using

sensitive fluorescein dye,’
semiconducting polymers PFBT and PFPV alongwith a temperature-sensitive

Rhodamine B (RhB) dye.* Similarly, Harbron ef al. have developed photo-switchable

Pdots based on photochromic dyes.®'

SR

Visible Light

UV 365nm
4

Figure 2-5: Dual Colorimetric and Fluorescent Sensor Based On Semiconducting Polymer

Dye Escape

Dots for Ratiometric Detection of Lead Ions in Living Cells. Reprinted with permission from

Reference **. Copyright 2015, American Chemical Society
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Using nanoparticles to detect ions has always seen popularity due to their simple
systems, selective nature, high sensitivity and reliable nature.*> The nanoparticles
predominantly undergo aggregation induced quenching (turn-off) or fluorescence
‘turn-on’ mechanisms in the presence of these ionic species. Various functionalized
pNP based metal ion sensors for the detection of biologically relevant ionic species
such as Cu®",** Fe**, Pb>™ (Figure 2-5) and Hg”"* have been developed. Swager et
al. designed a new type of energy transfer based ‘turn-on’ sensor for the biomolecules

protease.™

V. Drug and Gene Delivery:

The potential for utilizing pNPs/Pdots as drug delivery systems is immense due to their
flexible polymer core (suitable for encapsulation), and intrinsic hydrophobic nature of
the Pdots (functionalized to render water solubility). The latter property is particularly
advantageous, since a significant number of anticancer drugs are poorly soluble in
water. However, the amount of research done in this area is sparse. by Wang et al
developed conjugated pNPs by electrostatically assembling a cationic conjugated
fluorescent polymer PFO with a pre-doxorubicin (PG-Dox) conjugated anionic poly(l-
glutamic acid) for targeting cancer cells.®” Another system containing cisplatin loaded
polyelectrolyte nanoparticles was developed by Liu et al. and used on nude mice for
controlled intravenous drug release.”® Additionally, some groups have researched into
utilizing hydrophilic conjugated pNPs as gene delivery vehicles. While a lipid-
modified cationic poly(fluorenylene phenylene) polymer (PFPL) has been utilized as a
delivery vehicle for a green fluorescent protein (GFP) containing plasmid, another
polymer comprising of hydrophilic PPEs has functioned as an small interfering RNA

(siRNA) carrier.*>®®
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VI. Photodynamic and Photothermal Therapy:
Therapeutic applications such as photodynamic (PDT) or photo-thermal therapy (PTT)

using nanoparticles are of considerable interest, due to increasing interest in non-
invasive therapeutic alternatives to chemotherapy and surgery. Some strategies (Figure
2-6) developed using pNPs and Pdots as therapeutic alternatives include encapsulation
of PDT dyes within the hydrophobic polymer matrix, conjugation of the dye on the
surface or designing PDT/PTT inducing polymers.**° Huang ef al. designed oxygen
sensing phosphorescent conjugated polymer dots (Pdots) containing a photosensitizer
Pt(IT) porphyrin and demonstrated its use as a PDT agent on cancerous HepG2 cells.”’
McNeill et al. on the other hand, developed Pdots doped with a singlet oxygen
photosensitizer tetraphenylporphyrin (TPP) on the polymer backbone of the
semiconducting polymer.”> Similarly, Liu ef al. demonstrated multi-functional lipid-
micelle complex incorporated with Pdots and a photosensitizer capable of exhibiting

dual therapeutic effects of PDT and PTT.”
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Figure 2-6: Self assembled phosphorescent Pdots for dual applications of O, sensing, and
photodynamic therapy. Reproduced with permission from Reference °', Copyright 2016,

Wiley-VCH
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VII. Photoacoustic Imaging
In the recent years, a hybrid imaging modality, photoacoustic imaging (PAI) has

garnered considerable interest. This modality exploits the photoacoustic effect,
wherein optical photons are absorbed and converted to thermal energy (heat), leading
to acoustic waves emission from the transient thermoelastic expansion of the locally
heated biological tissues.”* This imaging modality is often applied as an in vivo label-
free imaging modality for the high resolution imaging of saturated O, in the blood and
cerebrovascular imaging through intact scalp and skull®® This signal is often
enhanced by the use of external contrast agents. Recently research has revealed some
semiconducting polymer dots capable of acting as excellent contrast agents for PAI,
however limited research has been done in this area. Zhang et al. developed PIID-
DTBT based semi-conducting polymer dots (Pdots) with strong NIR optical
absorption, for multiscale and multispectral PAL® The developed polymer dots
exhibited superior photothermal conversion efficiency to gold nanoparticles and
nanoroads, both commonly used PAI contrast agents. In another work, Lyu et al
developed polymer dots as amplified theronastics for in vivo PAI and photothermal
therapy of cancer.”® The engineered polymer dots possessed a dual component
structure composed of near-infrared absorbing semiconducting polymer and fullerene,
that interacted with each other to induce photoinduced electron transfer. This resulted
in a 2.6 and 1.3 fold enhancement of the PAI signal and maximum photothermal

temperature.”

VIII. Anti-microbial Agents:

The use of hydrophobic Pdots as potential anti-microbial agents has not been
investigated. However, a few studies have been conducted using hydrophilic
semiconducting polymers and polyelectrolytes. Wang et al. has a designed cationic

poly(p-phenylene vinylene) polyelectrolyte capable of selectively binding to and
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damaging bacterial cells.”” Several varieties of anti-microbial polymers have been
developed over the years, some of which have seen utility as nanoparticles.”® The most
commonly existing antimicrobial polymers are either functionalized by microbial
killing side chains or are used a delivery vehicles for anti-microbial agents.” However
they are either expensive to synthesize or suffer high dosage requirements or both.
There exists a significant dearth of investigation in the utilization of polymer dots as
anti-microbial agents, as these zero-dimensional nanostructures may possess several

unique properties.

2.3 Carbon Nanotubes

Carbon nanotubes are 1D rolled sheets of graphene built from sp”-hybridized carbon
atoms that are single-walled (single tubes with diameters around 1 nm), or multi-
walled (multiple concentric tubes with outer diameters ~30 nm).'” These rolled up
layers exhibit varying diameter, length and chirality resulting in unique physical,
chemical and structural properties. The carbon nanotubes used in this work are
commercially procured and thus, their synthesis strategies will not be discussed. Their

properties will be briefly discussed followed by their application in biofuel cells.

2.3.1 Properties

Carbon nanotubes have sp® carbon bonds between individual atoms, lending them
extraordinary mechanical strength.'> ' Physically, single walled carbon nanotubes
(SWCNTs) demonstrate diameters between 0.4 nm — 3 nm, with extremely long
lengths (typically in micrometers).'* They can easily form bundle like structures due to
strong m- 7 interactions between individual SWCNTs.!” The multi-walled carbon
nanotubes (MWCNTs) can form upto ~30 nm in diameter and demonstrate axial
lengths upto a few centimeters.'”” The tips of the usually tend to be closed due to

pentagonal defects and they rarely demonstrate good conductivity as compared to
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SWCNTs.!”

Single walled carbon nanotubes (SWCNTs) possess high degree of mechanical
strength with a tensile strength higher than steel and Kevlar.!” Furthermore, they
possess a high degree of elasticity, are lightweight and suffer from minimal structural
damage on stretching to five times their original size.'” The SWCNTS can easily form
bundles with high degrees of porosity and excellent surface areas. The diameter and
chirality of the SWCNTs are described in the form of a unique vector (n,m) and

together determine the specific structure of an individual nanowire.'”

Furthermore pristine metallic SWNTs also exhibit enhanced electronic properties,
including ballistic electrical conduction whereby making this a suitable nanomaterial
for enhancing electron transport in biocatalyst based electrochemical energy devices.'®
In addition to their enhanced mechanical strengths and conductivity, SWCNTSs possess
high specific surface areas, excellent biocompatibility and good thermal

.. 1
conductivity.'®

2.3.2 Carbon Nanotubes in Enzymatic Biofuel Cells

Healthcare of today makes use of many devices for diagnostics and treatment
purposes. Of these, devices capable of operating within the human body in order to
support, and monitor life, as we know it are termed as implantable devices (IMDs).
Broadly divided into 2 categories based on power requirements, these devices either
require power (Active IMDs: pacemakers, neuro-stimulators, defibrillators) or work
without them (Passive IMDs: stents, valves).'”' As expected, the active IMDs function
by using power generated from external power sources (radio frequency pulses or
wiring) or batteries present within the device.'’' Consequently, this results in frequent
replacement of the device, especially in case of battery operated ones (e.g. pacemaker)

that often proves arduous on the patient.
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The search for an alternative source for power generation is always ongoing, with an
ideal implantable power source requiring the following; a continuous power supply,
high performance, high biocompatibility, easily miniaturized, and being operable
under physiological conditions.'”" An old yet new area of research, biofuel cells
(BFCs) have been widely researched into as power device alternatives capable of using
biocatalysts (isolated enzymes or microbial enzymes) to generate electricity from
various substrates and biofuels like glucose.'”'® However, enzymatic biofuels
(EBFC) are superior to microbial fuel cells (MBFC) in their specificity, ease of
enzyme production as well as lack of biocompatibility issues. Similar to conventional
fuel cells, the BFC (Figure 2-7) comprises of two electrodes (anode and cathode) with

the biocatalyst present on either one/both electrodes.
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Figure 2-7: CNT based EBFC - At the anode, glucose is oxidized to gluconolactone, where
the electrons are transferred from the GOX to CNT. Catalase decomposes hydrogen
peroxide into oxygen and water. At the cathode, electrons are transferred from CNT to laccase
104

where dioxygen is reduced to water. Reproduced with permission from Reference

Copyright 2011, Nature Publishing Group (NPG).

While the fuel is oxidized on the bio-anode surface to generate electrons, the oxygen
reduction occurs at the bio-cathode. A complete catalytic activity and proper

immobilization of the biocatalysts is a pre-requisite for high power generation and
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effective direct electron transfer with the electrode.'” SWCNTs are highly desirable

for use in these bio-power devices due to two following reasons:

» Their ability to access the embedded redox active centers of the biocatalysts
(enzymes), thus establish a good enzyme-electrode connection for direct
electron transfer."®

» Their high electrochemically active surface areas allows for high enzyme

immobilization.'®

Indeed the use of CNTs to immobilize enzymes for direct electron transfer in EBFCs
has been recently gaining a lot of interest and extensive research has been done, some
of which will be briefly reviewed here. Kim et al. reported separator free CNT yarn
biofuel cells with high power densities of 2.18 mW cm™ capable of functioning in
human serum. However, the lifetime of the EBFC was extremely low with ~83%
efficiency after 24 h.' On the other hand, Cosnier et al. reported highly stable
mediatorless EBFCs based on compressed CNT-enzyme (Figure 2-7) electrodes with
high power densities at 1.3 mW cm™ and stability upto 1 month.'” The electrodes
were fabricated by the mechanical compression of the enzymes into the CNT matrix,
resulting in enzymes being wired efficiently.'” Similarly, Mano et al. fabricated
osmium-CNT composite based EBFCs with power densities upto 740 pW cm™ and

good circuit voltage of 0.57 V'

As seen in the above section, the potential for CNTs
as connectors is immense and has potential to help develop the next generation of

EBFCs.

Material for Direct Enzyme  Power Output of EBFC

Immobilization (@Wem?) Reference
Graphite/Enzyme composite 7 105
Ketijen Black/Enzyme 800 105, 108
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MWCNT/Enzyme 126 105

SWCNT/Enzyme 1300 104

Table 2-3: Performance comparison between EBFCs fabricated using materials for enhancing

direct electron transfer

2.4 Graphene

First isolated mechanically in 2004 by Novoselov et al.,'” the interest in using
graphene in biomedical applications became apparent only in the late 2000s.'"’
Another carbon allotrope, graphene is a single-atom thick planar sheet whose carbon
atoms are packed in sp’- bonded hexagonal pattern.'”” 2D graphene, similar to 1D
semiconducting polymers has a large cloud of delocalized n-electrons. This makes its
immensely suitable for energy transfer related applications, fluorescence quenching
based biosensing and so forth.''" This two-dimensional (2D) monolayer of -
conjugated carbon exhibits several unique physical, chemical and optical properties
such as high carrier mobility and capacity, high electron transfer rate, high robustness,
flexibility, large specific area, size dependent fluorescence, and outstanding structural

properties (e.g. single atom thickness). '*2% '

Due to these fascinating properties graphene shows potential as a catalyst support.'"!

Generally, the catalyst support materials require properties such as:
(a) High specific surface area,

(b) Chemical stability under oxidative and reductive conditions,
(c) High electrochemical stability under operating conditions,

d) High conductivity,

(f) Durability & support
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The addition of various nanostructures onto the graphene surface to produces
composites that improve on their intrinsic catalytic properties. Over the years,

graphene has been paired with various materials such as inorganic nanostructures,

112 114

organic crystals, polymers,'” biomaterials (ex. biocatalysts), and carbon

nanotubes (CNTs).?

However, the 2D form of graphene has several inherent drawbacks such as reduced
active areas, aggregation tendencies in solutions due to its high hydrophobicity,
morphology of 2D electrodes leading to inefficient diffusion, charge/ionic transfer. '
The integration of these individual 2D sheets to form three-dimensional (3D)
architectures is capable of improving on or eliminating these drawbacks. The porous
nature of the resultant 3D architectures usually reflects significantly higher surface
areas, flexibility, presence of pores, large pore volumes, higher electrical conductivity
amongst other improved properties.''” The presence of these pores helps in the
promotion of mass transport as well as improves its features for its use as excellent

electrode materials for electrochemical biofuel cell applications.

2.4.1 Synthesis of 3D Graphene

Graphene, due to its versatile structure and unique properties is a prime candidate to
assemble 3D structures by self-assembly, template driven synthesis or direct
deposition methods.''®""” A number of 3D graphene structures such as honeycomb
structures, graphene balls, porous films, graphene fibers and graphene tubes have been
developed over the years.'"> As mentioned previously, the 3D graphene architecture
comprises of pores whose sizes vary from sub-micrometer ranges to several
millimeters. This macro-porous structure in turn results in improved properties
including extreme lightness, high mechanical strength, significant compressibility,

superb conductivity, absence of aggregation/restacking of graphene sheets during
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assembly, increased specific surface area, as well improved degree of interaction
between electrodes and electrolytes.''® Additionally the 3D porous material provides
for high transportation rates, multidimensional electron transport paths that are

important for biofuel cell applications.'"

I. Self-Assembly

Self-assembly is commonly used strategy to obtain 3D graphene structures. For
example: gelation can be induced by varying the electrostatic repulsions between
colloids is applied to graphene oxide (GO) aqueous dispersions to promote self-

> The assembled macrostructures have novel

assembly into 3D structures.'
physiochemical properties that differ from their individual counterparts, and
demonstrate improved properties for real-time applications. The process by itself is
driven by various interactions such as van der waal forces, hydrogen bonding,

electrostatic, hydrophilic/hydrophobic interactions, and dipole interactions (Figure 2-

8).116

In brief, the various self-assembly based synthesis strategies include organo-gelation
based synthesis wherein monolithic graphene architectures by the formation of
physical or chemical cross-linkers.''® The process occurs between the various species
including the GO and gelator molecules, monomers or polymers. Banerjee et al.
produced transparent, stable and fluorescent organogels by incorporating inert
graphene into N-terminal pyrene conjugated oligopeptides using the method.''®
Hydrothermal synthesis is another self-assembly methodology where the assembly
occurs due to merger or partial over-lapping of flexible graphene sheets with physical
cross-linker sites (Figure 2-8a).'*® The arrangement into the 3D architecture is driven
by the m- m interactions of the sheets, where the structure & morphology was
dependent on parameters such as precursor concentration or hydrothermal reduction

time.'" Architectures of various shapes (triangular, prisms, quadrangular prisms etc.)
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have been designed using pH mediated hydrothermal reduction in the presence of

ammonia or hyroxides.'?!

Another method for 3D architecture preparation utilizes the principles of sol-gel
chemistry (Figure 2-8b) to form physical cross-links between graphene sheets. Zhang
et al. developed graphene aerogels from graphene hydrogel precursors by chemically

16 An efficient

reducing GO in the presence of a reducing agent (L-ascorbic acid).
separation based self-assemble technique wherein separation followed by drying is the
flow-directed self-assembly of GO. This has been utilized to fabricate 3D graphene
oxide (GO) & reduced graphene oxide (rGO) paper.''® Another self-assembly
technique (Breath figure assembly) works by assembling graphene sheets into
biologically mimicked honeycomb structures. It was used in order to attain ordered
structures during chemical assembly processes.''® However while 3D graphene foams
(GFs) can be prepared using hydrothermal, chemical reduction methods and other self-

assembly processes they often suffer from drawbacks such as poor conductivity and

structural defects.

II. Template directed growth

Template driven methods were observed to be highly effective for the fabrication of
pristine, well defined 3D porous graphene networks (Figure 2-9). Compared to self-
assembled growth (Figure 2-8), template directed growth results in highly controlled

morphologies and properties.'"
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Figure 2-8: (a) Hydrothermal driven self-assembly of 3D graphene foam. Adapted with
permission from Reference '*. Copyright 2015, American Chemical Society. (b) 3D Graphene
hydrogel formation in the presence of cross-linkers. Adapted with permission from Reference

'3 Copyright 2014, One Central Press (OCP).

