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ABSTRACT

It is a commendable journey of human race to the ‘age of super computers’ from calculators,
which were once regarded as ‘big thing’. One cannot debate over ‘integration of novel materials and
techniques’ being a significant factor in achieving such a giant technological leap. In the
contemporary age, sublime developments in science and technology are contributing to the
staggering growth of innovations. There are great endeavours for generating novel materials and
methods to construct devices of potential use. Prudent interest is judiciously invested towards ‘small’
dimension materials to achieve ‘the next big thing’ in the world of devices. This may well be said as
materials at the nanoscale dimensions are promising due to their versatile at the same time unique
physical and chemical properties. The essence of nanotechnology is to utilize the fundamental
knowledge associated with the intriguing properties prevailing at these dimensions. Hence, through
effective design strategies properties at these ‘small’ dimensions prove to be vital in development

and transformation of next generation devices and systems.

The current dissertation has been directed towards engineering devices through effective
integration of nanomaterials and thereby, use of their physico-chemical attributes. In particular,
salient features like catalytic, magnetic, plasmonic and luminescence nature of nanoscale materials
developed through bottom-up approach of chemical synthetic routes were availed to accomplish
devices with on-board intelligence and clinical importance. A device with the ability to generate
electrical energy from autonomous motion of microbots was engineered. Intelligent systems capable
of decision making in the liquid media were developed. For disease diagnostics, a bench top device
was constructed to perform polymerase chain reaction and array based gene and protein analyses.
Another device for photodynamic therapy and optical based detection was achieved. These
nanotechnology oriented devices indicate greater prospects and encourage further investigations to

achieve other major technological leaps.

Sailapu Sunil Kumar

September 2016

TH-1830_11615301



CONTENTS

Abbreviations

Surface Plasmon Resonance

Functional
NPT PSS I Luminescence

[\ Catalysis
0,) H,0,

Developing devices using properties of nanoscale
materials....

Chapter 2: Induction of Electromotive Force by

AB-1
Chapter 1: Introduction 1-1
1.1 | Fabrication of Nanomaterials 1-1
1.2 | Functional Attributes of Nanomaterials 1-2
1.3 | Technological Advancement 1-3
1.4 | Autonomous Motion of Micro/Nano bots 1-3
1.5 | Decisive Logic Systems and Sensors 1-8
1.6 | Medical Devices 1-10
1.7 | Opportunities and Challenges 1-12
1.8 | References 1-13

Autonomously Moving Magnetic Bot 2-1

2.1 | Autonomous Signal Generator 2-2

2.2 | Autonomous Triggering Device 2-5

2.3 | Theoretical Deductions 2-6

2.4 | Concluding Remarks 2-8

2.5 | References 2-9

Appendix A A-1

A.1 | Movies A-1

A.2 | Figures A-2

A.3 | Design and Characterization of the Bot A-4

A.4 | Reaction Kinetics and Efficiency Calculations A-6 G(.eneratio-n ch e_mf frorT1 autonomous motion of
A5 | References A microbot in liquid media....

I Gidic 10 Basic (ph)

Logical implementation and sensing with
nanoscale materials....

TH-1830_11615301

Chapter 3: Hierarchical Logic Structures Based on

Responsive Luminescent Gold Nanoclusters 31
3.1 | Sensing with Au NCs 3-2
3.2 | Logic Systems with Au NCs 3-5
3.3 | Concluding Remarks 3-8
3.4 | References 3-9
Appendix B B-1
B.1 | Figures B-1
B.2 | Synthesis and Characterization of Au NCs B-2
B.3 | References B-3



CONTENTS

Chapter 4: A Device with Integrated Methods for Gene

Expression Analyses

4.1 | Description of the Device

4.2 | Reverse Transcriptase Polymerase Chain Reaction 4-7

4.3 | Array based Gene Expression Studies
4.4 | Concluding Remarks

4.5 | References

Appendix C

C.1 | Figures

C.2 | Experimental Procedures

Phototransistor

Phototransistor

——— —-'j
LDH Assay

LED

O*_O?O!O!O!“’ZQ

Device for PDT and colorimetric assays like MTT and
LDH....

Chapter 6: Perspectives on the Future of Work

Publications and Patents
Vitae

Permissions

TH-1830_11615301

4-1

4-3

4-9
4-10
4-11

C-1

C-1 Device and methods to carry out RT-PCR and array

C-4  basedanalysis....

Chapter 5: LED based Photodynamic Therapy and

Colorimetric Assays on Portable Device 541
5.1 | Description of the Device 5-3
5.2 | Singlet Oxygen Generation with Ag NRs 5-5
5.3 | Combinatorial Therapy with Ag NPs 5-6
5.4 | Concluding Remarks 5-8
5.5 | References 5-9
Appendix D D-1
D.1 | Synthesis and Characterization of Ag NRs D-1
D.2 | Experimental Procedures D-2
D.3 | References D-3
6-1

PP-1

V-1

P-1



Abbreviations

ATP: Adenosine triphosphate
AAS: Atomic absorption spectroscopy

BSA: Bovine serum albumin

CNT: Carbon nanotube
CTAB: Cetyl trimethylammonium bromide

DMSO: Dimethyl sulfoxide
DOX: Doxorubicin
DPBF: 1, 3 — diphenylizobenzofuran

EMF: Electromotive force
EDX: Energy dispersive X-ray
EtBr: Ethidium bromide

FET: Field-effect transistor

FESEM: Field emission scanning electron
microscope

F1-ATPase: Fl-adenosine triphosphate synthase

GMR: Giant magnetoresistance

GUI: Graphical user interface

HRTEM: High resolution transmission electron
microscope

LDH: Lactate dehydrogenase
LED: Light emitting diode

LSPR: Localized surface plasmon resonance

MEMS: Micro electro mechanical systems
MPA: Mercaptopropionic acid
MRI: Magnetic resonance imaging

MTT: [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]

NEMS: Nano-electro-mechanical systems
NPs: Nanoparticles

NCs: Nanoclusters

TH-A830L 1168580k viATIONS

PDT: Photodynamic therapy
PEG: Polyethylene glycol
PWM: Pulse width modulation

PID: Proportional-integral-derivative

ROI: Region of interest

SAED: Selected area electron diffraction
SAW: Surface acoustic wave

SDS: Sodium dodecyl sulphate

SPR: Surface plasmon resonance

SSC: Saline sodium citrate

SWG: Standard wire gauge

TEM: Transmission electron microscope

XRD: X-ray diffraction



INTRODUCTION

Chapter 1

Introduction

ABSTRACT

Nanotechnology offers tools and materials (with unique and diverse physicochemical properties) which are of
immense importance for technological advancement. The initial developments in fields like intelligent systems

and healthcare devices exhibit their potential to design and develop next generation devices.

T echnological advancement is largely driven through device miniaturization, cost reduction,
less energy and material consumptions, increased sensitivity and selectivity. The fusion of
diverse methodologies and novel materials are essential to develop innovative devices and hence,
stays as the main focus of rapidly progressing multidisciplinary research. In this regard, materials at
the nanoscale dimensions are promising due to their versatile at the same time unique physical and
chemical properties.[! These sublime features which differ considerably from the atoms as well as
bulk materials could be favourably exploited for construction of efficient devices targeted for various
applications. Though, mankind had prior knowledge of these nanoscale materials, only with the
growth in instrumentation and synthetic approaches, the underlying realm was better unravelled and
identified with potential utilization in constructing devices. Also, with many biological process
occurring in this size realm, pursuing further research is beneficial in understanding various natural
happenings and thus presents an opportunity to either transcribe or coordinate in architecting novel
systems. Hence, through effective design strategies, the attainment of desired properties from these
tailored nanomaterials could well prove to be vital in the development and transformation of next

generation devices with significant real-world impacts.

1.1 | Fabrication of Nanomaterials

The eventual functionality of the developed device is dependent on the physical and chemical
properties of the involved nanostructures. Properties of nanoscale materials are heavily reliant on
their composition, dimension and morphology.!'-?! The ability to tailor these attributes in a way to
obtain desired properties is what makes research at these scales fascinating with ample opportunities
to engineer novel systems. Hence, fabrication of these nanomaterials is a crucial step which

ultimately dictates the overall performance of the device and its further applications.

Although nanostructures can be developed in several ways, the fabrication methods are broadly
classified into either ‘top down’ or ‘bottom up’ approaches.*** In top down approach of fabrication,
the bulk material is reduced/reformed to desired nanostructures as shown in Figure 1.1 with the help
of precisely controlled nanofabrication tools.[ Lithography techniques, mechanical attrition (ball
milling), etching etc., are some of the major tools that result in nanostructures through top down

approach.®! By far, top down approaches had been the core ingredient in electronic industry as well
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INTRODUCTION

as in development of MEMS (micro -electro
Top Down Approaches /N

mechanical systems) technology. However, with the
¢ Mechanical Attrition §

« Lithography feature size in silicon industry reaching physical
limits, the road ahead seems daunting.l®! Factors like
high cost, limited access, resolution issues and
exposure of substrates to high temperature, high-

energy radiations and corrosive etchants; are notable

limitations in this approach.

Nanomaterials \0 \A
(At least one dimension 0000 The other approach, i.e., bottom up method of
g 9@ . .
of the order 10> m) A @ fabrication develops nanostructures through

systemic organization and assembly of atoms,

!
Bottom & &

Up & Clusters molecules and even nanomaterials. Highly

controlled chemical synthetic routes, deposition

°__0

techniques, self-assembly etc., are often used in
Bottom Up Approaches :Xo" Atoms ques, y ’
° y 3 .
+ Chemical Synthesis o bottom up fabrication of complex architectures. This
* Self Assembly ‘Assemble’ style of using building blocks to achieve desired
building
blocks configurations is highly promising as it offers

Figure 1.1. Fabrication of nanomaterials. Scheme el e cryillographic
illustrates the bottom up and top down damage, homogenous chemical composition,
approaches in formulating nanostructures. achieve small dimension structures close to atoms
and no waste or unused materials.”: 31 Bottom up approaches are still at a nascent stage of
development and the objects are not mass producible like in the silicon technology. However,
considering each of their significances, a strategic combination of both these approaches i.e., ‘hybrid

methods’ could result in desired outputs.!