1. Chemical Vapor Deposition
High purity 3D graphene can be obtained under chemical vapor deposition (CVD)

process using methane (CHy) ''” or ethanol **'** at 1000 °C, under ambient pressure
using porous nickel foam as a template (Figure 2-9a). The resultant freestanding
graphene are macroporus, mechanically robust, show excellent conductivity, high
electrochemical stability and can serve as good electrode materials capable of
improving the performance of various biomedical devices including biofuel cells and
biosensors.”’ Currently, this method of template driven synthesis is the most
commonly used method to synthesize pristine, high quality 3D graphene. Other than

nickel foams, alternative templates (Figure 2-9b) such as copper '*° and gold '*® have
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been used to synthesize graphene, albeit the 2D form. These CVD derived 3D
graphene-foam monoliths exhibit superior behavior and quality as compared to the 3D
graphene structures synthesized from chemically derived graphene sheets. The
graphene sheets form continuous & well-interconnected 3D networks without any
breaks or cracks and remains in direct contact with one another. Furthermore, they are
of very high quality, show excellent electrical conductivity and demonstrate good

biocompatibility.' %'

2. Other Templates

Another template directed technique, wherein 3D porous graphene in aqueous solution
was fabricated using a freeze-drying approach by Mann et al.''® The low temperatures
used, were crucial for controlling the alignment and macroscale porosity of the
fabricated structures. Similarly, the use of SiO, template (hydrophobic interaction
driven hard templating) yields nanoporous 3D graphene with controlled pore sizes,
large surface areas, & immense total pore volumes.''® Alternatively, the conversion of
pre-defined 3D photoresist films into well-defined 3D porous graphene is yet another
strategy. Developed by Polsky et al., this method results in 3D graphene with

significantly smaller dimensions compared to previously reported counterparts.'*’
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Figure 2-9: (a) Chemical vapor deposition grown macroporus 3D graphene on Nickel foam.
Adapted by permission from Macmillan Publishers Ltd: Nature Materials Reference ',
Copyright 2011, Nature Publishing Group (NPG). (b) Schematic for gold and copper template
driven synthesis. Reproduced with permission from Reference '*°. Copyright 2016, Published

by The Royal Society of Chemistry.

2D Graphene 3D Graphene

High purity, pristine, superior quality &
performance

Poor morphology due to high hydrophobicity

Prone to aggregation in solution Chemically inert

Reduced mass transfer & poor electrolyte

. . Porous & well interconnected networks
diffusion

Difficult to obtain in pristine form Excellent electrical conductivity & surface area

Table 2-4: Advantages of 3D graphene over 2D graphene.
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2.4.2 Properties

Graphene due to its m-conjugated nature shows a variety of unique and interesting
properties. In addition to its large physical surface area, the sp® hybridized structure
contributes to the high electron transport values, and improved electrical conductivities
for graphene. Additionally its pristine nature results in a high degree of chemical
inertness, making it a good potential electrode material. Furthermore the materials
possess excellent electrochemical properties with respect to surface chemistry and
structure, heterogeneous redox charge transfer rate constants, wide operating window,
electrochemical stability and electro-catalysis of molecules.''’ A notable feature of
graphene is its extremely large electrochemically active surface area, which
demonstrates is large potential to form composites with various materials to improve
performance.''" Furthermore, when composited with nanomaterials such as carbon
nanotubes (CNTs), transitional metal oxides, hydroxides and sulfides, the 3D
graphene-composites show an enhancement in the intrinsic properties of the
nanomaterials including improved conductivity and stability (derived from 3D
graphene). The structure with its high surface area, porous structure and continuous
backbone can easily promote rapid transmission of electrons and shorten transport path

of the electrolyte during high rate processes.'"®

2.4.3 Biomedical Applications of 3D Graphene as Catalyst Support

The use of graphene based materials for biomedical applications can be divided into
two categories. The first category uses nanostructured graphene (e.g. graphene
quantum dots) and functionalized graphene derivatives (e.g. graphene oxide) for
applications such as drug delivery, fluorescent sensing and therapy.'**'* On the other-
hand, the second category uses larger macroscopic forms of graphene (e.g. 2D and 3D

electrodes) as a catalyst support for biocatalysts such as enzymes for electrochemical
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based biomedical applications including biosensing and enzymatic biofuel cells.'"!

Only the latter category of applications, specifically those regarding enzymatic biofuel

cells will be discussed here.

Graphene can also be used as a catalyst support material (electrodes) in fuel cells,
improve various electrochemical properties on the whole system such as ionic
transport, charge transport etc. In particular, from a biomedical perspective graphene
was found to integrate very effectively with biocatalysts such as enzymes, microbes,
and biomolecules. Owing to its ultra-high surface area and excellent electron mobility,
graphene (2D and 3D) has been modified with various biocatalysts to fabricate
electrodes for use in electrochemical biofuel cells and biosensors with high power

. e e . 21.119. 1
densities and sensitivities, respectively.?" "% 1%

1. Biofuel Cells:

EBFCs have already been briefly introduced in the previous section, only prior work
regarding 3D graphene based enzymatic biofuel cells will be discussed here. Despite
its rising popularity as an electrode material for biofuel cells, very few 3D graphene
based systems have been reported. Due to their advantageous properties this material
has been composited with various catalysts (e.g. metal oxides'') and catalyst support

. . . 132 . 1
materials (e.g. semiconducting polymers,'”> nanoparticles'”

) to fabricate bio-
electrodes for the biofuel cells. However, as a result of their specificity and

biocompatibility the focus will be on enzymatic biofuel cells.

For instance, Liu ef al. developed a graphene and silica sol-gel matrix based glucose
EBFC which demonstrated power densities of 24.3+4 pW cm™."** Another EBFC
fabricated by Wang et al. based on integration of the graphene/enzyme composite into
3D micro-pillar arrays resulted in an increased enzyme loading. With an enhanced

direct electron transfer, this translated into the EBFC realizing power densities of
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136.3 uWem 2.'* Subsequently, Campbell et al. fabricated a membrane/mediator-free
EBFC, which produced a power density of 0.19 mWem 2."*° Clearly, the varying
power densities were a factor of different immobilization strategies, diverse
biocatalysts and electrode material properties. The use of 3D as graphene as a catalyst
support in biofuel cells is yet largely unexplored and open to significant performance

enhancements.

Nafion membrane

Figure 2-10: 3D graphene-CO;04 based multi-sugar biofuel cell. Reproduced with permission

of PCCP Owner Societies from Reference "', Copyright 2013, Royal Society of Chemistry.

Electrode Power Output (nWem ) Fuel Concentration (mM)
Carbon Fibers Composite 350 15
Carbon Nanotubes Fibers 740 15

Composites

Carbon Nanotube
1300 50
Composite
2D Graphene Composite 243 +4 100
3D Graphene Composite 2375+ 170 200
Carbon Flber. Sheet 1450 + 240 400
Composite
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Table 2-5: Different carbon based"™" electrode materials and 3D graphene™' based electrodes

in biofuel cells

2. Biosensing

A constant challenge in biosensing is its need for constant improvement with regards
to selectivity, sensitivity and low costs of production. The high electrical conductivity
of 3D graphene realized its potential as excellent material for the electrochemical
sensing of various biomolecules, including glucose, DNA and proteins, with high
sensitivities."'" *7*% Chen et al. developed CVD grown 3D-CNT hybrid electrodes
for the detection of dopamine. The hybrid electrodes exhibited a sensitivity of (~
470.7 mA M cm™) and a low detection limit (~ 20 nM with S/N = 9.2)."* Further
discussion regarding use of 3D graphene as catalyst supports for biosensors will not be
added, as it is not in the context of this work. The use of 3D graphene based electrodes
to push the performance boundaries of existing applications in biofuel cells and other
biomedical devices is in its infancy, with more interesting and promising discoveries

waiting to happen.
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Chapter 3

3. Polymer Dots Dervived from Poly (3,4-
Ethylenedioxythiophene) and their Applications for
Optical Imaging and Sensing

As seen in Chapter 2, Polymer dots (Pdots) from fluorescent semiconducting polymers
show superior photo-stability along with other merits including high brightness,
tunable photoluminescence properties, non-blinking property, and biocompatibility. As
discussed in the previous chapter, bottom-up synthetic approaches provide better
control over the yield, size and properties of the polymer dots. The most commonly
used bottom up technique is chemical synthesis **. However this technique is highly
tedious and time-consuming and invariably requires a high degree of expertise. The
limited post-polymerization preparation methods and tedious bottom-up synthesis
techniques often result in large sized polymer nanoparticles (sometimes upto 100 nm)

and highlight a need for alternative preparatory methods for these Pdots.

Electrochemical approaches are often desirable due to their sustainability, reduced cost
of synthesis, facile, clean and green nature. Often electrochemical based synthesis
strategies provide a higher degree of control with reduced byproducts.’® Poly (3,4-
Ethylenedioxytiphene) (PEDOT) is a chemically stable, low band-gap m-conjugated
polymer that is non-fluorescent in its conducting state. A widely researched poly-
thiophene derivative PEDOT due to its excellent electrical and optical properties has

seen widespread use in LCDs, solar cells, and organic LEDs.'"!

In this chapter a facile approach to synthesize a new type of polymer dots derived from
non-fluorescent poly(3,4-ethylenedioxythiophene) (PEDOT) is demonstrated. Various
properties including the physical, chemical and biological properties of the PEDOT-

Pdots are studied. We further elucidate on the optical properties of these PEDOT-Pdots
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using theoretical calculations. Subsequently the application of these PEDOT-Pdots as
cellular imaging fluorophores in rat neuroblastic cells (PC12), and selective optical

. Dy -
sensors towards mercury ions (Hg"") is demonstrated.

3.1 Materials & Methods

3.1.1 Preparation of the fibrous PEDOT film

3,4-ethylenedioxylthiophene  (EDOT) monomer, ionic liquid (1-Butyl-3-
methylimidazolium tetrafluoroborate - BMIMBF,) and N,N-Dimethylformide (DMF)
were purchased from Sigma Aldrich. With 0.1 M EDOT monomer in the ionic liquid,
PEDOT film was polymerized on an ITO (Indium tin oxide) working electrode held at
the constant potential of 1 V for 3 h. An electrochemical workstation (CHI 660D) was
used for polymerization, in a three-electrode configuration consisting of a platinum
plate counter electrode, silver wire reference electrode and an ITO working electrode.
Thorough washing to eliminate excess ionic liquid and unreacted monomers, and

overnight drying in a vacuum oven at 27 °C followed polymerization.

3.1.2 Preparation of PEDOT-Pdots

The polymer film was then gently scraped off the ITO electrode and suspended in
DMEF solvent (1 mg/ml), followed by ultrasonication (Branson 2510; 1.1 A, 230 W) at
27 °C for 4 h. After centrifugation at 10,000 rpm for 30 min, the supernatant was
collected. This was repeated for 5 times to obtain the dispersion of PEDOT-Pdots in
DMF, which was subsequently filtered using a WHATMAN 0.2 um PTFE filter. To
re-suspend PEDOT-Pdots in distilled water, DMF was completely extracted using
rotary evaporation at 80 °C, and distilled water was added to the dried QD aggregates.

The solution was then ultra-filtered (molecular cut-off weight of 3 kDa) to remove the
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aggregates. PEDOT-Pdot suspensions in both DMF and water are highly stable

(lasting for months without apparent aggregation).

3.1.3 Characterization

The samples were examined by Field emission scanning electron microscopy
(FESEM, JMS-6700F), Atomic force microscopy (MFP-3D AFM microscope, Asylum
research), Raman spectroscopy (WITec CRM200 using 633 nm laser), High-resolution
transmission electron microscopy (HRTEM, JEOL 2010), X-ray photoelectron
spectroscopy (XPS, ESCALAB MK-II), X-ray diffraction (XRD, Bruker D8 Avance
diffractometer using Cu Ka radiation) and Fourier transform infrared spectroscopy
(FTIR, Perkin Elmer FTIR Spectrum GX 69233). The UV-Vis absorption and
photoluminescence (PL) behavior of the QDs were characterized by UV-2450
spectrophotometer (Shimadzu), and LS-55 fluorescence spectrometer (PerkinElmer),

respectively.

3.1.4 Cell imaging

The PC12 cells (American Type Culture Collection) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine
serum (Gibco) and 1% penicillin—streptomycin, at 37 °C under a humidified
atmosphere containing 5% CO, and 95% air. Cells were incubated with 76.6 ng/ml
blue PEDOT-Pdots (dispersed in water) or 5.5 pg/ml green PEDOT-Pdots (dispersed
in DMF) for 24 h before being imaged with a confocal laser scanning microscope
(LSM 510 Meta, Carl Zeiss GMbH, Germany). The blue (or green) PEDOT-Pdots
were excited at 405 (or 488) nm and detected with an emission filter <480 nm (or >520

nm).
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3.1.5 Cell Viability & Proliferation Assay

The cell viability was determined using a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrasodium bromide)-based cell growth determination kit (Sigma-Aldrich, USA). Briefly,
after washing with phosphate buffer saline (PBS), the cells were incubated in a culture
medium containing MTT reagent solution (5 mg/ml MTT in DMEM without phenol red) (10%
v/v) for 4 h at 37 °C. Subsequently, MTT solvent (0.1 N HCI in anhydrous isopropanol) was
added to the culturing well (50% v/v), followed by absorbance measurements of the MTT

formazan crystals at 570 nm using a Victor3 plate reader (PerkinElmer Inc., USA).

3.1.6 Optical detection of Hg’* ions

The photoluminescence of the green PEDOT-Pdots (200 pg/ml in water) was
measured before and following addition of various metal salts at defined
concentrations, including Mercury (II) perchlorate, Lead(Il) nitrate, Zinc
nitratehexahydrate, Cadmium chloride, Cesium chloride, Magnesium sulphate, Cobalt
nitratechexahydrate, Nickel nitratehexahydrate, Manganese nitratetetrahydrate,

Gold(III) chloride trihydrate and Potassium chloride.

3.2 Results and Discussion
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Figure 3-1: Schematic illustration for the preparation of PEDOT-Pdots.
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3.2.1 Synthesis and Morphology of PEDOT-Pdots

As schematically illustrated in Figure 3-1, EDOT monomers are electro-polymerized
in an ionic liquid (BMIMBEF,). Field-effect scanning electron microscopy (FESEM)
reveals that a film of polymerized EDOTs (PEDOT) consequently forms on the ITO
electrode (Figure 3-2a). On the film, ultra-long wires and roots of outgrowing wires
can be observed (bright dots and lines in Figure 3-2a). A closer inspection shows that
the film consists of dense interwoven fibers (inset in Figure 3-2a). The fibrous PEDOT
film is then sonicated in DMF solvent, producing a yellow solution with well-
dispersed PEDOT-Pdots exfoliated from the film (Figure 3-1). As observed from
atomic force microscopy (AFM), the PEDOT-Pdots exhibit (Figure 3-2b and 3-2c¢)
with an average thickness of ~0.40 nm (+/- 0.17, n = 152), with ~0.21 nm

corresponding to the thickness of a single PEDOT chain.'*

This suggests that
PEDOT-Pdots range from single to a-few layers. High-resolution transmission electron
microscopy (HRTEM) shows that PEDOT-Pdots are uniform in diameter (~2.3 +/-
0.36 nm, n = 172) (Figure 3-2d and 3-2e). The diffraction pattern indicates the
PEDOT-Pdots possess a limited degree of crystallinity (lower inset in Figure 3-2d).
Indeed, a well-defined crystal lattice can be resolved from some QDs under high-
resolution TEM (upper inset in Figure 3-2d). Consistent with a previous study,'* the
observed lattice spacing of 3.4 A corresponds to the characteristic face-to-face distance
(010) of the rigid PEDOT polymer. Therefore, it appears that the disc-like QDs are
mechanically chopped by sonication from the slightly crystalline PEDOT polymer
chain. The gel-electrophoresis results (Figure 3-2f) of PEDOT-Pdot sample are
compared with protein markers to speculate the molecular weight. The bright field and

fluorescence gel images show a narrow band of PEDOT-Pdots, indicating a uniform

size distribution and a molecular weight <10 kDa.
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Figure 3-2: QDs exfoliated from the fibrous electropolymerized PEDOT film are small
and uniform in size. (a) FESEM image of the PEDOT. Inset shows the film surface with a
higher-resolution. (b) AFM image of PEDOT-Pdots. Inset shows the height profile along the
indicated line. (c) The height (thickness) of 152 individual PEDOT-Pdots. The indicative
horizontal lines are 0.21 nm apart. (d) HRTEM image of PEDOT-Pdots. The upper inset
presents a single PEDOT-Pdot with resolved crystal lattices. The lower inset gives the FTT
diffraction pattern. (¢) Diameter distribution of 172 PEDOT-Pdots. (f) The gel electrophoresis

of PEDOT-Pdots (1 - fluorescent image under UV; 2 — bright field image) and protein markers

3).