1.2 | Functional Attributes of Nanomaterials

The tenacious curiosity in these materials with size regime of 1-100 nm (in atleast one dimension) is
primarily due to their diverse physical and chemical properties (Figure 1.2) tuneable with parameters
like shape, size, composition etc., As mentioned earlier, these properties are different from those of
atoms or bulk materials and occur as a result of factors like new quantum effects, high surface energy,

large surface to volume ratio etc.,

For example, metal particles at the nanoscale domain become very much chemically reactive due
to high percentage of interfacial atoms resulting in dominant surface dependent properties."- ¢ Novel
properties like SPR,!” luminescence!® appear in metal nanoparticles (NPs) tuneable to size and shape;
a behaviour that isn’t observed in their bulk counterparts.””) The modulations that arise in electronic
structures and charge carrier densities of semiconductor nanomaterials like quantum dots result in

superior optical properties. Electrically important materials like carbon nanotubes (CNTs) and
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graphene possess conductive properties subject to

Surface Plasmon Resonance

orientation, area of cross-section, shear force

10]

etc.,'” Nanomaterials also result in superior

mechanical properties like tensile strength,

Funetional
BT D 9ab Il Luminescence

hardness, elasticity, etc., Further, effects like

giant magnetoresistance (GMR),

superparamagnetism are very much noticeable n Catalysis

features of magnetic NPs.['!! Tt is also important 0,) 1,0,

to understand that these properties are further ) )
Figure 1.2. Properties of nanomaterials. Scheme

affected by and can be altered using external jjystrates some salient properties of materials at

agents like chemical molecules, electromagnetic nanoscale dimensions.

fields, mechanical and other physical forces. Hence, as it goes with the famous visionary saying of

Richard P. Feynman, “There is plenty of room at the bottom” and one needs to exploit this true

potential of these fundamental properties to build efficient systems.

1.3 | Technological Advancement

Being a highly multidisciplinary field of research, nanotechnology marked its impact in almost every
arena of science and technology. To identify, some areas of potential importance for device
development include robotics, intelligent systems and clinical devices where significant results

obtained in the past few decades promises transformation into technology.

Ever since the challenge by Richard P. Feynman!'?! in his Caltech speech to create a motor
“smaller than one-sixty fourth of an inch”, the interest in researchers to develop autonomous
nanopropellers with on-board intelligence grew substantially.!'! Also, fabrication of intelligent
systems like logic devices at lengths close to tens of atoms push the limits of feature size in
devices."" To achieve such a feat, chemically assembled (or bottom-up) configurations offer bright
prospects in the fabrication of electronic devices and circuits. Further, the powerful “tuneable”
attributes of nanomaterials (as a result of quantum effects) and their ability to function in tandem
with biomolecules expands the scope of application in bio-related areas!'*! and could well result in

devices of clinical importance.

1.4 | Autonomous Motion of Micro/Nano bots

The fascinating journey of nano-bots started with the intuition to perform astonishing tasks as they
were portrayed in science fiction. However, in reality, the ability to precisely control the motion of
micro- and nano structures is very much challenging due to issues arising from scaling laws, fluid
dynamics, stability etc., In contrary to traditional approach in MEMS/NEMS (nano-electro-
mechanical systems) to deform and move structures over defined small distances, researchers need
to attain the task of fabricating synthetic propellers capable of self-propelling over long distances

and must possess on board intelligence to react and carry out complex tasks when commanded
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INTRODUCTION

externally or internally. Such an achievement would result in ability to build complex systems and
devices for real-time reconfiguration of electronics, optimization of computing power, delivering

medicine, destroying toxic materials, targeted therapy, repairing of biological components,

13, 16]

harvesting energy, operating over body parts, delivering payload etc.,!

1.4.1 | Biological Motors

Research in motion of nanoscale structures is largely
inspired by a wide variety of natural prevailing biological
machines perfected over centuries of evolution. They carry
complex tasks like cell division, intercellular transport,
signal transmission, contraction of muscles etc., at high

degrees of efficiencies.

Biological motors are capable of achieving rotational
and linear motion through harnessing energy available in
their vicinities cyclically as shown in Figure 1.3. For
example, the conformational change in F; motor induced
through the rotation of F, ring and the central stalk as a

result of flow of protons results in catalytic formation of S FEEEEEEEE

ATP (adenosine triphosphate) by rotary engine FoFi- Figure 1.3. Biomotors. (a) Rotatory motion
ATP.!"7 Also, through the hydrolysis of ATP, the motor can ©f FoF1-ATPase motor.1’! (b) Linear motion
of kinesin and dynein motor proteins.[*?

perform reverse action by pumping back the protons. . . o
(Reprinted with permission from John

The family of linear-motion biomotors constitutes Wiley and Sons [17]; Reprinted from [18],

. . . L . gy . copyright 2003, with permission from
kinesin, dynein, and myosin proteins. These exhibit motion ‘| py.lg) Wi permiss

sevier
in discrete steps along paths made of protein polymers by

expending ATP molecules.'®!

1.4.2 | Hybrid nanomotors - Bionanomachines

Highly evolved motor proteins like kinesin operate with efficiencies beyond 50 % which makes
biomotors extremely efficient and are regarded as model systems.["”! Inorder to exploit these
biomotors in technological context, conjugation of artificial and biological structures had been made.
Motor proteins like, F1-adenosine triphosphate synthase (F1-ATPase) has been engineered to rotate
micron-sized nickel propellers when fuelled by ATP.2% Motor protein like kinesin had been used to

transport chemical payloads along microtubules in the cell (Figure 1.4).1!

Here, it is important to understand that these motors still rely on specific biological fuels and
conditions. However, it may not be a viable option to create such an environment every single time
to construct devices for different applications. Also, the composition of the biological environment

created artificially should be almost identical with naturally existing situations which otherwise

TH-188Q 11645304 r 1



INTRODUCTION

would not result in desired motion of the motors. The dominant physical forces arising due to design
constraints in devices also affect the functionality of biological motors and may in turn result in

reduced or loss of activity.[!3 16]

¢  Biotin
_B 30 Streptavidin
DNA "' ¥ Kinesin
NV

Figure 1.4. Hybrid motors. Kinesin motor propelling microtubules with DNA as cargo.?* (Reprinted with
permission from [21]. Copyright 2003, American Chemical Society)

1.4.3 | Synthetic Motors

Due to enormous complexities involved in employing biomotors (discussed earlier), researchers
started to explore ways to create synthetic motors capable of achieving autonomous motion from
simple liquid or surface based reactions. However, there lies certain hurdles!'®! in developing these
artificial nano/micro motors which are to be dealt with. Motors at such small dimensions would
possess larger exposed surface area leading to asymmetric reactions causing random trajectories.
High viscous drag compared to their inertial forces (at extremely low Reynolds numbers) cause
hindrances to the motion. Also, stability issues arise due to dominant van der Waals forces of
attraction at smaller Debye lengths and close particle distances. Hence, the above issues must be
taken into consideration while formulating the design strategies inorder to achieve efficient synthetic

motors.

a H,0, 2H* + 2e + H,0, b HBrO+2e+H* _Fluid Flow, Electron

fluid flow — 2 Oo Moving m
(2]
ﬁo irection
HOHG e = °w.
Ty Y

2H* +2e +0, 2H,0 |)f2e.. Fluid Flow, Electron

... Moving MeeSS—G———

LX) PRy .
... ToTTTooos Direction ﬂ
=— &

Dead-end

Figure 1.5. Phoretic Propulsion. (a) Electrophoretic Propulsion of bimetallic nanorod in H202.1%! (b) Enhanced
propulsion achieved with CNTs incorporated in Pt-Au bimetallic motor.* (c) Propulsion of bimetallic motor in
Bry, I2 solution.? (d) Charged particles motion in and out of dead end pores.?® (Reprinted with permission
from John Wiley and Sons [16]; Reprinted with permission from [24], [25] and [28]. Copyright 2011, 2008 and
2015, American Chemical Society)
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The early achievement of motors had resulted from self-assembly of inorganic structures.!*?
Asymmetrically shaped macroscale plates of polydimethylsiloxane coated with platinum on a small
area and endowed with hydrophilic and hydrophobic regions were propelled in aqueous solution of
H,O, through the surface-catalysed evolution of O, by platinum. Since then, nanomotors of various
kinds were demonstrated through different propulsion mechanisms. Self-electrophoretic motors,
driven by an electric field generated across the motor in a fluid was demonstrated by Mallouk and
Sen in 2004 (Figure 1.5a).%*! Their motor was made of bimetallic nanorod (Pt at one end, Au at other
end). These motors self-propelled at 5-10 pm s in aqueous H,O,, through asymmetric
decomposition, where the platinum oxidized H,O; and the gold reduced it. Thereby, a proton gradient
along the axis of the microrod in solution was achieved resulting in the negatively charged microrod
moving towards the proton-rich region of the solution. Later, Sen’s group developed another highly
efficient, bubble-free, bimetallic Cu-Pt nanomotor that can self-propel in Br, or I, solution (Figure
1.5b).2Y Wang’s group improved the speed and power of the bimetallic motor (Pt-Au) by
incorporating CNTs into the Pt segment of catalytic nanowire motors (Figure 1.5¢).1** Further, their
group even achieved speeds over 100 um s with Ag - Au alloy bimetallic nanomotors.*®! Rotational
autonomous motion in aqueous H,O, was demonstrated by Ozin and co-workers with bimetallic
nanorods (Ni-Au).?”! Recently, motion of charged particles in and out of dead end pores had been
demonstrated in the presence of an electrolyte concentration gradient involving

diffusiophoretic/osmotic mechanism (Figure 1.5d).1*

a b
=> ' Ha ~ /H\ n
—— k ‘ - - Mg
\\& ‘f’—;"’, h’
- - --._,_. Ci. R
v
. Na®  sea Water

Mg+ 2H,0 — H, + Mg(OH),

2Al + 6 H,0 —= 3H, + 2AI(OH),

Figure 1.6. Bubble Propulsion. (a) Propulsion of nanotools capable of drilling applications.®" (b) Janus motors
propulsion in sea water.?3 (c) Janus motors capable of propelling in water.®¥ (Reproduced from [33] with
permission of The Royal Society of Chemistry; Reprinted with permission from [31], [34]. Copyright 2012, 2012,
American Chemical Society)

Another common propulsion mechanism in micro/nano motors is bubble propulsion through the

recoil thrust caused by the gas bubble. Tubular micromotors based on rolled up structures and
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lithographically patterned with Au and Pt were shown to propel through oxygen bubbles generated