3.2.2 Chemical Characterization

X-ray photoelectron spectroscopy (XPS) spectra of both PEDOT-film and PEDOT-
Pdots show the characteristic S2s (228 eV), S2p (163 eV), Cls (283 eV) and Ols (531
eV) peaks from PEDOT (Figure 3-3a).'**'* The spectrum of PEDOT-film also
exhibits Bls (193 eV), Nls (401 eV), and Fls (685 eV) peaks resulting from the
residual ionic liquid (BMIMBF;) from the polymerization process.'*® The Bls and Fls
peaks appear practically non-existent in the XPS spectrum of PEDOT-Pdots while the

N1s peak appears significantly reduced. Resolution of the Cls (Figure 3-3b) and S2p
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(Figure 3-3c) XPS spectra indicate the existence of the (C=C) sp’, (C-C) sp’, C-S, C-
O, S2p35, and S2p,, peaks characteristic to PEDOT, and small C-N and C=N peaks
characteristic to [BMIM]", respectively.'*"'*® The small amount of association of the
nitrogen-containing ionic liquid is also confirmed by the high-resolution N1s spectrum
(Figure 3-3b inset). In addition, Raman spectra (Figure 3-3d) of both PEDOT film and
PEDOT-Pdots are comparable and in agreement with the characteristic spectrum of
PEDOT.'* Consistent with XPS characterization, Fourier transform infrared spectra
(FTIR) of PEDOT-Pdots (Figure 3-3¢) in both water and DMF show the characteristic
peaks from PEDOT at 1638 cm™ (C=C stretching vibration), 1385 cm™ (C=C
stretching of thiophene ring), 1124 cm™ (polythiophene absorption), 1084 cm™(C—-O
stretching), and 929 cm™ (C-S stretching)."”® Furthermore, the peaks from BMIMBF,
are also observed at 1576 cm™ and 1459 cm™ (both from imidazole ring adsorption)."'
The dgyo peak in the X-ray diffraction (XRD) spectrum of PEDOT-Pdots corresponds

to the face-to-face packing between the PEDOT chains with a distance of 0.34 nm'*

(Figure 3-3f). This correlates well with the HRTEM observation shown in Figure 3-2d.
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Figure 3-3: Spectroscopic characterizations. (a) XPS spectra of PEDOT film (black) and

PEDOT-Pdots (red). (b) High-resolution Cls peak in XPS spectrum of PEDOT-Pdots. Inset
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shows N1s peak. (¢) High-resolution S2p peak in XPS spectrum of PEDOT-Pdots. (d) Raman
spectra of PEDOT film (black) and PEDOT-Pdots (red). (¢) FTIR spectra of BMIMBEF,
(black), PEDOT-Pdots (blue — in water; red — in DMF). (f) XRD Spectra of PEDOT Film

(black) and PEDOT-Pdots (red).

A simple method for synthesis of a new type of polymer dots is demonstrated. In
addition to mechanical stress induced by sonication, it is conceivable that the
exfoliation of QDs from PEDOT fibers is facilitated by the intercalation of the ionic
liquid (BMIMBF,). We speculate the imidazole ring of BMIM " interacts with PEDOT
via m-tt and electrostatic interactions to generate the amphiphilic nature of PEDOT-
Pdots. In support of this, it has been previously reported that ionic liquids can
intercalate into PEDOT films and cause swelling.'”> Furthermore, it seems that DMF
solvent also play an important role in exfoliation and stabilizing the exfoliated
PEDOT-Pdots. In comparison, high-yield exfoliation of PEDOT-Pdots does not occur

in other solvents (specifically, ethanol, water, and acetonitrile).

3.2.3 Optical Characterizations

The thus prepared quantum dots are amphiphilic and can disperse completely in DMF
and water. They can be extracted from DMF using rotary evaporation for re-
suspension in water. The absorption spectra of these two suspensions are shown in
Figure 3-4a. The water suspension of PEDOT-Pdots efficiently absorbs UV light while
the DMF suspension extends its adsorption to the visible light region. The excitation-
dependent emission spectra of both QD suspensions indicate the maximum emission
peaks from PEDOT-Pdots in DMF and in water at 533 nm (excited at 460 nm) and 450
nm (excited at 360 nm), respectively (Figure 3-4b and 3-4c). Clearly, the optical
properties of PEDOT-Pdots depend on their interaction with the solvent. Furthermore,

the excitation dependence suggests heterogeneity in the size and properties of
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synthesized QDs. In comparison, EDOT monomers suspended in DMF or water do not
show apparent absorption and emission, suggesting that the observed optical properties

arise from extended conjugation lengths.
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Figure 3-4: Optical characteristics of PEDOT-Pdots. (a) UV-Vis adsorption spectrum of
PEDOT-Pdots in water (black) and DMF (red). (b) And (c) PL spectra of Pdots in DMF and
water with different excitation wavelengths. The insets show the images of the Pdot
suspensions under UV. (d) The photobleaching behavior showing normalized fluorescence of
the green Pdots (in DMF), blue Pdots (in water), and FITC under continuous confocal

imaging.

To reveal the absorption and emission mechanism, density functional theory (DFT)
and time-dependent DFT (TDDFT) calculations were performed. The DFT
calculations on EDOT trimers (using it as a model compound for PEDOT-Pdots)
suggest that they assume three thermodynamically stable configurations (isomer 1 — 3
as shown in Figure 3-5). In the order of stability the high dipole moment containing
Isomer 3 was the most thermodynamically stable configuration, followed by Isomers 2
and 1, respectively. The high thermodynamic stability of Isomer 3 was due to the

formation of multiple hydrogen bonds with water molecules, but not in aprotic DMF
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solvent. Therefore, we speculate that DMF suspension contains isomer 1 and 2 while
isomer 3 dominates the water suspension. Theoretical calculations indicated the

absorption peaks of isomer 1 and 2 in the dielectric environment of DMF to be 411

and 390 nm, respectively (Table 3-1).

EDOT trimer conl:iol: zfli;abmlzdel Ba'('fvg)ap  Eas(eV)  u, (nm) :::::;::;
Isomer 1 DMF 3.29 3.01 411.39 0.95
Isomer 2 DMF 3.52 3.18 389.51 0.88
Isomer 3 Water 3.87 343 361.51 0.73

“Band gap = Ground-state HOMO-LUMO energy gap.

Table 3-1: Calculated ground-state band gap®, absorption energy (E.s), absorption wavelength

(Mavs) and associated oscillator strength of EDOT trimer.

EDOT trimer P-olarizable Een (eV) e () Oscillator
continuum model strength, f
Isomer 1 DMF 241 515.04 1.21
Isomer 2 DMF 2.37 522.76 1.16
Isomer 3 Water 2.60 476.58 0.97

Table 3-2: Calculated emission energy (E.n,), emission wavelength (A.,) and associated

oscillator strength of EDOT trimer.
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Isomer 1 Isomer 2 Isomer 3
dI(S1C2C384) =177.9° dI(S1C2C384) =178.2° dI1(S1C2C384) = 43.6°
d2(S4C5C6S7) =177.9° d2(S4C5C6S7) =42.5° d2(S4C5C6S7) =43.6°

Figure 3-5: Different isomers of EDOT trimer. The isomers vary by the dihedral angles
[d1(S1C2C3S4) & d2(S4C5C6S7)]. The figures indicate the conformations of (a) Isomer 1 [d1
=177.9° & d2 =177.9°], (b) Isomer 2 [d] = 178.2° & d2 =42.5°], (¢) Isomer 3 [d] =43.6° &

d2 =43.6°]

These values agree well with the experimentally observed peaks at ~412 nm and ~384
nm (Figure 3-4a). The absorption peak of isomer 3 in water was predicted to be 362
nm, close to the experimentally observed values (~360 nm as shown in Figure 3-4a).
Similar to the observed emission peak of PEDOT-Pdots in DMF (~533 nm), the
emission peaks of isomer 1 and 2 were calculated to be 515 and 523 nm, respectively
(Table 3-2). Isomer 3 in water showed emission at 477 nm, consistent with observed
emission peaks of PEDOT-Pdots in water (~450 nm). With a small optical band gap
(1.6 eV) resultant from rapid electron-hole recombination, PEDOT is natively non-
fluorescent.'”®> As shown by our theoretical studies (Table 3-1), the resulting
photoluminescence properties of the nano-sized PEDOT-Pdots arise from the band-gap
widening because of quantum confinement. The PEDOT-Pdots are observed to exhibit
two excitation peaks (Figure 3-6) resulting from ¢ to m* and 7 to n* transitions (Figure

3-7).
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Figure 3-6: Photoluminescence excitation spectrum of blue PEDOT-Pdots suspended in water

(emission at 450 nm) and green PEDOT-Pdots suspended in DMF (emission at 533 nm).

HOMO || | |E|

Figure 3-7: Schematic for electronic transitions of PEDOT-Pdots.

Organic fluorophores, such as FITC, bleach quickly under confocal imaging (Figure 3-
4d). Remarkably, no bleaching was observed from both PEDOT-Pdots after long-term
imaging. Intriguingly, the green-dots (in DMF) significantly increase the fluorescence
intensity under illumination. Furthermore, the photo-bleaching studies performed over
2 h using a spectro-fluorometer indicate a similar behavior except that the PL of blue-
dots decreases slightly (Figure 3-8). It is conceivable that laser annealing further
improves the crystalline structure of PEDOT-Pdots.">* The green-dots in DMF and
blue-dots in water have a quantum yield of 13% (using Rhodamine 6G as the

reference) and 4% (using quinine sulfate as the reference), respectively.
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Figure 3-8: Photobleaching studies of the PEDOT-Pdots (blue and green) using a
spectro-fluorometer. The fluorescence intensities are normalized to the maximum. A LS-55
fluorescence spectrometer (PerkinElmer) using the inbuilt light source (Xenon lamp) is used.
PEDOT-Pdots in either DMF or water (200 pg/mL) are added in a quartz cuvette for
measurements. The fluorescence intensity over time is recorded continuously at 460 nm (for

green QDs in DMF) or 360 nm (for blue QDs in water).

Furthermore, the two-photon excited photoluminescence (TPPL) of the PEDOT-Pdots
was examined. TPPL offers unique advantages over conventional one-photon
excitation, including larger penetration depth into the tissue and higher signal-to-noise
ratio benefiting from the longer excitation wavelength and nonlinear absorption
process.'”> The PEDOT-Pdots exhibit strong emission under two-photo excitation (800
nm, even at relatively low intensities of 6.7 GW/cm?) (Figure 3-9a). The two-photon
excitation process is clearly evidenced by the nearly quadratic excitation intensity
dependence of the PL signals in the corresponding log-log plot of the PL signals

versus excitation intensity (Figure 3-9b)."

An outstanding photo-stabilty under two-
photon excitation was demonstrated with the retention of >90% of the initial emission
after ~50 min, when operated at a pumping intensity of 20.1 GW/cm? (Figure 3-9c).
The molecular size and remarkable photostability of PEDOT-Pdots under both single

and two-photon excitation promises their applications as fluorophores for cellular

imaging. Furthermore, the PEDOT-Pdots were unable to induce significant cytotoxic
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effects at high concentrations (150 pg/mL), indicating good biocompatibility (Figure
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Figure 3-9: Two-photon characterization of PEDOT-Pdots in DMF: (a) Excitation
intensity dependent PL spectra at an excitation wavelength of 800 nm, using a femtosecond
amplified-pulsed laser with a repetition rate of 1000 Hz and pulse-width of 100 fs'*. (b) Log-
log plot of the PL signals versus excitation intensity. The nearly quadratic excitation intensity
dependence of the PL signals clearly demonstrates the two-photon excitation process'™® (c)
Photostabilty of the PEDOT-Pdots in a small droplet under two-photon excitation (800 nm),

with a pumping intensity of 20.1 GW/cm”.

100 =
< 80 = I I

0 20 40 60 80 100120140160180200
Concentration (ug/ml)

%)

[22]
o
1

Cell Viability

N
o
1

o
L

Figure 3-10: Cell viability and proliferation assay of PC12 cells incubated with different

concentrations of PEDOT-Pdots.
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3.2.4 Cellular imaging using PEDOT-Pdots

Interestingly, diluting the DMF-suspended green-dots in water (95% dilution) showed
an absence of PL shift, rather their green fluorescence properties were preserved
suggesting the persistent association between DMF molecules and PEDOT-Pdots
(Figure 3-11). As a proof-of-concept demonstration for cellular imaging, we incubated
PC12 cells with water suspended blue-dots (76.6 pg/mL) and DMF-associated green-
dots diluted in cell culture medium (5.5 pg/mL) for 24 hr. As shown in Figure 3-12,
both types of PEDOT-Pdots showed significant cell uptake. The biocompatible
PEDOT-Pdots appear to be selectively located within the early endosomes, labeled by

the fluorescent early endosome marker (mRFP-Rab5).

PL Intensity (a.u.)

450 500 550 600 650 700
Emission (nm)

Figure 3-11: PL (excited at 488 nm) of PEDOT-Pdots in DMF (green curve) and in water (5%

original dispersion in DMF is diluted in water) (red trace).
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PEDOT-QDs mRFP-Rab5

Figure 3-12: Confocal imaging of PC12 cells after 24 h incubation with blue (a) or green
(b) PEDOT-Pdots. Confocal images with staining of QDs (column 1), endosome marker
mRFP-Rab5 (column 2). Column 3 is the merged image of column 1 and 2. Column 4 shows

the bright-field image of the cells. Scale bar =5 p m.

3.2.5 Optical detection of mercury ions (Hg"") using PEDOT-Pdots

Similar to other synthetic quantum dots® '** '’ the small PEDOT-Pdots promise wide
applications in optical sensing of bio-medically toxic metal ions. As the proof-of-
concept demonstration, we show here that the photoluminescence (PL) of PEDOT-
Pdots can be significantly quenched by 57% upon addition of 100 pM Hg*" ions
whereas the PEDOT-Pdots are not obviously responsive to other metal ions (Pb>",
Zn*, Cd*, Cs", Mg, Co*", Ni*", Mn**, K" and Au’") (Figure 3-13a). PL quenching
by Hg*" is dose-dependent (Figure 3-13b), and as shown in Figure 3-13c, the
extrapolated lower theoretical detection limit is as low as 0.87 puM (with S/N = 3) and

the linear response is up to 10 uM.
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Figure 3-13: Sensitive and selective optical detection of Hg’" ions. (a) PL of PEDOT-Pdots
(200 pg/mL in water) is selectively quenched by Hg*" (100 uM), but not other metal ions at
the concentration (b) The PL emission spectra of PEDOT-Pdots with various concentrations of
Hg*" (c) The relative concentration-dependent fluorescence response of PEDOT-Pdots. Inset
shows the linear response range. The error bars represent the standard deviation of the

measurements from three different samples.

It has been previously reported that nitrogen-containing imidazole'™® and sulfur-

199160 can bind with Hg®" with high affinity. Therefore, Hg*" ions

containing thiophene,
act as a coordinating center to bridge several PEDOT-Pdots together, by interacting
with thiophene groups from PEDOT and imidazole groups from BMIM" associated
with PEDOT-Pdots via n-r interactions. In turn, fluorescence quenching occurs due to

aggregation of QDs. Indeed, Hg* induced Pdots aggregations are observed under

AFM (Figure 3-14).
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Figure 3-14: AFM image of Hg*"-induced PEDOT-Pdot aggregates.

A future direction in this work would involve understanding the precise chemistry
behind the Hg*"-induced PEDOT-Pdots aggregation formation would allow us to tailor
the PEDOT-Pdots and render a greater degree of control over the sensitivity of the

system. Recent studies suggest that,'®

whilst the precise coordination chemistry
behind thiophene - Hg*" based coordination bonds is still unclear, selectivity can be
significantly improved by functionalizing the thiophene ring with moieties such as

pyridine. This would help in improved coordination bond formation at lesser

. . . e . .o 2+
concentrations, conversely improving sensitivity resulting in improved Hg™" sensors.

3.3 Conclusion

In conclusion, we have developed a facile and general strategy to synthesize novel
fluorescent polymer quantum dots derived from non-fluorescent PEDOT. Such
molecularly light, perfectly photo-stable PEDOT-Pdots promise a wide range of
applications in biomedical settings such as; bio-imaging (e.g., single molecule tracking
in live cells) and sensitive optical detection. In principle, the synthetic route

demonstrated here can be easily modified (e.g., using different polymer precursors,
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ionic liquids for polymerization, solvents) to produce different types of polymer QDs

with various interesting properties.

This chapter (including phrases and figures) is adapted / reproduced with permission from our
published journal article “Fluorescent quantum dots derived from PEDOT and their
applications in optical imaging and sensing. Materials Horizons, 2014, 529-534. Copyright

2014, The Royal Society of Chemistry”
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Chapter 4

4. Synthesis of Polymer Dots from Polythiophene for
Imaging Endocytic Compartments in Live Cells

Developing fluorophores of high brightness and photostability is an ongoing challenge.
As discussed before fluorescent quantum dots or nanoparticles derived from
semiconducting polymers (Pdots), owing to their unique properties such as high
brightness, tunable and non-blinking emission, broad absorption, high photo-stability,
biocompatibility, and molecular size are of considerable interest as alternative

161-162
fluorophores.'®' !¢

As reviewed in Chapter 2, the Pdots are synthesized using bottom-up chemical
synthesis or post-polymerization techniques, and often show high quantum yields
depending on the type of polymer used. The quantum yields are often upto 20%, with
few groups reporting upto 50%.?° In Chapter 3 we have developed and discussed an
alternative electrochemical-ultrasonication based synthesis strategy to produce a new
type of crystalline Pdots from non-fluorescent poly(3,4-ethylenedioxythiophene) for
cellular imaging applications. It is known that the low quantum yields in conjugated
polymers are dependent on their conjugation lengths, conformational changes and

163-164

faster non-radiative recombination. The presence of bulky groups reduces the

effective conjugation length.