(291 Self-propulsion of Ti/Fe/Pt rolled-up microtubes was also

from the decomposition of H,O».
demonstrated with capabilities of being controlled by magnetic field to perform selective loading,
transportation, and delivery of microscale objects.?) Also, InGaAs/GaAs/(Cr)Pt tubes were
autonomously propelled using bubble propulsion mechanism and were remotely guided to drill and
embed into biomaterials (Figure 1.6a).°!! Tubular micromotors composed of rolled-up functional
nanomembranes consisting of Fe/Pt bilayers were self-propelled in H>O, for degrading organic
pollutants in water.*?! Fuels other than H>O, were also used to achieve bubble propulsion based
micro/nano motors. Janus micromotors based on Mg NPs were shown to be propelled through
hydrogen bubbles in sea water.l**! These motors were also magnetically controlled by incorporation
of Ni and promises application in environmental oil remediation (Figure 1.6b). Water (ultrapure) -
driven Janus micromotor (Al - Ga/Ti binary alloy) through ejection of hydrogen bubbles was
demonstrated to move efficiently in different biological media (e.g., human serum) as shown in

Figure 1.6¢.%

a
decreasing flow velocity
it: Rhodamine 6G
iz: DI water
is: DI water
ulh 180
b US Off US On

Figure 1.7. (a) Chemotaxis of microjets and janus micromotors in microfluidic device.** (b) Schooling behaviour
of nanorods using ultrasound.®® (c) Autonomous engine driven by evaporation with bacterial spores.[%
(Reprinted with permission from John Wiley and Sons [35]; Reprinted with permission from [38]. Copyright
2015, American Chemical Society; Reprinted with permission from Nature Publishing Group [39])
Chemotaxis is a phenomenon where the motion of the motor is driven towards (or away from) the
source of signalling chemical gradients or molecules or particles. Catalytic Ti/Pt microjets and janus
micromotors were shown to exhibit this behaviour by propelling towards high concentrations of H,O»
in a microfluidic device (Figure 1.72).1>>) Pt-Au rods (2 um long) were also shown to exhibit directed
movement toward higher H,O, concentrations.*®) Autonomous motors in addition to showcasing
chemotactic behaviour, exhibit collective dynamic patterns (chemotactic migration) in response to
chemical and physical signals by nearby active swimmers. Micrometer-sized AgCl particles were

shown to secrete chemicals (ions) as it propels in water through self-diffusiophoresis under UV
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INTRODUCTION

illumination. Other particles in the vicinity responded by ‘schooling’ thus resulting in higher particle
concentrations.*” Also, similar effect through acoustic field application was achieved where self-
propelling Pt-Au nanowire motors (diameter: 200 nm, length: 2 pm) in H,O, migration towards
pressure nodes (Figure 1.7b).3% Further, recent works on autonomously driven macroscale
evaporation-driven engines with bacterial spores strongly suggest device construction possibilities

employing micro/nano motors (Figure 1.7¢).1*"

1.5 | Decisive Logic Systems and Sensors

Intelligent systems are capable of prompt decision making by responding to various forms of stimuli.
These are very common in silicon based electronics in the form of logical devices and sensors.
However, with feature size of microchips decreasing drastically to physical limits and also issues in
other physical parameters led to pursue alternative paths.””! Most of these attempts were targeted to
fabricate devices on the nanometer-length scale. Molecular logic device and sensors are such
promising objects, where molecules function as the key elements in decision making and
computational devices. The core idea in the molecular logic systems is to process input data given in
the form physical and chemical signals through molecules and their inherent chemical
transformations to result the output through means of physical (like in terms of light) and chemical
signals.*!! This approach gives a possibility to achieve small feature size, deal with quantum effects,
specific organization and integrated functionality. Molecular logic devices offer advantages like no
physical connections (if communication is carried in terms of light) and flexible variation of the input
and/or output reading. Currently, the focus has been directed to fabricate molecular building blocks
to emulate functions of semiconductor based computing and also to project their applications in areas

such as medical diagnostics, smart materials, sensing etc.,
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Figure 1.8. (a) INHIBIT logic achieved with organic molecule and ions as inputs.% (b) OR logic implementation

with circular DNA.3 (Reprinted with permission from [50], [53]. Copyright 2004, 2010, American Chemical
Society)

The idea of using molecules for achieving logic gate operation was initiated by A. P. de Silva et.
al.,l*”] By using organic molecules, they developed AND logic operation with protons and sodium
ions as chemical inputs with output signal as fluorescence. Since then, several organic molecules
were employed to achieve basic gates, half adder, half subtractor, multiplexer, demultiplexer,

encoder, decoder, keypad, reversible lock, boolean and fuzzy logic, sequential logic, parity checker
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with varieties of inputs such as ions, chemicals, light and output measured in terms of luminescence,
absorbance, singlet oxygen generation etc.,-!1 Also, several decision making systems were
developed by exploiting the activity of several biological moieties.’>551 A couple of logic

implementation mention above were shown in Figure 1.8.
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Figure 1.9. (a, b) Colorimetric implementation of AND logic based on Au NPs with ions as inputs.>”> (c) NAND
logic for nitrite detection using luminescent Au NCs.[®¥ (d) Multiple logic gates using fluorescent Ag NCs.[?
(Reprinted with permission from John Wiley and Sons [57]; Reproduced from [61] with permission of The Royal
Society of Chemistry; Reprinted with permission from [58], [62]. Copyright 2013, 2011, American Chemical
Society)

Optical based reading in terms of luminescence and absorbance had been widely employed in
molecular logic systems as they offer the fastest mode of communication along with no physical
connections. Nanomaterials exhibit “tuneable” optical properties like luminescence and SPR with
various physicochemical perturbations. These materials offer advantages like high absorption
extinction coefficients, high sensitivity, good solubility, high luminescence, low photoblinking, less
photobleaching, wide ranges of absorbance and emissions, large stoke shift compared to organic
counterparts. Due to the above mentioned advantages, nanomaterials had been used widely in
developing decision making systems. A colorimetric non-implication logic gate with gold NPs was
developed with inputs as melamine and Hg?".5®! Also, alongside elementary (AND, OR and
INHIBIT), integrative (AND + OR) logic operations based on specific coordination effect between
amino acids and metal ions were demonstrated using functionalized Au NPs (Figure 1.92).1%"]
Nanomaterials were also conjugated with various biomolecules for development of these logic

systems. Based on aggregation of the DNA modified Au NPs, a set of logic gates (YES, AND,
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INHIBIT and XOR) were successfully demonstrated (Figure 1.9b).8 Further, AND, INHIBIT and
IMPLICATION logic was achieved with the coordination chemistry of cytosine-Ag*-cytosine (C—
Ag+-C) and disparate adsorption properties of ssDNA and dsDNA modified AuNPs.!”
Luminescence based logic gates (OR and XOR) based on dual aptamer strategy was achieved by
employing high photoluminescence quality of QDs.[*”) Bovine serum albumin (BSA) functionalized
luminescent Au NCs were employed in nitrite ions detection through construction of NAND logic
gate (Figure 1.9¢).”°!! Multiple logic structures were also developed using ion-tuned DNA/Ag

fluorescent nanoclusters (NCs), with K™ and H* as two inputs (Figure 1.9d).[6?!

1.6 | Medical Devices

With the existence of functional components of living systems (cellular components) at the
nanoscale dimensions, the possible applications of nanomaterials in life sciences is arguably

63-64] The exciting features of nanomaterials, their ability to integrate with biological

predominant.!
components and the high-end technological tools present great prospects to develop devices for
healthcare. Significant features like surface to volume ratio, surface modifications, good solubility,
specificity, multifunctionality along with characteristic physical and chemical properties of
nanomaterials are worth investigating for various biological applications. There is a huge amount of
work being carried out in diverse areas related to those of life sciences. Particularly, bulk amount of
efforts had been targeted towards disease diagnostics and therapy. Also, with today’s advancement

in technology and communication, devices of clinical importance are expected to become integral

parts of life making diagnosis and therapy must rapid and simple.

1.6.1 | Diagnostics

The growing database and knowledge of genomics and proteomics are creating opportunities to make
disease diagnostics possible at early stages or even before the symptoms arise. The tools of
nanotechnology and the attributes of nanomaterials are being employed in various approaches and

techniques to devise novel diagnostics systems and devices.

In-vitro systems: The applications of nanomaterials in the field of genomics and proteomics!!

were
featured in several methods developed to enhance the efficacy of the existing techniques in PCR and
array based methods. NPs, QDs, CNTs, carbon nano-powder, graphene etc., are some of the materials

[66-69) Plasmonic property of the Au NPs

which are shown to improve the efficacy of PCR process.
have been exploited in the colorimetric detection of PCR products and for biomarker samples in
microarray devices.””? Owing to several advantages over conventional organic dyes/probes, QDs
have been used as fluorometric probes in analyses involving gene and protein expression studies.”!]
As a result of miniaturization in technology several types of biochips, biosensors and analytical
systems based on optical (luminescence, absorbance, SPR etc.,), electrochemical (potentiometric,
amperometric, capacitive, impedimetric etc.,) and mass sensitive (SAW (surface acoustic wave),

microcantilever etc.,) principles have been developed (Figure 1.10).27¢1 With unique spectral
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barcodes, an analytical method for DNA detection using quantum dots has been achieved.”” The
development of microfluidics have resulted in nanopore technologies through electrophoresis or
chromatographic principles.””® Also, with ‘Lab on a Chip’, the idea to integrate basic diagnostic
facilities on a single platform with minimal quantities of substance promises great applications of

nanomaterials and nanotechnology.!”’
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Figure 1.10. (a) Field-effect transistor (FET) based biosensor.l’? (b) Block diagram of DNA Chip.3! (c) Micro
cantilever based biosensors.” (Reprinted with permission from [72], [73]. Copyright 2007,1999, American
Chemical Society; Reprinted by permission from Macmillan Publishers Ltd: Nature [75], copyright (2007)

In-vivo systems: Nanomaterials are playing important roles in enhancing the efficiency and
reliability in diagnosis and imaging of in-vivo systems. Specific contrast agents and
radiopharmaceuticals given to the patient to perform molecular imaging of biomarkers responsible

for disease occurrence had been made with nanomaterials.[")

Also specialized techniques like ultrasonic vibrations, nuclear imaging, MRI (magnetic resonance
imaging), X-ray imaging have been developed with their specific imaging modules and contrast
agents. These imaging techniques not only help in diagnosing the disease but also in continuous
monitoring, evaluation and progress of the given therapy. Perfluorohydrocarbons based NPs were
used as ultrasonic contrast agents.[®!! Magnetic nanomaterials based on Fe;O3 Fe;04 have been put

to use extensively as MRI contrast agents.[®?!