In this chapter, we synthesize new polymer dots derived from poly (2,2’-Bithiophene)
by modifying the strategy discussed in the previous chapter. The properties of the thus
synthesized pTh-Pdots, derived from a thiophene based semiconducting polymer
including physical, chemical and optical properties are investigated. Furthermore,

these polythiophene-based Pdots (pTh-Pdots) exhibit negative solvatochromism, i.e.,
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blue shift in photoluminescence (PL) emission with increasing solvent polarity.
Studies are conducted to investigate the potential of these pTh-Pdots for cellular

imaging and endocytic tracking using their unique solvatochromic behavior.

4.1 Materials & Methods

4.1.1 Preparation of Polythiophene (pTh) film

2,2’-bithiophene (BTh) monomer, ionic liquids (I-n-butyl-3-methylimidazolium
tetrafluoroborate - BMIMBF,; 1-butyl-3-methylimidazolium methyl sulphate —

BMIMMeSO,) were purchased from Sigma Aldrich.

Using 0.1M BTh monomer in the ionic liquid BMIMBF,, the Poly (2,2’-bithiophene)
(pTh) film (to be referred as polythiophene hence forth) was electro-polymerized onto
an ITO working electrode held at the constant potential of 5 V for 45 minutes. Electro-
polymerization was done using a standard three-electrode configuration consisting of a
platinum plate (counter) electrode, silver wire (reference) electrode and indium tin
oxide (ITO) (working) electrode on an electrochemical workstation (CHI 660D).
Overnight drying in a 37 °C vacuum oven was done after extensive post-
polymerization washing to eliminate excess ionic liquid and unreacted monomers.
Polymer films using different ionic liquids such as BMIMMeSO4 were prepared for

optimization studies.

4.1.2 Preparation of polymer dots (Pdots)

The dried pTh polymer film was gently scraped off the ITO electrode and suspended
in THF (Tetrahydrofuran, Sigma Aldrich) solvent at 1 mg/ml concentration, followed
by exfoliation with ultrasonication (Branson 2510; 1.1 A, 230 W) at 27 °C for 1 h. The

suspension formed, was then filtered using a WHATMAN 0.2 pm PTFE filter to
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obtain a clear yellow solution. Eventually, the THF was extracted using a rotary

evaporator (Heidolf) at 30 °C.

The dried aggregates were subsequently re-suspended in DMF (N,N-Dimethylformide,
Sigma Aldrich) or distilled water following which the polythiophene-based Pdots
(pTh-Pdots) suspensions were further purified. pTh-Pdots in DMF (green pTh-Pdots)
were purified by syringe filtration through a 0.1 um PTFE filter. On the other hand, the
pTh-Pdots in water (blue pTh-Pdots) were ultra-filtered (molecular cut-off weight of 3
KDa) followed by filtration through a 0.1 pm nitrocellulose membrane to remove the
aggregates. Both the green pTh-Pdots and blue pTh-Pdots were highly stable (lasting
for months without apparent aggregation). Furthermore, aprotic volatile solvents such
as THF appeared to be suitable for high yield exfoliations in contrast to solvents like

ethanol and water, which showed little to no exfoliation.

4.1.3 Characterization

Similar to chapter 3, the samples were characterized using Field emission scanning
electron microscopy (FESEM), Atomic force microscopy (AFM), High-resolution
transmission electron microscopy (HRTEM, JEOL JEM 2100F TEM), Fourier
transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS,
Kratos Axis Ultra”" spectrometer from Kratos Analytical Ltd; equipped with a
monochromatized Al Ka X-ray source). Optical characterization included UV-Vis
absorption and photoluminescence (PL) studies. Further details of the instruments used

can be found in the previous chapter.

4.1.4 Cell imaging

The HeLa cells (human epithelial carcinoma cell line; American Type Culture

Collection) were cultured in DMEM (Life Technologies) supplemented with 10% fetal
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bovine serum and 1% penicillin—streptomycin, at 37 °C in a humidified atmosphere
containing 5% CO, and 95% air. Before the confocal imagining, the cells were
incubated for 1-3 h with pTh-Pdots originally stocked in DMF (5 pg/ml), pTh-Pdots
originally stocked in water (50 ug/ml), or LysoTracker Red DND-99 (100 nM; Life
Technologies). In some experiments, the cells were transfected with mRFP-Rab5
(Addgene) using Lipofectamine3000 (Life Technologies), 1 - 2 days before incubation
with pTh-Pdots. Confocal images were taken using a LSM710 confocal laser-scanning

microscope (Carl Zeiss, Germany) using excitation at 405 nm, 488 nm, or 580 nm.

4.1.5 Viability Assay

The cell viability were determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrasodium bromide (MTT) based cell growth determination kit (Sigma-Aldrich).
Briefly, after washing with phosphate buffer saline (PBS), the cells were incubated in
the culture medium containing MTT reagent solution (5 mg/ml MTT in DMEM
without phenol red) (10% v/v) for 4 h at 37 °C. MTT solvent (0.1 N HCI in anhydrous
isopropanol) is then added to the culturing well (50% v/v), followed by measuring the
absorbance of MTT formazan crystals at 570 nm using a Victor3 plate reader

(PerkinElmer).

4.1.6 Liposome Preparation

The pure liposomes and pTh-Pdots incorporated liposomes are synthesized using the
thin film hydration method.'® Briefly, DMF from the DMF suspension of pTh-Pdots
was extracted in a rotary evaporator at 80 °C under a reduced pressure (11 mbar). 5 mg
of the phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Sigma
Aldrich) was dissolved in chloroform and mixed with dried pTh-Pdots. Subsequently,

chloroform was extracted at 37 °C under a reduced pressure (474 mbar) in the rotary
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evaporator to give a thin lipid film. The thin film was subsequently hydrated at 45 °C,
by adding 2 mL DI water. Finally, the free pTh-Pdots and free lipids were removed by

ultracentrifugation (molecular weight cut-off 50 KDa).

4.2 Results and Discussion

4.2.1 Synthesis and characterizations

\xr ¢  [BMIMJ [BFT,
&gy BTh

Figure 4-1: Field-effect scanning electron microscopy (FESEM) of pTh films obtained after

(a) 30 min, (b) 45 min and (b) 60 min electropolymerization of 2,2’-bithiophene monomers.

Insets show the magnified views.

As schematically illustrated in Scheme 4-1, polythiophene (pTh) is initially
electropolymerized from 2,2’-bithiophene (BTh) monomers in ionic liquid BMIMBF4,
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to form a thin film on the ITO electrode surface. The BMIMBF, was used because of
its wide electrochemical working window, excellent ionic conductivity and low
volatility.'*® As seen from the Field effect scanning electron microscopy (FESEM), the
pTh film consists of micro-granules whose size are linearly dependent on the
polymerization time (Figure 4-1). Subsequently, pTh-Pdots are readily exfoliated from
pTh film by ultrasonication in anhydrous tetrahydrofuran (THF), yielding a yellowish
homogenous suspension. Afterwards THF is completely extracted using rotary
evaporation and the dried pTh-Pdots are re-suspended in either dimethylformamide

(DMF) or deionized water.

Percentage (%)

12 15 18 21 24 27 3.0 33 3.6 3.9
Diameter (nm)

o
1

I
1

Percentage (%)

N

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Height (nm)

Figure 4-2: (a) High-resolution TEM image of pTh-Pdots. (b) Diameter distribution (n = 200).
(c) AFM image of pTh-Pdots. Inset shows the height profile along the indicated line. (d)

Height distribution (n = 200).

High-resolution transmission electron microscopy (HRTEM) reveals that the average

diameter of pTh-Pdots is 2.37 + 0.47 nm (n = 200) (Figure 4-2a and 4-2b). Atomic
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force microscopy (AFM) shows that the average thickness of pTh-Pdots is 3.83 nm +
0.73 nm (n = 200), corresponding to ~3 layers of pTh (Figure 4-2¢ and 4-2d).'¢"'%
The spectrum of Fourier transform infrared spectroscopy (FTIR) of pTh-Pdots exhibits
the stretching peaks for thiophene ring (1385 cm™), C-H (1124 cm™), C-O (1084 cm™)
and C-S (697 cm™), which are characteristic to pTh (Figure 4-3a).”" ' The triplet
peaks of C-H asymmetric and symmetric vibration (at 2962, 2921, and 2852 cm™)

originate from the alkyl groups of BMIM" molecules adsorbed onto pTh-Pdots. '** ",
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Figure 4-3: (a) Spectra of Fourier transform infrared spectroscopy (FTIR) for pTh-Pdots and
BMIMBF,. (b-d) High-resolution Cls (b), S2p (c), and Nls (d) X-ray photoelectron

spectroscopy (XPS) spectra of pTh-Pdots.

Also characteristic to pTh, the X-ray photoelectron spectroscopy (XPS) shows the
high-resolution C1s and S2p spectrums are deconvoluted into the sp* (C=C), sp’ (C-

C), C-S peaks, and the S2ps, & S2p1,» peaks, respectively (Figure 4-3b and 4-3¢).'""
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72 The N-C and N=C peak in the high-resolution N1s spectrum are a result of the
imidazole moiety from BMIM" (Figure 4-3d).'”*"'"* Presumably, BMIM" facilitates the
exfoliation and dispersion of Pdots through n-w interaction with pTh.'” We found that
compared to other ionic liquids such as 1-Butyl-3-methylimidazolium methyl sulphate
(BMIMMeSO,4) and tetra ethyl ammonium chloride (TEAC), the amphiphilic

BMIMBEF, offers the highest yield of pTh-Pdots.
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Figure 4-4: (a) UV-Vis spectra of pTh-Pdots in DMF and pTh-Pdots in water. Inset shows the
optical images with UV illumination at 365 nm. (b) PL emission spectra of pTh-Pdots in DMF
at different excitation wavelengths. (c) PL emission spectra of pTh-Pdots in water, (d) Photo-

bleaching of FITC dye molecules and pTh-Pdots under confocal imaging.

Due to its amphiphilic property, BMIM" assists pTh-Pdots in dispersing well in both
water and organic solvents with no obvious aggregation for months (inset of Figure 4-
5).!7>17¢ Interestingly, pTh-Pdots in DMF appear green while they fluoresce blue in

water under 365 nm UV illumination (Figure 4-4a, inset). It suggests that pTh-Pdots
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have negative solvatochromism, i.e., blue shift in PL emission with increasing solvent

polarity. Both pTh-Pdot suspensions can efficiently absorb UV light (Figure 4-4a).

e pTh-Pdots in DMF
== pTh-Pdots in water

PL Intensity (a.u)

1 ) 1 ) | 1 1
250 300 350 400 450 500 550

Emission (nm)
Figure 4-5: PL excitation spectra of pTh-Pdots in DMF (emission at 530 nm) and pTh-Pdots
in water (emission at 435 nm), respectively. Inset shows the brightfield images of pTh-Pdots

in DMF and water, respectively.

The excitation spectra for both suspensions exhibit two peaks resulting from & to ©*
and o to m* transitions (Figure 4-5)."”” The maximum emission peaks for green pTh-
Pdots in DMF and blue pTh-Pdots in water are achieved at ~530 nm (excited by 440
nm) and ~435 nm (excited by 340 nm), respectively (Figure 4-4b and 4-4c). In
comparison, 2,2’-bithiophene monomer at the concentration (dissolved in DMF; not
soluble in water) does not exhibit any apparent light absorption or PL emission. PL
quantum yields (QY) for the green pTh-Pdots in DMF and blue pTh-Pdots in water are
calculated to be 44% (using R6G as reference) and 10% (using quinine sulfate as
reference) respectively. The high quantum yields may be attributed to the effect of

backbone chain lengths on quantum yields observed in alpha-oligothiophenes.'’®
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Figure 4-6: (a) PL intensity of pTh-Pdots suspended in solvents with varying polarity. (b)

Linear relationship between PL emission peak and relative poarity.'”

Negative solvatochromism of pTh-Pdots is presumably due to intra-molecular
conformational changes in the conjugated backbone in the solvents of varying
polarity.'™ As seen in Figure 4-6, the emission of pTh-Pdots undergoes a blue shift
with increasing solvent polarity (DMF, propanol, ethylene glycol, water). The blue
shifting of the emission peak exhibits an approximately linear relation with the
increasing relative polarity of the solvent. Based on that observation, the pTh-Pdots
may see future applications as a sensor to report changes in polarity. Consistently
(Figure 4-7a), addition of 90% water to pTh-Pdots suspension in DMF results in a
predominantly blue-shifted emission (green to blue). On the other-hand, addition of
50% water to pTh-Pdots suspension resulted in both blue (excited at 340 nm) and

green (excited at 440 nm) emissions (Figure 4-7b).
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Figure 4-7: (a) PL of pTh-Pdots in water, pTh-Pdots in DMF, and DMF suspension of pTh-

Pdots (10%) diluted in water (90%). (b) PL of DMF suspension of pTh-Pdots (50%) diluted in

water (50%).
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Figure 4-8: MTT assay of HeLa cells after overnight incubation with pTh-Pdots at various

concentrations.

The use of organic fluorophores (e.g., FITC) for bioimaging is often plagued by their

poor photo-stability, i.e., their fluorescence is quickly bleached under confocal laser

illumination (Figure 4-4d). In contrast, no obvious photobleaching of pTh-Pdots is

observed under confocal imaging. Photobleaching of organic fluorophores is due to

cleaving of covalent bonds or reactions with surrounding molecules or radicals. The

high photo-stability of pTh-Pdots suggests their high photochemical stability.

Moreover, even at the concentrations (e.g., 100 pg/ml) much higher than needed for
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bioimaging (typically a few pg/ml), pTh-Pdots do not exert apparent cytotoxic effects
to animal cells (Figure 4-8). Taken together, the high brightness, excellent photo-
stability, good biocompatibility, and small size of pTh-Pdots are desirable properties

for bioimaging.

4.2.2 pTh-Pdots for cellular imaging

As a proof-of-concept demonstration, we herein used pTh-Pdots for cellular imaging
of HeLa cells. Although green pTh-Pdots suspended in DMF turn blue after being
diluted in bulk aqueous medium (Figure 4-7), as compared to blue pTh-Pdots stocked
in water, they can be more easily internalized by the cells (compare Figure 4-9 and
Figure 4-10). This is likely due to the residual DMF molecules attached on pTh-Pdots,

which facilitate and enhance the cell uptake.'™'

Therefore, in the following bioimaging experiments, we used pTh-Pdots originally
stocked in DMF (i.e., DMF decorated pTh-Pdots). As shown in Figure 4-10, after 1h
incubation with pTh-Pdots (5 pg/ml), pTh-Pdots are easily taken up by the cells and

appear blue.

Excitation - 405 nm Excitation - 488 nm Excitation - 543 nm
pTh-Pdots pTh-Pdots LysoTracker Red Merged

Figure 4-9: Confocal imaging of HeLa cells incubated with pTh-Pdots (water stock diluted in
cell medium to 50 pg/ml) for 3 h, and co-localization study with lysosome marker

(LysoTracker Red).
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Figure 4-10: Confocal imaging of HeLa cells incubated with pTh-Pdots (DMF stock diluted in
cell medium to 5 pg/ml) for 1 and 3 h, respectively. (a) Co-localization with early endosome
marker (mRFP-Rab5). (b) Co-localization with lysosome marker (LysoTracker Red). (c)

Schematic for endocytosis uptake of pTh-Pdots. Scale bar = 10 um
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Figure 4-11: Confocal imaging of HeLa cells incubated with pTh-Pdots (DMF stock diluted in
cell medium to 5 pg/ml) for 6 h and 24 h, and co-localization study with lysosome marker

(LysoTracker Red). (Scale bar = 10 um)

Apparently, these pTh-Pdots are segregated in the early endosomes after being
endocytosed as suggested by the significant co-localization with an early endosome
marker mRFP-Rab5. Interestingly, after 3h incubation, in addition to blue pTh-Pdots
in early endosomes, green pTh-Pdots also appear inside the cells. Evidently, these
green pTh-Pdots stain lysosomes (but not early endosomes) because they are
essentially co-localized with lysosome marker LysoTracker Red (Figure 4-10). These
experiments demonstrate that pTh-Pdots can be employed to specifically label two
distinct compartments (early endosomes and lysosomes) residing in the early and late
endocytic pathway, respectively. As shown in Figure 4-11, after 6h most of pTh-Pdots
go to lysosomes and after 24h all of them reach lysosomes. Taken together, pTh-Pdots

migrate from early endosomes to lysosomes over time.
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Figure 4-12: (a) PL spectra of Pluronic F127 polymer and pTh-Pdots encapsulated by Pluronic
F127, excited at 340 or 440 nm. (b) PL spectra of DPPC liposomes and liposomes
incorporated with pTh-Pdots (originally stocked in DMF). (¢) Confocal fluorescence image
(left) and bright-field image (right) of a water droplet containing pTh-Pdots incorporated
liposomes. The borderline between the droplet and the dry glass coverslip can be clearly seen
in the bright-field image (bright line). In the fluorescence image, it is seen that liposomes are

more concentrated at the edge. (Scale bar = 100 um)

We conceive that owing to its polarity-sensitive PL properties pTh-Pdots fluoresce
blue in the aqueous endosome lumen whereas they turn into green in lysosome due to
their insertion into the hydrophobic lysosomal membrane. As discussed earlier,
although polythiophene (pTh) is highly hydrophobic, pTh-Pdots are well dispersed in
aqueous solutions because of the attached BMIM " moieties. It is possible that BMIM"
moieties are removed or destroyed while going through the early endocytic pathway or

inside lysosomes, which are highly destructive due to the presence of various
92



degradative enzymes. As a consequence, the hydrophobic pTh-Pdots preferably
intercalate into the lysosomal membrane. To directly support this hypothesis, we show
that green pTh-Pdots originally stocked in DMF turn blue once being added to bulk
water (Figure 4-7) whereas pTh-Pdots encapsulated by amphiphilic polymer Pluronic
F-127 retain green fluorescence in water (Figure 4-12). This confirms that pTh-Pdots
are green fluorescent in hydrophobic environment. We further show that pTh-Pdots

incorporated into the lipid bilayers of artificial liposomes are green (Figure 4-12).