QDs and atomic clusters had been applied for
fluorescence based imaging of cellular components.®3-%* Importantly, medical appliances for rapid,
simple and relatively cheap diagnostics of diseases and pathogenic infections have been developed

using nanomaterials and tools of nanotechnology.!®® Recent progress in soft and stretchable
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electronics using CNTs and graphene indicates the possibility for implantable devices for health

care.[®0

1.6.2 | Therapy

Different classes of nanomaterials had been put into action to combat diseases.®”) With small
dimensions, good solubility, surface modifiability for encapsulation and coating, these can be
transported in media like blood to function either as ‘carriers’ of drugs/genes and/or to act as
therapeutic modules by themselves. Further, conjugation of these materials with ‘targeted molecules’
helps to achieve delivery to regions of particular interest. Through incorporation of suitable
nanomaterials, targeting of the delivery vehicle and/or the release of the active substance at desired
locations can be done externally by means of magnetic fields,’® near-infrared radiation,®! ultrasonic
vibrations,®®! heat®!! etc., Au NPs, Ag NPs, nanoshells, DNA NPs, fullerenes, Fe>Os;, Fe304 NPs,
liposomes; peptides based NPs, CNT, QDs, nanogels, dendrimers, micelles, polymer NPs have been

used for therapeutic purposes.®?!

As mentioned above, in addition to the role as delivery vehicles, these nanomaterials showed
capabilities of therapeutic effect. Ag NPs were reported to cause cancer cell death through ROS
mediated apoptosis.[*! Also, external agents like near-infrared radiation or rapid oscillating magnetic
field have been employed to heat metal-containing nanomaterials in order to kill cancer cells.®%]
Treatments like PDT with photosensitizers have been shown to be augmented in the presence of
nanomaterials. Also, on a much promising note, several nanomaterials are shown to act as
photosensitizers for PDT treatment with the capability of singlet oxygen generation under suitable
excitation.”® Delivery vehicles are often conjugated with contrast agents for the purpose of tracking

their progress. In some cases, these contrast agents act as a therapeutic agent, thus enabling

simultaneous diagnosis and therapy coupled with active substances.*”

1.7 | Opportunities and Challenges

The tremendous progress achieved in research at these small scales envisages heavy prospects for
technological transformation. The developments in self-propelled micro/nano motors indicate their
potential in carrying out complex tasks. With expertise gained in fabricating these motors and
knowledge about their dynamics, it presents a wonderful opportunity to engineer devices utilizing
their autonomous motion. The initial success of logic systems developed through bottom up
fabrication of nanomaterials encourages to design application oriented devices and sensors based on
these responsive characteristics. Also, there lies ample opportunities to construct novel systems to
operate in diverse environmental platforms and be simultaneously influential to various forms of
chemical and physical stimuli. The promising implications of nanotechnology in life science could
very well lead to medical devices with increased efficiencies in both diagnosis and therapy. It also
opens up new possibilities to simply existing techniques and modify the device functionality without

comprising on efficiency. Further, by identifying the close intimacy between the fields of intelligent
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systems and medical devices, it would be highly promising to aspire for devices with on-board

intelligence capable of addressing clinical needs.

However, to achieve substantial growth in development of devices utilizing these nanomaterials,
there are certain areas which seek improvement. It is of immense importance to achieve functional
nanomaterials with nearly uniform physical and chemical characteristic in every batch of production.
The synthetic approaches adopted should be simple, rapid and capable of mass production. The
various methods adopted should easy, quick, bio and environmentally friendly. Importantly, the
challenges also arise in maintaining the functionality of the nanomaterials while amalgamating to
device environment. Hence, the device must be flexible in nature built with provision for hierarchical
design. The current dissertation is an attempt to address the above mentioned issues and design

devices utilizing the properties of nanomaterials.
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INDUCTION OF EMF BY AUTONOMOUSLY MOVING MAGNETIC BOT

Chapter 2

Induction of Electromotive Force by

Autonomously Moving Magnetic Bot

ABSTRACT

Induction of electromotive force (emf) into a Faraday coil by an autonomously moving composite magnetic
particle in aqueous medium is achieved. The particle consisted of a micron-sized polymer sphere, which was
decorated with catalytic palladium nanoparticles (Pd NPs) and attached to a micron-scale magnet. The Pd NPs
catalytically decomposed H,0; to generate 0y, resulting in buoyancy-driven vertical motion of the particle, while
the micro magnet induced emf during the flight. The signal was sufficiently strong to illuminate light-emitting
diodes following appropriate amplification. This distinctive approach is expected to pave the way to developing

synthetic bots which are autonomously propelled, generating their own signal for running complex circuitry.

he advent of nanoscale science and technology has kindled vigorous interest in the systematic
T development in the field of autonomous motion of microscopic objects in liquid media.!'?!
Significant developments had been based on the use of the catalytic decomposition of H,O, and
nanoscale manipulation of biomolecules in moving objects of micronscale and nanoscale
dimensions. Bubble propulsion,?3! electrophoresis,® thermophoresis,”! diffusophoresis,®
magnetophoresis”’ and motion due to interfacial gradients!'’! are the primary mechanisms forming
the basis of motion of these objects. Control over the motion has been achieved by external magnetic
fields,' thermal modulations,'*!*! light,!>! ultrasonic wave,'® internal pH!'”! and chemical