4.3 Conclusion

In summary, we have synthesized a new fluorescent polymer dot derived from non-
fluorescent polythiophene (pTh-Pdots) by modifying a simple and high yield
procedure. These pTh-Pdots are bright, photostable, biocompatible and small,
therefore promising as fluorophores for bioimaging applications. Exploiting its
negative solvatochromism property, we here demonstrate the use of pTh-Pdots in live
cells to label and differentiate early endosomes and lysosomes, thus highlighting their

use for tracking the endocytic pathway in in vitro settings.

This chapter (including phrases and figures) is adapted / reproduced with permission from our
accepted journal article ‘“Thiophene-derived polymer dots for imaging endocytic
compartments in live cells and broad-spectrum bacterial killing. Materials Chemistry Frontiers,

2016, 152-157. Copyright 2016, The Royal Society of Chemistry.”
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Chapter 5

5. Polymer dots as Broad Spectrum Antibacterial agents

Use and abuse of common antimicrobial agents over the years, has led to increasing

182

cases of bacterial strains expressing multiple drug resistance (MDR). "~ This is a major

factor of concern in therapeutics, as using multiple drug combinations or increased

183 Over the

dosages to fight simple infections raises the complexity of the treatment.
past few decades, synthetic antimicrobial agents including polymers, quaternary
ammonium compounds, semiconductor quantum dots (semi-QDs) have gained

184-185 Silver

attention as alternatives to bactericidal agents like antibiotics.
nanoparticles and copper oxide (CuO) nanoparticles are some of the popular semi-
QDs alternatives.'® However as previously discussed in Chapter 2 these semi-QDs

exhibit several intrinsic drawbacks including risks environmental pollution, complex

chemical synthesis, high cost, biocompatibility issues and so forth.

n-Conjugated carbon based nanomaterials such as single walled carbon nanotubes
(SWCNTs), fullerenes, graphene quantum dots are easily available and renewable
alternatives that are comparatively cheaper, biocompatible & environmentally
friendly."®”'® Furthermore they demonstrate tunable physical and surface properties
resulting in high biocompatibility, specificity and good bactericidal behaviour.'®
However these nanomaterials often exhibit very high minimum inhibitory

concentrations (MICs) for antibacterial activity.

As discussed in Chapter 4 we synthesized novel pTh-Pdots derived from poly(2,2’-
bithiophene) and demonstrated its application as alternative fluorophores to organic
dyes for tracking the endocytic pathway. With thiophene derivatives being known as

190-191

good antibacterial agents and their use in antibiotics, we speculate on such
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potential of the pTh-Pdots (Scheme 5-1). We demonstrate the utility of nano-sized
polymer dots as excellent anti-bacterial agents with low MICs for the first time, to the
best of our knowledge. Interestingly, these pTh-Pdots further demonstrate superb
peroxidase mimicking behaviour, and thereby tested for increased potency as anti-

bacterial agents.

5.1 Materials & Methods

5.1.1 Synthesis and Characterization of pTh-Pdots

The synthesis, surface and chemical characterization of the pTh-Pdots has been
discussed in detail in the Chapter 4. In brief, following electro-polymerization at
optimal conditions (5V for 45 mins), the pTh-Pdots are exfoliated from the
polythiophene film in tetrahydrofuran (THF) under ultrasonication for 1h.
Subsequently following purification, they are extracted under rotary evaporation and
re-suspended in water and filtered using a 0.1 um nitrocellulose membrane to remove

aggregates.

5.1.2 Bacteria Inhibition Studies

All bacterial strains were from the American Type Culture Collection. Optical density
(OD) at 600 nm (OD 600) of the bacterial suspensions was measured using a
spectrophotometer (SpectraMax M35; Molecular Devices). pTh-Pdots (Sigma Aldrich)
were added to 2 ml bacterial suspensions in Luria Broth (LB) solution (0.01 OD 600
corresponding to 1 x 10° cells/mL), to attain the final concentrations between 0 — 100
pg/ml. This was followed by incubation at 37 °C for 18 h, with ~200 rpm constant
shaking. OD change after the incubation was used to assess the inhibitory effect of
pTh-Pdots or antibiotics on bacterial growth. Some experiments were performed using

ampicillin-resistant E.coli bacteria, which were transformed with a plasmid containing
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the ampicillin-resistance gene (Origene) using heat shock. All experiments were

independently repeated 3 times.

5.1.3 Peroxidase Activity Studies

All bacterial strains were from the American Type Culture Collection. Optical density
of the bacterial suspensions was measured using a spectrophotometer (SpectraMax
M35; Molecular Devices) at 600 nm (OD 600). pTh-Pdots or/and H,O, (Sigma Aldrich)
were added to 2 ml bacterial suspensions in Luria Broth (LB) solution (0.01 OD 600
corresponding to 1 x 10° cells/mL), to attain the final concentration of 0 — 100 pg/ml
and 0 — 0.75 mM, respectively. This was followed by incubation at 37 °C for 8 h, with
~200 rpm constant shaking. OD change after the incubation was used to assess the

inhibitory effect of pTh-Pdots — HO, mixture on bacterial growth.

5.1.4 Viability Studies

Bactericidal activity of pTh-Pdots was examined by a fluorescence viability kit
(Live/Dead BacLight bacterial viability kit, Life Technologies) and FESEM. Before
these imaging experiments, overnight grown E. coli cultures (OD 600 = 1.0,
corresponding to 1 x 10° cells/mL) were centrifuged at 6000 rpm, followed by
suspension in HBSS (Hank’s balanced salt solution, Life Technologies) and incubated
for 2 h with or without 100 pg/ml pTh-Pdots. Subsequently, the suspensions were
centrifuged at 6000 rpm, washed thrice with PBS, and re-suspended in PBS. Imaging
experiments were performed to study the bactericidal effect of pTh-Pdots on fully-
grown E. coli cultures. Confocal images were taken using a LSM710 confocal laser-
scanning microscope (Carl Zeiss, Germany) using excitation at 488 nm (green) and

580 nm (red).
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5.1.5 FESEM Imaging

For FESEM, the sample preparation followed previously reported protocols.'*” Briefly,
the bacteria were fixed using 2.5% glutaraldehyde (primary fixative) in 0.1 M
phosphate buffer (PB) for 1h. Subsequently, the cells were washed 3 times with PB,
followed by incubation in 1% osmium tetroxide (secondary fixative) for 1h. After
washing 3 times with PB, the cells were then dehydrated in ethanol at increasing
concentrations (25, 50, 75, 90, and 100%). Finally, the cells were re-suspended in the
mixture of hexamethyldisilazane and ethanol (1:1) for 15 min, followed by
centrifugation at 2000 xg. The pellet was collected and allowed to dry overnight at

room temperature.

5.2 Results & Discussion

5.2.1 Anti-Bacterial Activity
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Scheme 5-1: Schematic for pTh-Pdots as fluorophores and antibacterial agents.

With some thiophene derivatives demonstrating good bactericidal properties,'”* " we

speculate on the antibacterial behaviour of pTh-Pdots. Indeed, it was found that pTh-
Pdots were highly effective against both Gram-negative [G(-); E. coli and P.
aeruginosa] and Gram-positive [G(+); S. aureus] bacteria, with low minimum
inhibitory concentrations (MIC, lowest concentration to cause appreciable inhibition
on bacterial growth). The potency of pTh-Pdots towards the bacterial strains was

comparable to a commonly used broad-spectrum antibiotic (kanamycin).
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Dose dependent studies clearly indicated the pTh-Pdots as most effective against E.
coli with MIC ~45 pg/ml, followed by S. aureus (MIC ~60 ug/ml) and P. aeruginosa
(MIC ~100 pg/ml) (Figure 5-1a & 5-1b ). Despite high concentrations (~150 pg/ml)
they were unable to demonstrate any significant stress on the G(+) B. subtillis strains.
Unsurprisingly, pTh-Pdots are more potent towards G(-) bacteria than G(+) bacteria,

which are protected against antibacterial agents by a thick peptidoglycan surface layer.
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Figure 5-1: Antibacterial activity of pTh-Pdots. (a) Viability test against G(+) and G(-)
bacteria with 100 pg/ml pTh-Pdots. (b) Dose dependent effect of pTh-Pdots against G(+) and
G(-) bacteria. (c) Viability test of Ampicilin-resistant E. coli treated with ampicillin,
kanamycin and pTh-Pdots (all at 100 pg/ml). (d) MTT Assay of rat fibroblasts after overnight

incubation with pTh-Pdots at various concentrations.

The anti-microbial properties of pTh-Pdots against clinically significant G(-) bacteria

offer a promising new antibacterial agent effective as disinfectants. Furthermore,
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pathogenic E. coli strains can be life threatening (e.g., GI and urinary tract infection,
septicemia, etc.), and resistant to antibiotics (MDR in E.coli strains against B-lactam
antibiotics is rapidly rising).'”® Additionally, these drug-resistant E.coli bacteria are

readily acquired via the diet (food and water).'”*

Thus, the effectiveness of pTh-Pdots
against ampicillin (a p-lactam antibiotic) resistant E.coli strains was further
investigated and compared against two broad-spectrum antibiotics (ampicillin &
kanamycin). As shown in Figure 5-1c, pTh-Pdots can efficiently kill ampicillin-
resistant £. Coli. On the other hand, they demonstrated high efficacy for use in clinical
settings, as pTh-Pdots exhibited high biocompatibility towards mammalian cells
(primary rat fibroblast cells in Figure 5-1d and HeLa cells in Figure 4-8).
Furthermore, the antibacterial capability of pTh-Pdots was confirmed to be
independent of the effect of the BMIM' moieties attached on its surface. As seen in

Figure 5-2, the ionic liquid (BMIMBF,) was incapable of causing bacterial death

despite usage at high concentrations (0.5 mg/ml).

100 =

Survival (%)
S (<2 o
o o o
1 1 ]

N
o
1

Control BMIMBF4

Figure 5-2: The influence of BMIMBF, (0.5 mg/mL) to E. coli growth. The average and

standard deviation are obtained from 3 independent experiments.
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5.2.2 pTh-Pdots as Peroxidase Mimics

Hydrogen peroxide (H»0,), is a widely used medical regent for wound disinfection.
Nonetheless it possesses significant disadvantages such as reduced activity compared
189

to hydroxyl radicals, and high concentrations for effective action (166 mM to 1M).

This in turn can be harmful to the healthy tissues.

Interestingly, we discover that pTh-Pdot (10 pg/ml) is an excellent mimic to
peroxidase, which converts H,O, into hydroxyl radicals (*OH) (Figure 5-3a).
Graphene quantum dots (GQDs) have also been found to exhibit peroxidase-
mimicking activities.'”>"*® Taking advantage of this, they have been used to improve
the antibacterial performance of H,O, for wound disinfection.'"™ We found that pTh-
Pdots possess much higher peroxidase activity than GQDs (Figure 5-3b). The
peroxidase-mimicking activity was attributable to the high electron transport property

of the semiconducting polymer dots.""’

030+ . 0.25 =
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+
0.25 - 0.20 o e f'?:zs H,0,
2 020+ ‘ ZAA =
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S 0.10 = ]
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Figure 5-3: (a) Absorption spectra of the mixture of 10 pg/ml pTh-Pdots, 0.25 mM H,0, and
0.6 mM 3,3'5,5'-Tetramethylbenzidine (TMB) with various reaction durations (0 — 30 min).
TMB is a commonly used reporter for peroxidase activity (upon oxidation by hydroxyl
radicals, it turns blue and increases absorbance at 650 nm). The photographs in the inset shows

that TMB turns into blue in the presence of both H,O, and TMB (30-min reaction). (b)
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Absorbance (at 650 nm) of 0.6 mM TMB (as the indicator of peroxidase activity) at various
reaction durations, in the presence of 0.25 mM H,0,, or 10 pg/ml GQD + 0.25 mM H,0,, or

10 pg/ml GQD + 0.25 mM H,0,.

Although pTh-Pdots by themselves cannot kill gram-positive B. subtillis (Figure 5-1a),
the synergistic effect between pTh-Pdots and H,O; is potent (Figure 5-4b). pTh-Pdots
can greatly enhance the potency of H,O; in killing both gram-negative (Figure 5-4a)
and gram-positive strains (Figure 5-4b). By utilizing the intrinsic anti-microbial
behaviour of the blue-Pdots in tandem with its peroxidase-like behaviour, we were
able to significantly decrease the bacterial viabilities. The overall minimum inhibitory
concentration of blue-Pdots required for both the G(+) and G(-) strains is extremely

low at 10 pg/ml when used in tandem with extremely low concentrations of H,O,.
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Figure 5-4: Viability Tests of E. coli (a) and B. subtillis (a) treated with H,O, at different

concentrations with or without pTh-Pdots (10 pg/mL).

5.2.3 Antibacterial Mechanism of pTh-Pdots

Previous studies have proposed the antimicrobial mechanism of organic nanomaterials
to be predominantly dependant on aggregations and physical interactions, leading to

bacterial membranes & cytoplasmic collapse.'™ '”® We speculate that the antimicrobial
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activity of the positively charged pTh-Pdots themselves (zeta potential { = 21.2 mV)
may be realized by disrupting the negatively charged bacterial membrane through
electrostatic interaction. Indeed as shown in Figure 5-5a, in the presence of a viability
testing dye mixture (SYTO 9 / propidium iodide), live bacteria appear green due to
SYTO 9 staining. However, dying or dead bacteria following pTh-Pdots treatment
appear yellow or red due to uptake of red propidium iodide through compromised cell

membranes.

Figure 5-5: Fluorescence images with Live/Dead dye staining (a) and FESEM images of E.
coli cells (b) without (left column) or with (right column) incubation of pTh-Pdots (100 pg) for

2 h.

Consistently, field-effect scanning electron microscopy (FESEM) also shows
disintegrating/disrupted bacterial membranes following treatment with the polymer

dots (Figure 5-5b). Indeed, the blue-Pdots appear to aggregate on & penetrate through
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the negatively charged bacterial membrane via electrostatic interactions wherein they

disrupt the cell membrane and cause bacterial cell death.

5.3 Conclusion

To the best of our knowledge for the first time, we herein demonstrate polymer dots as
the synthetic alternatives to traditional antibacterial agents (e.g. antibiotics). We have
demonstrated previously synthesized pTh-Pdots (Chapter 4) as effective antibacterial
agents. These pTh-Pdots serve as excellent antibacterial agents against both gram-
negative and some gram-positive bacteria, even drug-resistant strains. Furthermore, the
synergistic use of their ability to disrupt bacterial membranes and mimic peroxidase
activity further increases their potency against the gram-positive bacteria B. subtillis.
These small sized, peroxidase-mimicking, biocompatible polymer dots promise
versatile applications, ranging from therapeutics application in anti bacterial creams to

wound disinfectants.

This chapter (including phrases and figures) is adapted / reproduced with permission from our
accepted journal article ‘“Thiophene-derived polymer dots for imaging endocytic
compartments in live cells and broad-spectrum bacterial killing. Materials Chemistry Frontiers,

2016, 152-157. Copyright 2016, The Royal Society of Chemistry.”
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Chapter 6

6. Three-Dimensional Graphene - Carbon Nanotube Hybrid
Bioelectrodes for High Performance Enzymatic Biofuel
Cells

As reviewed in Chapter 2 Enzymatic biofuel cells (EBFCs) are green energy devices,
capable of harvesting electricity from renewable and abundantly available biofuels
using enzymes as biocatalysts for the oxidation of biofuels (most commonly, glucose)
and reduction of oxidizers (most commonly, oxygen).'”’?*' As glucose is a ubiquitous
fuel in living systems, EBFCs are promising as biocompatible and everlasting power
sources for implantable devices.****”> However, the existing EBFCs suffer several
performance related issues not limited to inefficient electron transfer between the
enzymes and electrodes, limited active surface area, low conductivity of the electrode,

and hindered mass transport.

As discussed earlier, the rate-limiting step for EBFC performance is the poor electron
transfer to the electrode, a result of the active centers of the redox enzymes being
usually buried deep within the protein matrices. Various nanomaterials such as
semiconducting polymer nanowires,'"” inorganic nanoparticles,”’ metal oxides metal—

204 and biomaterials ' have been used till date to

organic frame- works (MOFs),
overcome this drawback with limited success. Compared to these materials, carbon
nanotubes (1D m-conjugated carbon nanowires) possess superior physical, electrical
and electrochemical properties. Their high electrical conductivity, electrochemical
stability, and molecular dimension promote intimate interaction with the enzymes.**
Single-walled carbon nanotubes (SWCNTs) have therefore been utilized as the
conducting nanowires to facilitate electron transfer from the catalytic centers of

enzymes to electrode.
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Furthermore we have previously discussed regarding Graphene, a two-dimensional
(2D) m-conjugated cousin of 1D SWCNT that has recently attracted enormous interest
as an electrode material due to its exceptionally high conductivity and specific surface
area. More recently, it has been demonstrated that due to its distinct advantages the
three-dimensional (3D) architectures of this 2D material can serve as novel 3D
electrochemical electrodes for various applications®® (e.g., energy storage,”’’ energy

. 2 . . . 2
conversion,”” and biological sensing.””")

In this chapter, 1D single-walled CNTs (SWCNTs) decorated 3D graphene were
utilized to fabricate both the bioanode and biocathode in an EBFC (Scheme 6-1). We
demonstrate that EBFCs equipped with such enzyme-functionalized 3D graphene-
SWCNT hybrid electrodes exhibit significant improvement in performance as

compared to previously reported bio-power devices.

6.1 Materials & Methods

6.1.1 Materials

The nickel (Ni) foams were purchased from Alantum Advanced Technology Materials
(China) while P3-SWCNTs were purchased from Carbon Solutions. Glucose oxidase
(GOD, Type VII from Aspergillus niger) solution was prepared by dissolving the
powdered enzyme (5 mg mL™) in a Tris-HCI buffer (pH 8.9, 0.05 M). Laccase (from
Trametes versicolor) solution was prepared by dissolving the powder in a PBS buffer
(pH 7.0, 0.05 M). The electrolyte buffer solution (pH 5.0, 0.2 M) was prepared using

sodium acetate and acetic acid.
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6.1.2 Characterization and Measurements

The samples were examined by Field emission scanning electron microscopy (FESEM,
IMS-6700F), Raman spectroscopy (WITec CRM200 using 633 nm laser), and Fourier
transform infrared spectroscopy (Perkin Elmer FTIR Spectrum GX 69233). Cyclic
voltammetry (CV) measurements were conducted using an electrochemical
workstation (CHI 660D), in a standard three-electrode configuration consisting of a
platinum counter electrode, a saturated calomel reference electrode (SCE) and a
fabricated 3D graphene composite working electrode. Open circuit potential was

measured in a two-electrode configuration between the SCE and the working electrode.

6.1.3 Preparation of 3D Graphene Composite Electrodes

3D graphene was grown using a previously reported chemical vapor deposition (CVD)
method, on a nickel foam substrate with ethanol as the carbon source.*'’ Subsequently,
the nickel foam was etched away overnight in 3 M HCI at 60 °C to obtain free-
standing 3D graphene foam. The electrode was subsequently fabricated by mounting
3D graphene (0.5 cm?) onto a glass slide. A copper wire, fixed and insulated on one
end of graphene substrate was then used as the electrical lead (Figure 6-1).
Subsequently, the electrode was soaked in P3- SWCNT dispersion (1 mg mL™" in N,N-
dimethylformide) for overnight. After drying at 50 °C for 3 h, the electrode was dipped
into 4 mg mL™ 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) solution for 1 h, followed by conjugation with the

respective enzymes by dipping into the enzyme solutions (GOD or laccase) for 24 h.

6.1.4 Biofuel Cell Design

The EBFC was fabricated in-house using acrylic glass. The anodic and cathodic

chamber separating perfluorosulfonic acid/PTFE copolymer membrane (25.4 pm thick,
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Nafion®) was purchased from DuPont (Figure 6-1). While the anodic chamber
contained nitrogen staturated glucose (defined amount) containing electrolyte solution,
the cathodic chamber was saturated with oxygen and contained 0.5 mM 2,2’-azinobis

(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) mediator.

6.1.5 Biodesign Test

The E..;;’ of the EBFC was measured using CHI-660D electrochemical station. At
steady state E..;;””", the EBFC was loaded with external resistances varying from 100 Q
~ 100 kQ to determine the polarization and power output density. A bread-board

containing LEDs was used to test the real-time power output from the EBFC.

6.2 Results and Discussion
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Figure 6-1: (a) The engineering drawing of the biofuel cell. (b) A 3D view of the biofuel cell.
Inset shows the schematic drawing of the electrode. (c) The optical image of the working

biofuel cell. Inset shows the optical image of the electrode.
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Scheme 6-1: Illustration of the EBFC equipped with 3D graphene-SWCNT hybrid electrodes

(not to scale).

6.2.1 Material Characterization

The synthesized 3D graphene is a monolithic macroporous structure, as revealed by
scanning electron microscopy (Figure 6-2a). SWCNTs can be adsorbed onto 3D
graphene scaffold through n-m and hydrophobic interactions,”''*"* by direct incubation
of the graphene electrode with SWCNT dispersion in DMF. As shown Figure 6-2b, 3D
graphene is completely covered by a thin yet dense network of SWCNTs, with the net
mesh size being comparable to a macromolecule. The bare 3D graphene is mainly few-
layered (as indicated by the ratio between 2D and G band in Figure 6-2c) and highly
pristine (defect-free, as indicated by the absence of D band).""” The 3D graphene-
SWCNT hybrid exhibits characteristic a D band from the SWCNTSs. The prescence of
carboxyl groups on the SWCNTs is confirmed by Fourier transform infrared
spectroscopy (FTIR) (Figure 6-2d). The amphiphilic carboxylated SWCNTSs besides

interacting with the 3D graphene, make the hybrid structure hydrophilic as evidenced
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by the contact angel measurements (Figure 6-2¢ and 6-2f). This increased
hydrophilicity is crtical for electrolyte penetration. Furthermore, the SWCNTSs coating
further increases the overall active surface area of the electrode. Finally, the hybrid
electrode is covalently functionalized with glucose oxidase (GOD) or laccase enzymes
via covalent bonding between the carboxyl group on SWCNTSs and amino group on the

protein for the anode and cathode, respectively.
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Figure 6-2: FESEM images of (a) bare 3D graphene and (b) 3D graphene-SWCNT hybrid.
Each inset shows the surface of the skeleton at a large magnification. (¢) Raman spectra of (i)
3D graphene, (ii)) SWCNT and (iii) 3D graphene-SWCNT hybrid. (d) FTIR of SWCNT.

Contact angle measurements of (¢) 3D graphene and (f) 3D graphene-SWCNT hybrid.
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6.2.2 Anodic Properties

As demonstrated in Figure 6-3a, the anodic open circuit potential (E,”?) of the 3D
graphene-SWCNT-GOD hybrid electrode in the presence of 30 mM glucose is ~-0.58
V (£ 0.01, n = 3 electrodes). The value observed is approximately near the theoretical
limit determined by the thermodynamic equilibrium of a gluconolactone/glucose

131,214
couple,*"

and is significantly higher than previously reported values.'™ In contrast,
the E,°? of the enzyme loaded but bare 3D graphene is only ~-0.12 V (+ 0.005, n = 3),
suggesting the critical role of SWCNTs. Cyclic voltammetry (CV) traces of GOD
functionalized hybrid electrode show a pair of prominent redox peaks (at -0.337 V and
-0.363 V respectively) in perfect accordance with the reduction and oxidation

potentials of the redox active centers (flavin adenine dinucleotide, FAD) of the enzyme

(Figure 6-3b).>"
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Figure 6-3: (a) The open circuit potential of (i) the 3D graphene-GOD anode and (ii) 3D
graphene-SWCNT-GOD anode in pH 5.0 electrolyte solution containing 30 mM glucose. (b)
The CVs of (i) 3D graphene electrode, (ii) 3D graphene-GOD electrode, (iii) 3D graphene-
SWCNT hybrid electrode and (iv) 3D graphene-SWCNT-GOD hybrid electrode in pH 5.0
electrolyte solution. (v) 3D graphene-SWCNT-GOD hybrid electrode in pH 5.0 electrolyte

solution containing 1 mM glucose.
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This observation unambiguously indicates the successful immobilization of GODs on
the electrode surface as well as an excellent enzyme-electrode electrical coupling
(direct electron transfer - DET).*'®'7 To further support this, it is observed that
addition of glucose leads to obvious increase of the oxidative current and dramatic
decrease of the reductive current in the CV traces. In the absence of oxygen, the
observed CV is a result of electrochemical reactions in the active center of GOD,

. 218-21
which are as follows?!52!:

GOD (FAD) + glucose = GOD (FADH;) + gluconolactone (1)
GOD (FADH,) 2 GOD (FAD) +2H" + 2¢’ (2)

In addition, the onset oxidation potential in the presence of glucose is about -0.550 V,
which is consistent with the E,°” of the of the 3D graphene-SWCNT-GOD anode in

220-222 . . . S
9222 The uniform coating of a non-conductive layer of proteins is

the glucose solution.
confirmed by FESEM image, in which the SWCNT mesh becomes blurry due to
snugly trapping of proteins (Figure 6-4). As expected, these redox peaks are absent in
the GOD-free hybrid electrode. In comparison, we demonstrated that both the 3D
graphene and 3D graphene-SWCNT hybrid exhibit no catalytic activities towards
glucose (Figure 6-5a). The bare 3D graphene electrode coated with GODs via
physioadsorption demonstrates weak redox peaks from GODs as well as a weak
response towards glucose (Figure 6-5b), presumably due to low abundance of GODs,
possible denaturation of GOD on the flat graphene surface, and poor interactions
between the enzymes and the electrode. In support of this, FESEM reveals that GODs

only sparsely adhere onto the smooth graphene surface as clusters preferably on the

wrinkles (Figure 6-4).

In order to evaluate the electron transfer, the CVs of the 3D graphene-SWCNT-GOD

electrode were investigated at different scan rates. As shown in Figure 6-6, the formal
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potential (E” — the average between the reduction and oxidation potentials) of GOD
remains unchanged with increasing scan rates, with both the anodic and cathodic peak
currents (their ratio is close to 1) showing a proportional increase with scan rates.
These observations suggest that the redox of GOD is a reversible and surface-confined

process. According to the following equation, i, = nFQu/4RT (where i, = redox peak

current; Q = integrated charge of the redox peak; v = scan rate; F = Faraday constant;

R = gas constant; T = tempera‘rure),223

the number of charges transferred from the
GOD redox reaction (n) is calculated to be 2, which is close to the theoretical value of

FAD to FADH, conversion in the active center of GOD. This confirms an excellent

electrical coupling between GOD and the hybrid electrode.

Figure 6-4: FESEM images of (a) 3D graphene-GOD electrode, (b) 3D graphene-SWCNT-
GOD electrode, (c) 3D graphene-laccase electrode, and (d) 3D graphene-SWCNT-laccase

electrode. Scale bar = 1 um.

Furthermore, the small peak-peak separation (the different between the oxidative and

reductive peaks, ~29 mV), also nicely agrees with the theoretical value
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(In10*R*T/F/n), indicating the electron transfer kinetics is fast enough to maintain the
Nernst equilibrium of GOD’s redox transition. Based on Laviron’s theory,”* k, =

mnFu/RT (where m is a constant determined by the separation between oxidative and

225

reductive peaks),”” the electron transfer rate constant &, is calculated to be 12.52 +

0.84 s'. This is significantly higher than the previously reported values obtained from

226

graphene (2.83 s),”*° multi-walled carbon nanotubes (1.53 s™),*” boron-doped carbon

228

nanotubes (1.56 s™),%** or single-walled carbon nanohorns (3.0 s™')**’ based electrodes.
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Figure 6-5: (a) The CVs of the 3D graphene electrode in pH 5.0 electrolyte solution, (i)
without glucose and (ii) containing 1 mM glucose; 3D graphene-SWCNT electrode in pH 5.0
electrolyte solution, (iii) without glucose and (iv) containing 1 mM glucose. (b) The CVs of
3D graphene-GOD electrode in pH 5.0 electrolyte solution, (i) without glucose and (ii)

containing 1 mM glucose.

In an ideal situation (reversible and unhindered electrical coupling between a
monolayer of electroactive enzyme and the underlying electrode), the CV traces are
predicted to exhibit symmetric redox peaks without any gap between the oxidation and
reduction potentials and a peak-width at half height of 90.6 mV/n (here, n =2).*
These are indeed observed at a slow scan rate of 1 mV s™' (Figure 6-7), indicating that
the electron transfer between GOD and electrode is ideally reversible in such

conditions. Furthermore, we demonstrate that E”’ decreases linearly with an increase in

pH with a slope nearly equal to the theoretical value of 58.6 mV/pH (Figure 6-8). This
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suggest a reversible electrochemical process with an equal-number (n = 2) of electrons

and protons involved in the GOD redox reaction:

GOD (FADH,) < GOD (FAD) + 2¢ + 2H" #1332
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Figure 6-6: (a) CVs of the 3D graphene-SWCNT-GOD hybrid electrode at different scan rates:
() 1 mV s™, (i) 5mV s, (iii) 10 mV s, (iv) 20 mV s, (v) 40 mV s™', (vi) 50 mV s, (vii) 60
mV s, (viii) 80 mV s, and (ix) 100 mV s™'. (b) Redox peak currents versus scan rates from 1

mVs' to 700 mV s™.
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Figure 6-7: CV of the 3D graphene-SWCNT-GOD electrode at the scan rate of 1 mV s™.
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Figure 6-8: (a) CVs of the 3D graphene-SWCNT-GOD electrode in electrolyte solution with
different pH values of (i) 4.95, (ii) 6.14, (iii) 6.86, and (iv) 7.70 at the scan rate of 50 mV s,

(b) Formal potential (E”) versus pH.

6.2.3 Cathodic Properties.

As demonstrated in Figure 6-9a, the cathodic open circuit potential (E.”?) of the
laccase coated 3D graphene electrode (with saturated oxygen, at pH 5.0) is close to 0
V (0.02 = 0.0003 V, n = 3), essentially due to poor adhesion of laccase proteins on
graphene surface (Figure 6-4). In comparison, E.°? reaches ~0.11 V (£0.002, n = 3)
when using 3D graphene-SWCNT-laccase electrode. Despite the SWCNTS assisting in
abundant loading and snugly anchoring the enzymes, the obtained E.°? is still far from
the theoretical limit (0.61 V)"*"-*!* suggesting that the electron transfer from the active
laccase centers to the electrode is still hindered. ABTS is an electron transfer mediator
often used to facilitate the electron transfer from laccase. As shown (Figure 6-9a), in
the presence of ABTS (0.5 mM), E.°? of the 3D graphene-SWCNT-laccase electrode
is boosted nearly close to the theoretical thermodynamic equilibrium of the O,/H,O
couple (0.6 £ 0.01 V, n = 3). These observations suggest that ABTS molecules assist in

facilitating the electron transfer from oxygen reduction.

Consistently, it is found that the CVs of the 3D graphene-laccase electrode or bare 3D

graphene-SWCNT electrode do not exhibit the redox peaks from laccase redox
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transition, whereas a pair of prominent redox peaks (at -0.003 V and 0.086 V,
respectively), corresponding to the T2 redox active center of laccase (Figure 6-9b) are
observed from the 3D graphene-SWCNT-laccase electrode. This confirms the
excellent coupling between the enzymes and the 3D graphene-SWCNT substrate. The
redox of laccase on the electrode is a reversible and surface-confined process, as
evidenced by the linear scaling between redox currents and scan rate (Figure 6-10). In
comparison, the controls electrodes namely bare 3D graphene electrode, 3D graphene-
SWCNT hybrid electrode, and laccase functionalized 3D graphene electrode show

little to no catalytic action towards O, ( Figure 6-11).
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Figure 6-9: (a) The open circuit potential (measured in pH 5.0 electrolyte solution saturated
with O,) of (i) 3D graphene-laccase cathode and (ii) 3D graphene-SWCNT-laccase cathode,
and (iii) 3D graphene-SWCNT-laccase cathode (with 0.5 mM ABTS). (b) The CVs of (i) 3D

graphene-laccase electrode (solution with saturated N,), (ii) 3D graphene-SWCNT hybrid
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electrode (solution with saturated N,), (iii) 3D graphene-SWCNT-laccase hybrid electrode
(solution with saturated N;), (iv) 3D graphene-SWCNT-laccase hybrid electrode (solution
saturated with N, and containing 0.5 mM ABTS) and (v) 3D graphene-SWCNT-laccase hybrid
electrode (solution saturated with O, and containing 0.5 mM ABTS). (c¢) Illustration of

electron transfer pathways.
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Figure 6-10: (a) CVs of the 3D graphene-SWCNT-laccase hybrid electrode at different scan
rates: (i) 10 mV s™', (ii) 20 mV s™', (iii) 40 mV s™, (iv) 80 mV s™, (v) 100 mV s™, and (vi) 200

mV s™. (b) Redox peak currents versus scan rates from 20 mV s™' to 500 mV s,
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Figure 6-11: (a) The CVs of the 3D graphene electrode in pH 5.0 electrolyte solution, (i)
saturated with N, and (ii) saturated with O,; 3D graphene-SWCNT electrode in pH 5.0
electrolyte solution, (iii) saturated with N, and (iv) saturated with O,. (b) The CVs of 3D
graphene-laccase electrode in pH 5.0 electrolyte solution, (i) saturated with N, and (ii)

saturated with O,.

As illustrated in Figure 6-9c, laccase has multiple catalytic centers (T1-T3). The redox
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peaks in the CV of the 3D graphene-SWCNT-laccase electrode coincide with the
redox potentials of T2 center, suggesting that the T2 center of laccase is in the close

approximate to the electrode surface to allow direct electron transfer (Figure 6-9b).”*"

24 However, it is known the involvement of T1 center is cruicial to achieve efficient
oxygen reduction and thus high open circuit potenital.”>> In the absence of the ABTS
mediator the T1 center, whose oxidation potential is close to the potential of oxygen
reduction is unable to participate in the reaction. Therefore, the electron transfer with
sole involvement of T2 center is inefficient as a result of the large energy barrier
between oxidation of T2 center and oxygen reduction. As the redox potential of ABTS

236-237

matches well with that of T1 center, the diffusive small ABTS molecules can

assist in electron transfer to the T1 center of laccase that is distant to the electrode

238-2
surface, %%

whereas the electrons are intra-molecularly passed to the T2/T3 cluster
(the oxygen reduction site).** Therefore, in the presence of ABTS mediator, E %

approaches the thermodynamic equilibrium of O,/H,O couple due to improved

electrical coupling between the electrode and the catalytic centers of laccase.

As shown in Figure 6-9b, the CV of the 3D graphene-SWCNT-laccase electrode
exhibits an additional pair of redox peaks at 0.426 V and 0.508 V due to ABTS.**' In
the presence of saturated oxygen, the oxidative peak of ABTS decreases while its
reductive peak increases comfirming the participation of ABTS in the oxygen
reaction.”®® The onset reduction potential is near 0.60 V, which coincides with the
measured E.°? of the 3D graphene-SWCNT-laccase cathode.””**** Consistently, in the
presence of saturated oxygen, the oxidative peak of T2 center in the CV trace
decreases while its reductive peak increases confirming the involvement of T2 center

in electron transfer from oxygen reduction (Figure 6-9b).
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6.2.4 Enzymatic Biofuel Cell Performance

The enzymatic biofuel cells (EBFCs) were fabricated with a 3D graphene-SWCNT-
GOD anode and a 3D graphene-SWCNT-laccase cathode as illustrated in Figure 6-1.
As demonstrated in Figure 6-12, the E..;,”*" of the EBFC reaches ~1.20 V, close to the
theoretical potential difference between the O /H,O couple and the

242 To the best of our

gluconolactone/glucose couple at thermodynamic equilibrium.
knowledge, this has not been attained in any of the previous studies. In addition, only a
20% drop of E..;”" is observed after 30 days, indicating the high stability of our
EBFCs. Figure 6-12b displays a typical polarization curve and power output curve of
the EBFC in the prescence of 30 mM glucose anolyte. The internal resistance of the
EBFC is calculated to be 245 Q, by linear-fitting of the polarization curve. The
maximal power output (Png) density is 2.27 + 0.11 mW cm™ (n=3), which is the
highest value ever reported for glucose-based EBFCs. It is superior to the previously

134

reported high performing EBFCs using a graphene electrode " and a carbon nanotube

1% as well as other carbon electrodes.”* Figure 6-12¢ shows a bell-

based electrode,
shaped dependence of P, on glucose concentration at an optimal concentration of

~30 mM. Three EBFCs in series are able to lighten up a violet LED with a turn-on

voltage of ~3V (Figure 6-12d).
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Figure 6-12: (a) The open circuit voltage from one cell over 30 days. Inset: the open circuit
voltages from (i) single EBFC, (ii) double EBFCs, and (iii) triple EBFCs in series. (b)
Polarization curve and power output curve of the EBFC. (c) The maximum power output of
the EBFC with different glucose concentrations. (d) A violet LED powered by three EBFCs in

series.

6.3 Conclusion

A novel glucose/O, powered EBFC equipped with a 3D graphene-SWCNT-GOD
bioanode and a 3D graphene-SWCNT-laccase cathode is developed. Such EBFC is
able to approach the theoretical limit of open circuit voltage (1.2 V) and a high power
density (2.27 + 0.11 mW cm™). The improved performance of the bio-power device is
dependent on several factors. Firstly, the 3D graphene provides a large surface area for
abundant enzyme loading and for catalytic reactions. Secondly, the nano-topographic
surface and chemical handles provided by SWCNT networks ensures snug anchoring
of enzyme molecules. Thirdly, an excellent electrical coupling between the enzymes
and the electrodes for efficient direct electron transfer is achieved from an intimate

interaction between the enzymes and the electrodes as well as the electron shuttling by
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ABTS molecules at the cathode. Finally, the 3D multiplexed and continuous
conduction networks offered by 3D graphene-SWCNT substrate ensure rapid charge
transfer and conduction. This study demonstrates the synergistic integration between
the two m-conjugated carbon allotropes (graphene and carbon nanotubes), and sets new

performance boundaries for glucose-powered EBFC based bio-power devices.

This chapter (including phrases and figures) is adapted / reproduced with permission from our
published journal article “Three-Dimensional Graphene-Carbon Nanotube Hybrid for High-
Performance Enzymatic Biofuel Cells. ACS Applied Materials & Interfaces, 2014, 3387-3393.

Copyright 2014, American Chemical Society”
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Chapter 7

7. Conclusions and Outlook

7.1 Conclusions

Semiconducting polymer quantum dots and nanocomposite graphene emerge as a new
class of m-conjugated carbon derivatives with immense potential for applications in
biomedicine. This thesis focuses on developing novel =n-conjugated carbon
nanomaterials with customizable properties for diverse biomedical applications
namely; fluorescent labeling/sensing, therapeutics and enzymatic biofuel cells (bio-

power devices).

In brief, a new general strategy for synthesizing fluorescent polymer quantum dots
from non-fluorescent conjugated semiconducting polymers (1D) was developed in this
work. Using this strategy unique fluorescent polymer dots with customizable
properties (optical, surface properties) were synthesized and utilized as tools for
optical (in vitro cellular imaging and sensing) and therapeutic (antibacterial)
applications. Finally a bio-power device was fabricated, wherein two m-conjugated
nanocarbons (CNTs and graphene) work synergistically to enhance the performance of
a biological power device. The fabricated biofuel cell was capable of generating power
from physiological substances including glucose. The materials were well
characterized and possessed unique physical, chemical, optical and electrochemical

properties. Specifically;

1. A facile -electropolymerization-ultrasonication based general strategy was
developed to synthesize polymer dots with small sizes, high brightness, excellent
photostability and superb biocompatibility. An easily modifiable route, the
synthetic strategy demonstrated here can be easily adjusted (e.g., different polymer
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precursors, ionic liquids, exfoliation solvents) to produce different types of
polymer QDs with unique properties use in biomedical settings. The
physicochemical and optical behaviors of the synthesized polymer dots were
studied in detail. Further theoretical studies were performed to elucidate their PL

mechanisms.

. Using this strategy novel fluorescent polymer quantum dots derived from non-
fluorescent 1D semiconducting polymer poly (3,4-ethylenedioxythiophene
(PEDOT) were synthesized. The molecularly light and highly photo-stable
PEDOT-Pdots were then demonstrated as promising fluorophores for bio-imaging
(labeling the early endosomes) and sensitive optical sensors for detection of toxic
Hg”" ions with a detection limit of 0.87 uM (with S/N = 3) and the linear response

upto 10 uM.

. Practical applications like in vitro cellular imaging require the fluorophores to
possess properties like high brightness, excellent photostability and
biocompatibility. To this extent, a new type of thiophene based polymer dots with
improved quantum yields were synthesized by modifying the previously developed
strategy. The synthesized pTh-Pdots were small and highly biocompatible. The
pTh-Pdots suspensions in an organic solvent Dimethylformamide (DMF) show
significant promise for cellular imaging and tracking applications, even at low
working concentrations (5-10 pg/ml). Interestingly the pTh-Pdots nanostructures
show negative solvatochromism, and were utilized to label and differentiate early
endosomes and lysosomes. Their ability to fluoresce different colors in the early
endosomes and lysosomes highlights their promising ability to track the endocytic

pathway in real time.
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4. The pTh-Pdots possess unique surface properties enabling them to exhibit good
therapeutic behavior. Subsequently, water suspensions of the pTh-Pdots were
demonstrated as potent antibacterial agents. With low minimum inhibitory
concentrations, these synthetic antibacterial alternatives showed good activity
against both G(-) bacteria (E. coli - 45 pg/ml, P. aeruginosa -100 pg/ml)) and G(+)
bacteria (S. aureus - 60 pg/ml), even drug resistant strains. Additionally, these
pTh-Pdots demonstrated excellent peroxidase mimicking activity. The synergistic
use of their intrinsic ability to disrupt bacterial membranes and mimic peroxidase
resulted in a dramatic increase in their potency (MIC - 10 ug/ml) against both G(+)

and G(-) strains.

5. Besides modulating their size and surface properties to generate high performace
quantum dots, these m-conjugated nanocarbons intrinsically possess excellent
properties that can be used to enhance electrode performances in bio-power
devices. High performance bioelectrodes for a glucose/O, powered enzymatic
biofuel cell (EBFC) were fabricated by producing composites between two 7-
conjugated carbon allotropes, 1D single-walled carbon nanotubes and CVD grown
freestanding graphene (3D form of the 2D graphene). The novel 3D graphene-
SWCNT-enzyme based bio-electrodes demonstrated a synergistic intergration
between two conjugated carbon allotropes (carbon nanotubes and graphene), to
push the EBFC performance to new limits. With a superb performance due to
extensive electrochemically active surface areas, excellent achoring of enzymes by
SWCNTs, efficient direct electron transfer and superb conductivity, this EBFC
approaches the theoretical limit of open circuit voltage (1.2 V) and a high power

density (2.27 £ 0.11 mW cm™).

6. The different nanomaterials synthesized, their properties and performance have

been summarized in Table 7-1.
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Nanomaterials
Synthesized

Poly (3.4-
ethylenedioxythioph
ene) derived
polymer quantum
dots (PEDOT-
Pdots)

Poly(2,2’-
bithiophene)
derived polymer
quantum dots (pTh-
Pdots)

-DMF suspended
pTh-Pdots

-Water suspended
pTh-Pdots

3D graphene-
SWCNT-enzyme
Bioelectrodes

Properties

Small Size

High Biocompatibility
2+ : .

Hg™ specific sensing

Photoluminiscence

Small Size

High Biocompatibility
Solvatochromic Photoluminiscence
Amphiphillic

Peroxidse mimicking activity
Antibacterial activity

Synergistic effect between
SWCNTs and 3D graphene.
Increased active surface area
Improved direct electron transfer
Electrical connection between the
enzyme centre and electrode
Improved enzyme loading

Performance

Photostability over 3h

Early endosome specific
uptake

Optical sensitivity (0.87 pM,
S/N =3)

DMF-suspended pTh-Pdots
used as fluorophores at
working concentrations.
Tracks the endocytic pathway
over 6h — 24h.

Emits blue in early
endosomes and green in
lysosomes.

Possess antibacterial activity
against E. coliMIC - 45
pg/ml), S. aureus (MIC- 60
pg/ml) and P. aeruginosa
(MIC-100 pg/ml)
Peroxidase mimicking
behavior improves potency.
Kills previously resistant B.
subtiliscMIC-10 pg/ml).

Power density - 2.27 + (.11
mW cm™

Open circuit voltage - ~1.2 V
Stability - ~20% loss over 1
month

Two EBFCs in series can
light up a violet LED.
Produces more power than
10pW requirement of modern
pacemaker.”*

Table 7-1 -Nanomaterials synthesized, their properties and performance

7.2 Outlook

Although this thesis work has been dedicated to developing strategies to generate

nanomaterials with customized physicochemical/surface properties from 1D and 2D n-

conjugated carbons for biomedical applications, multiple challenges still exist before

these materials can be used in clinical settings. Further research is required before

these polymer dots and bio-electrodes can be used in clinical settings:
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1.

While a new strategy for the easy and facile synthesis of small sized polymer dots
has been developed over the course of this thesis work, when taken together with
the limited existing synthesis strategies as discussed in Chapter 2 still highlights
the need for further development of uncomplicated synthesis strategies.
Furthermore, while the yields reported in this work is high; it is still not viable on a

commercial scale or large-scale production.

The as-prepared polymer dots in this thesis, fall within the short wavelength and
are not very favorable for in vivo applications. It is known that the
photoluminescence (PL) emission of the polymer dots is significantly controlled by
the changes in its size and across the conjugated backbone including change in
length, bending, kinking, inter/intrachain packing and so forth. Potential strategies
are required to develop polymer dots with red-shifted PL emission for in vivo
imaging applications. Some strategies for modulating the optical properties of the
polymer dots would involve atomic substitution, addition of functional groups, and

. . 24
modification of the monomers themselves.’*

For example, it has been
demonstrated that surfactants (cationic, anionic etc.) can be used to control PL
emission shifts in conjugated polymers.**® Simultaneous functionalization of
desirable surfactants with the polymer during electrochemical polymerization may
be used generate polymer dots with red-shifted emission. Selecting commercial
monomers with band-gap for polymer dot synthesis may be another modulation
strategy, wherein extending the conjugation lengths during synthesis may result in

widened bang-gaps. Yet another strategy may involve the chemical tuning of the

monomer followed by electropolymerization, then ultrasonication based synthesis.

Another disadvantage of the existing strategies are the difficulties in
functionalization of the polymer dots, which usually involves complex chemical

techniques or utilizing commercial pre-functionalized heavy polymers. While, the
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current synthesis strategy allows for simultaneous functionalization during
synthesis, it is however limited to moieties capable of forming n-n stacks with the
polymer dots or functional groups already present on the polymeric backbone. The
requirement for synthesis methods with quicker and easier functionalization routes
still persists to an extent. Improved functionalization strategies are needed for the
use of polymer dots as cellular imaging probes, optical sensors and antibacterial
agents in clinical settings without compromising their high degrees of sensitivity
and specificity. Simultaneous functionalization with anionic, cationic or other

moieties may be one such approach.

4. As polymer dots are a relatively new generation of synthetic alternatives, further
investigation regarding the utility of various polymer dots in diverse biomedical
settings need to be conducted. It is clear over the course of this work that the
quantum confinement of these polymer dots results them in showing promise for
versatile applications in biomedical settings. Further investigations including
extensive in vivo studies, investigating two-photon properties, developing
application specific polymer dots such as photodynamic therapy agents, drug
delivery vehicles, sensors, trackers and fluorophores are needed in order to realize
their complete potential. Designing structures containing encapsulated conjugated
polymer dots with photosensitizer dyes, anti-cancer drugs and so forth is one such
strategy. Alternatively, selecting specific activity dependent monomer or co-
functionalization of drug or sensitizer moiety to the polymer dot backbone are

some other possible strategies.

The challenges and future development of bioelectrodes for enzymatic biofuel cells for

clinical applications and commercialization are as follows:
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5. Graphene-SWCNTs with their plethora of electrical, electrochemical, physical, and
chemical properties are excellent hybrid electrodes. Furthermore, their high degree
of biocompatibility makes them suitable for implantable medical devices (IMD).
However, an important requirement for EBFC to be used in IMDs is
miniaturization without adversely affecting the power output. Further research
would be required to produce miniaturized bio-power devices with comparable
performances. Extensive investigations are needed in order to reduce the size of the
bioelectrodes while preserving their structural integrity, extensive active surface
area and high power output. In that aspect, doping graphene with polymer
nanoparticles, graphene quantum dots and other 0D structures may generate many
interesting electrochemical properties such as high surface area, catalytic activity

and small sizes.

6. A drawback with EBFCs is the use of enzymes as catalysts leads to enzyme
degradation and storage issues over times. Additionally, surface fouling also results
in electrode deterioration over time. However, a common bottleneck for non-
enzymatic BFCs was the requirement of highly basic environments for glucose
oxidation. This constraint has been overcome in the recent years, by fabricating
composites such as metal oxides (cobalt oxide"')/ graphene hybrids capable of
functioning in non-basic environments. Similarly, an enzymeless mesoporous
silica/rGO/platinum™"’ based in vivo biofuel cell has also been developed. This
becomes especially significant clinically since long-term implantable devices
cannot be replaced repeatedly in short term and should be capable of functioning at
physiological pH. Alternative catalyst materials including metal oxides, platinum
nano-clusters/alloys, polymers nanoparticles, and polymer quantum dots should be
composited with graphene and investigated in order to improve electrode

performance such as electron transfer and mass diffusion.
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Abbreviation
0D

1D

2D

(L

T-T

BMIMBEF,4

DMF
KDa

nm

pNPs
Pdots

QD
SWCNT
Semi-QDs

THF

Appendix II - Common Abbreviations

Expansion

Zero Dimensional
One Dimensional
Two Dimensional
Pi

Pi-Pi

1-n-butyl-3-methylimidazolium
tetrafluoroborate

Dimethylformamide

Kilodaltons

Nanometer

Polymer nanoparticles

Polymer quantum dots/polymer dots
Quantum dots

Single walled carbon nanotubes
Semiconductor quantum dots

Tetrahydrofuran
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Figure 2-1: Schematic representation of various methods of preparation. Reproduced with permission
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permission from Reference **°" > Copyright 2002, Wiley-VCH. Copyright 2010, Wiley-VCH.
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Figure 2-5: Dual Colorimetric and Fluorescent Sensor Based On Semiconducting Polymer Dots for
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Figure 2-6: Self assembled phosphorescent Pdots for dual applications of O, sensing, and
photodynamic therapy. Reproduced with permission from Reference °', Copyright 2016, Wiley-

Figure 2-7: CNT based EBFC - At the anode, glucose is oxidized to gluconolactone, where the
electrons are transferred from the GOX to CNT. Catalase decomposes hydrogen peroxide into
oxygen andwater. At the cathode, electrons are transferred from CNT to laccase
where dioxygen is reduced to water. Reproduced with permission from Reference . Copyright

2011, Nature PubliShing GroUD (NP G). ..coieonerissesssssnsssssessssssssssnsesssssissssssssssssssssssssssssssssssssasssssssssssssanse 46

Figure 2-8: (a) Hydrothermal driven self-assembly of 3D graphene foam. Adapted with permission
from Reference '. Copyright 2015, American Chemical Society. (b) 3D Graphene hydrogel
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by permission from Macmillan Publishers Ltd: Nature Materials Reference "', Copyright 2011,
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Reproduced with permission from Reference *°. Copyright 2016, Published by The Royal Society
of Chemistry. ..... eeRueeR AR iSRS AR R SRR R SRS R SRR R SRS AR AR R0 54
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Figure 3-2: QDs exfoliated from the fibrous electropolymerized PEDOT film are small and uniform
in size. (a) FESEM image of the PEDOT. Inset shows the film surface with a higher-resolution.
(b) AFM image of PEDOT-Pdots. Inset shows the height profile along the indicated line. (c) The
height (thickness) of 152 individual QDs. The indicative horizontal lines are 0.21 nm apart. (d)
HRTEM image of PEDOT-Pdots. The upper inset presents a single PEDOT-Pdot with resolved
crystal lattices. The lower inset gives the FTT diffraction pattern. (e) Diameter distribution of 172
PEDOT-Pdots. (f) The gel electrophoresis of PEDOT-Pdots (1 - fluorescent image under UV, 2 —

bright field image) and protein MATKETS (3). oeoneronseeosersssrnsessssssssssssessssissesssssssssessssssssesssssssssassesssssssssanse 64
Figure 3-3: Spectroscopic characterizations. (a) XPS spectra of PEDOT film (black) and PEDOT-
Pdots (red). (b) High-resolution Cls peak in XPS spectrum of PEDOT-Pdots. Inset shows Nls
peak. (c) High-resolution S2p peak in XPS spectrum of PEDOT-Pdots. (d) Raman spectra of
PEDOT film (black) and PEDOT-Pdots (red). (e) FTIR spectra of BMIMBF, (black), PEDOT-
Pdots (blue — in water; red — in DMF). (f) XRD Spectra of PEDOT Film (black) and PEDOT-
0 o A =T 65
Figure 3-4: Optical characteristics of PEDOT-Pdots. (a) UV-Vis adsorption spectrum of PEDOT-
Pdots in water (black) and DMF (red). (b) And (c) PL spectra of Pdots in DMF and water with

different excitation wavelengths. The insets show the images of the Pdot suspensions under UV. (d)
The photobleaching behavior showing normalized fluorescence of the green Pdots (in DMF), blue

Pdots (in water), and FITC under continuous cOnfoCal iMAZING. .......oowcvveroreroneessseonsirisserissesseesissessnssssssss 67

Figure 3-5: Different isomers of EDOT trimer. The isomers vary by the dihedral angles
[d1(S1C2C354) & d2(S4C5C6S87)]. The figures indicate the conformations of (a) Isomer 1 [d] =
177.9°& d2 = 177.9°], (b) Isomer 2 [d] = 178.2° & d2 = 42.5°], (c¢) Isomer 3 [d] = 43.6° & d2 =

0 R OO 69
Figure 3-6: Photoluminescence excitation spectrum of blue PEDOT-Pdots suspended in water
(emission at 450 nm) and green PEDOT-Pdots suspended in DMF (emission at 533 nm) ............... 70
Figure 3-7: Schematic for electronic transitions Of PEDOT-PAOLS. .......ceoeomeonsironseronsesssrissesissesssssissssnsenns 70

Figure 3-8: Photobleaching studies of the PEDOT-Pdots (blue and greem) using a spectro-
fluorometer. The fluorescence intensities are normalized to the maximum. A LS-55 fluorescence
spectrometer (PerkinElmer) using the inbuilt light source (Xenon lamp) is used. PEDOT-Pdots in
either DMF or water (200 ug/mL) are added in a quartz cuvette for measurements. The
fluorescence intensity over time is recorded continuously at 460 nm (for green QDs in DMF) or
360 nm (for blue QDS il WALET). ..cwoiirvsiirsssisosssisisssssisssissssissssisssssssssssisssssisssssasssssssssssasssssasssssasssssasssssssssssans 71

Figure 3-9: Two-photon characterization of PEDOT-Pdots in DMF: (a) Excitation intensity

dependent PL spectra at an excitation wavelength of 800 nm, using a femtosecond amplified-
pulsed laser with a repetition rate of 1000 Hz and pulse-width of 100 fs'*. (b) Log-log plot of the
PL signals versus excitation intensity. The nearly quadratic excitation intensity dependence of the
PL signals clearly demonstrates the two-photon excitation process’® (c) Photostabilty of the
PEDOT-Pdots in a small droplet under two-photon excitation (800 nm), with a pumping intensity
of 20.1 GW/en’........... L1818 8148411881311 72

Figure 3-10: Cell viability and proliferation assay of PC12 cells incubated with different concentrations
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Figure 3-11: PL (excited at 488 nm) of PEDOT-Pdots in DMF (green curve) and in water (5% original
dispersion in DMF is diluted in Water) (Ted tFACE). ......coevmrroreersserssirinserssseississsessseassesissesssssssssissesssssssssanse 73
Figure 3-12: Confocal imaging of PCI2 cells after 24 h incubation with blue (a) or green (b)
PEDQOT-Pdots. Confocal images with staining of QDs (column 1), endosome marker mRFP-Rab5

(column 2). Column 3 is the merged image of column I and 2. Column 4 shows the bright-field
image of the cells. SCAle DAV = 5 [ M. wererreereeressrssirseerssesserissssssesssssissssassessssesseses cererenesanerannes 74
Figure 3-13: Sensitive and selective optical detection of Hg™" ions. (a) PL of PEDOT-Pdots (200

ug/mL in water) is selectively quenched by Hg'* (100 uM), but not other metal ions at the
concentration (b) The PL emission spectra of PEDOT-Pdots with various concentrations of Hg"*
(c) The relative concentration-dependent fluorescence response of PEDOT-Pdots. Inset shows the
linear response range. The error bars represent the standard deviation of the measurements from
INTCE IOV CNE SAMPIES. ..corireeeeeereiirirsirssrisssssser s sssass s sasse s s s R0 75
Figure 3-14: AFM image of Hg" " -induced PEDOT-PA0t AZZFreGaLes. ...mmmmmmmmmersmmsesmmsessmssesssesssssesssess 76
Figure 4-1: Field-effect scanning electron microscopy (FESEM) of pTh films obtained after (a) 30 min,

(b) 45 min and (b) 60 min electropolymerization of 2,2 -bithiophene monomers. Insets show the
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Figure 4-2: (a) High-resolution TEM image of pTh-Pdots. (b) Diameter distribution (n = 200). (c) AFM
image of pTh-Pdots. Inset shows the height profile along the indicated line. (d) Height distribution

Figure 4-3: (a) Spectra of Fourier transform infrared spectroscopy (FTIR) for pTh-Pdots and
BMIMBF,. (b-d) High-resolution Cls (b), S2p (c), and Nlis (d) X-ray photoelectron spectroscopy
(XPS) SPECIFA Of PTH-PAOLS....cousirsirssirissirissiricssisisssisisssisisssisississsssssssssssssssssssssasssssasssssasssssasssssasssssasssssasssssasss 84

Figure 4-4: (a) UV-Vis spectra of pTh-Pdots in DMF and pTh-Pdots in water. Inset shows the optical

images with UV illumination at 365 nm. (b) PL emission spectra of pTh-Pdots in DMF at different
excitation wavelengths. (c¢) PL emission spectra of pTh-Pdots in water, (d) Photo-bleaching of

FITC dye molecules and pTh-Pdots under confocal iMAZING. ......cconecvmerosseroneersssessirissessssssssssssessnssssssss 85

Figure 4-5: PL excitation spectra of pTh-Pdots in DMF (emission at 530 nm) and pTh-Pdots in water
(emission at 435 nm), respectively. Inset shows the brightfield images of pTh-Pdots in DMF and

water, respectively.... eeRueE AR A SRS R SRR R R R SRR RS AR AR AR5 86

Figure 4-6: (a) PL intensity of pTh-Pdots suspended in solvents with varying polarity. (b) Linear

relationship between PL emission peak and relative pOATitY.170. ... comscorossseessssssersssssessisssseenss 87
Figure 4-7: (a) PL of pTh-Pdots in water, pTh-Pdots in DMF, and DMF suspension of pTh-Pdots
(10%) diluted in water (90%). (b) PL of DMF suspension of pTh-Pdots (50%) diluted in water
(5090 cooeevveerreiriseeeeersiissssssseesseassssssssessesssssessssssssssssssssssssssssss s sssssss a5 8 888444 8445 88

Figure 4-8: MTT assay of HelLa cells after overnight incubation with pTh-Pdots at various

concentrations.. . T 88

Figure 4-9: Confocal imaging of HeLa cells incubated with pTh-Pdots (water stock diluted in cell
medium to 50 ug/ml) for 3 h, and co-localization study with lysosome marker (LysoTracker
Red). ............ N cerserensesennens 89

Figure 4-10: Confocal imaging of HelLa cells incubated with pTh-Pdots (DMF stock diluted in cell

medium to 5 ug/ml) for 1 and 3 h, respectively. (a) Co-localization with early endosome marker
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(mRFP-Rab5). (b) Co-localization with lysosome marker (LysoTracker Red). (c) Schematic for

endocytosis uptake of pTh-Pdots. SCAle DAV = 10 UM .ccereereersserssirnsirssessirssessseassesissessssssssssissesssssssssanse 90
Figure 4-11: Confocal imaging of HeLa cells incubated with pTh-Pdots (DMF stock diluted in cell
medium to 5 ug/ml) for 6 h and 24 h, and co-localization study with lysosome marker
(LysoTracker Red). (Scale Dar = 10 M) ..iniesnsirsssiricssissssiissssssssssssssssssssssasssssasssssassssssssssasssssasssssasss 91

Figure 4-12: (a) PL spectra of Pluronic F127 polymer and pTh-Pdots encapsulated by Pluronic F127,
excited at 340 or 440 nm. (b) PL spectra of DPPC liposomes and liposomes incorporated with
pTh-Pdots (originally stocked in DMF). (c) Confocal fluorescence image (left) and bright-field
image (right) of a water droplet containing pTh-Pdots incorporated liposomes. The borderline
between the droplet and the dry glass coverslip can be clearly seen in the bright-field image
(bright line). In the fluorescence image, it is seen that liposomes are more concentrated at the
edge. (SCALE DAT = 100 UM ).cuucerrreerisnscerissssiesissssessissssessissssessisssssssisssssssisssssssssssssssassssssssssssssssssessasssssssssssosss 92

Figure 5-1: Antibacterial activity of pTh-Pdots. (a) Viability test against G(+) and G(-) bacteria with
100 ug/ml pTh-Pdots. (b) Dose dependent effect of pTh-Pdots against G(+) and G(-) bacteria. (c)

Viability test of Ampicilin-resistant E. coli treated with ampicillin, kanamycin and pTh-Pdots (all
at 100 ug/ml). (d) MTT Assay of rat fibroblasts after overnight incubation with pTh-Pdots at
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Figure 5-2: The influence of BMIMBF, (0.5 mg/mL) to E. coli growth. The average and standard
deviation are obtained from 3 independent eXPeriments. .......reesomscssinssssmssesssssessassesss 99
Figure 5-3: (a) Absorption spectra of the mixture of 10 ug/ml pTh-Pdots, 0.25 mM H,0; and 0.6 mM
3,3" 5,5 -Tetramethylbenzidine (TMB) with various reaction durations (0 — 30 min). TMB is a

commonly used reporter for peroxidase activity (upon oxidation by hydroxyl radicals, it turns blue
and increases absorbance at 650 nm). The photographs in the inset shows that TMB turns into
blue in the presence of both H,O, and TMB (30-min reaction). (b) Absorbance (at 650 nm) of 0.6
mM TMB (as the indicator of peroxidase activity) at various reaction durations, in the presence of
0.25 mM H,0;, or 10 ug/ml GOD + 0.25 mM H>0,, or 10 ug/ml GOD + 0.25 mM H,0,. .......... 100
Figure 5-4: Viability Tests of E. coli (a) and B. subtillis (a) treated with H,0, at different
concentrations with or without pTh-Pdots (10 UG/ML). ...eoveeoneeeoreersnsrnssrinscrsseenns e 101

Figure 5-5: Fluorescence images with Live/Dead dye staining (a) and FESEM images of E. coli cells
(b) without (left column) or with (right column) incubation of pTh-Pdots (100 ug) for 2 h.... 102
Figure 6-1: (a) The engineering drawing of the biofuel cell. (b) A 3D view of the biofuel cell. Inset
shows the schematic drawing of the electrode. (c) The optical image of the working biofuel cell.
Inset shows the optical image of the eleCtrOde. ... oiroreossessirsserissersssrssisissesssseassenas .. 108
Figure 6-2: FESEM images of (a) bare 3D graphene and (b) 3D graphene-SWCNT hybrid. Each inset

shows the surface of the skeleton at a large magnification. (c) Raman spectra of (i) 3D graphene,
(ii) SWCNT and (iii)) 3D graphene-SWCNT hybrid. (d) FTIR of SWCNT. Contact angle
measurements of (e) 3D graphene and (f) 3D graphene-SWCNT hybrid. ......eoeeoveeoneeonsercnsersnernnnns 109
Figure 6-3: (a) The open circuit potential of (i) the 3D graphene-GOD anode and (ii) 3D graphene-
SWCNT-GOD anode in pH 5.0 electrolyte solution containing 30 mM glucose. (b) The CVs of (i)
3D graphene electrode, (ii) 3D graphene-GOD electrode, (iii) 3D graphene-SWCNT hybrid
electrode and (iv) 3D graphene-SWCNT-GOD hybrid electrode in pH 5.0 electrolyte solution. (v)
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3D graphene-SWCNT-GOD hybrid electrode in pH 5.0 electrolyte solution containing 1 mM

glucose... eRue AR R SRR R R ER SRS RS R R AR R e 110
Figure 6-4: FESEM images of (a) 3D graphene-GOD electrode, (b) 3D graphene-SWCNT-GOD

electrode, (c) 3D graphene-laccase electrode, and (d) 3D graphene-SWCNT-laccase electrode.
Scale bar = 1 um........ N e 112

Figure 6-5: (a) The CVs of the 3D graphene electrode in pH 5.0 electrolyte solution, (i) without glucose
and (ii) containing 1 mM glucose; 3D graphene-SWCNT electrode in pH 5.0 electrolyte solution,
(iii) without glucose and (iv) containing I mM glucose. (b) The CVs of 3D graphene-GOD
electrode in pH 5.0 electrolyte solution, (i) without glucose and (ii) containing 1 mM glucose... 113
Figure 6-6: (a) CVs of the 3D graphene-SWCNT-GOD hybrid electrode at different scan rates: (i) 1 mV
s (i) 5mV s, (i) 10 mV's™, (iv) 20mV s, (v) 40 mV s, (vi) 50 mV 57, (vii) 60 mV 57, (viii) 80
mV s, and (ix) 100 mV s”'. (b) Redox peak currents versus scan rates from 1 mV s to 700 mV s™.
................................. .. 114
Figure 6-7: CV of the 3D graphene-SWCNT-GOD electrode at the scan rate of 1 mV s ..weeweeerseen 114
Figure 6-8: (a) CVs of the 3D graphene-SWCNT-GOD electrode in electrolyte solution with different
pH values of (i) 4.95, (ii) 6.14, (iii) 6.86, and (iv) 7.70 at the scan rate of 50 mV s'L. (b) Formal
potential (E?) versus pH... RS S R . 115

Figure 6-9: (a) The open circuit potential (measured in pH 5.0 electrolyte solution saturated with O,) of
(i) 3D graphene-laccase cathode and (ii) 3D graphene-SWCNT-laccase cathode, and (iii) 3D
graphene-SWCNT-laccase cathode (with 0.5 mM ABTS). (b) The CVs of (i) 3D graphene-laccase
electrode (solution with saturated N,), (ii) 3D graphene-SWCNT hybrid electrode (solution with
saturated N,), (iii) 3D graphene-SWCNT-laccase hybrid electrode (solution with saturated N,),
(iv) 3D graphene-SWCNT-laccase hybrid electrode (solution saturated with N, and containing 0.5
mM ABTS) and (v) 3D graphene-SWCNT-laccase hybrid electrode (solution saturated with O, and
containing 0.5 mM ABTS). (c) lllustration of electron transfer pathWays. ......ooerosseosseinsens 116

Figure 6-10: (a) CVs of the 3D graphene-SWCNT-laccase hybrid electrode at different scan rates: (i)
10 mV 57 (i) 20 mV 57, (iii) 40 mV s, (iv) 80 mV s, (v) 100 mV s, and (vi) 200 mV s, (b)

Redox peak currents versus scan rates from 20 mV s™ to 500 mV s ... w117

Figure 6-11: (a) The CVs of the 3D graphene electrode in pH 5.0 electrolyte solution, (i) saturated with
N, and (ii) saturated with O 3D graphene-SWCNT electrode in pH 5.0 electrolyte solution, (iii)
saturated with N, and (iv) saturated with O,. (b) The CVs of 3D graphene-laccase electrode in pH
5.0 electrolyte solution, (i) saturated with N, and (ii) saturated With Oj. ....ooevonseonseronsersnernnnns 117

Figure 6-12: (a) The open circuit voltage from one cell over 30 days. Inset: the open circuit voltages
from (i) single EBFC, (ii) double EBFCs, and (iii) triple EBFCs in series. (b) Polarization curve
and power output curve of the EBFC. (c) The maximum power output of the EBFC with different
glucose concentrations. (d) A violet LED powered by three EBFCS il SEFIES. ..ocnironeernseseerinserseenns 120
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