181 viscosity of the medium® and surface tension® of the liquid. Further, nanoscale

gradients,!
motors based on organic molecules®!! and DNA?? offer the option of specific functionalization and
thereby molecular control over their properties and motion. Essentially, the efforts have been to

23241 _ at least partially - using

emulate the function of naturally occurring biological nanoscale motors!
chemical energy as the driving force for the motion. The generated motion of these nanoscale objects
could well be useful as a source of secondary energy. For example, it is conceivable that the
production of electrical energy in situ would make it possible for the nanobots not only to display
controlled motion but also to perform higher level functions for which the required additional energy
may not be available or achievable using conventional bots. Thus an autonomously moving magnetic
device could generate electrical energy induced by its motion through a metallic or otherwise

electrically conducting coil. This could also pave the way for communicative bots. However, the

possibility of such a transduction needs to be demonstrated first.

This chapter reports the induction of electromotive force (emf) into a Faraday coil by an
autonomously moving magnetic microparticle which was attached to a polymer resin containing

catalytic Pd NPs. The catalytic decomposition of aqueous H,O, generated O, bubbles which were
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adsorbed on the microbot resulting in buoyancy driven vertical motion of the attached magnet.
Alternating electrical signals were generated about 20 times per minute for the vertical flights up and
down a glass tube. The signal strength could also be improved to be sufficiently strong for
amplification to light an LED (light emitting diode), when a larger magnet was used. The

experimental design also allowed for periodic vertical motion of the bot until the fuel was exhausted.

2.1 | Autonomous Signal Generator
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Figure 2.1. Experimental design. (a) In the experiment a glass tube contains 1 mL of 5 % aqueous H,0,, along
with 60 pL of ethanol (mixed with bromophenol blue) layered on the top. A part of the tube was wrapped with
a copper coil (red) for emf induction. (b) The bot, which is a resin bead containing embedded Pd NPs with an
attached rare-earth magnet, was placed at the bottom of the tube. Left tube: Pd-catalyzed decomposition of
H202 generates Oz, which forms bubbles providing buoyancy for the upward motion of the bot. Right tube: The
bubbles burst when the bot comes in contact with ethanol, making the bot descend. Each flight (ascent and
descent) generates an emf signal as shown in the plots beside the tubes. The overall signal for one cycle is
shown on top right.

Figure 2.1 shows the overall experimental setup and the resultant emf generated by the vertical
motion of the microbot. The microbot was made of two components: Pd NPs embedded in a micron-
sized polymer resin sphere and a micron-sized (N-42 grade) rare-earth magnet which was affixed to
the polymer. The overall diameter of the object was 1.4 mm (Figure 2.1b). The fabrication of the
bot is detailed in Appendix A (Design and Characterization of the Bot). The bot was placed in a
Borosil glass tube which was wrapped with copper wire (34 SWG (standard wire gauge), 1000
windings) as shown in Figure 2.1a. The glass tube was filled with 1 mL of 5% (w/v) aqueous H»Os.
The Pd NPs catalysed the decomposition of H>O; into O»; the so-produced oxygen bubbles adhered
to the polymer bead and eventually a single larger bubble formed by coalescence of several smaller
bubbles.['!: 1) When the number of bubbles or the total volume of the bubble was sufficiently high,
then the buoyancy force balanced the gravitational and viscous forces on the bot and the bead moved

upward with terminal velocity!'! (ascent phase in Figure 2.1b). Driven by the catalytic

decomposition of H>O; (fuel), the bot marked a thermodynamic efficiency of 8.7 x 10 % (Reaction
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Kinetics and Efficiency Calculations in Appendix A), which is generally higher than the efficiencies

calculated for fuel-driven propulsion.!>”!
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Figure 2.2 Motion profile of the bot and induced voltage. (a) Frame-by frame images showing the ascending
(top) and descending (bottom) phases of the bot. (b) Position versus time plot of the ascent and the descent
phases with average velocity in each phase. (c) Plot illustrates the induced voltage resulting from one cycle of
the autonomous motion of the bot.

It may be mentioned here that when the bot was made of only the magnet, then the H,O»
decomposition rate was significantly small and thus the rate of bubble growth was very slow
(Appendix A, movie A2.1, Figure A2.1). Incorporation of Pd NPs embedded polymer sphere led to
faster bubble formation and hence this construction was preferred. Further, it was observed that the
bot remained stationary at the meniscus for a sufficiently long time or moved to the wall of the tube,
due to the attached bubbles and a rapid downward movement was prevented (descent phase in Figure
2.1b). This was addressed by layering 60 mL of ethyl alcohol (95% v/v) - a known bubble breaker!>®!
- mixed with bromophenol blue on the top of the reaction liquid (Figure 2.1). Here, bromophenol
blue was used to observe and record the stability of the alcohol layer and it did not participate in any
reaction. Thus the experimental arrangement allowed the repeated vertical motion of the microbot

with a frequency of about five cycles per minute.

Figure 2.2a shows images of the microbot at different vertical positions during its motion for a
complete cycle. As is clear from the images, the bot stayed away from the wall and moved through
nearly the center of the liquid column during its flight. It is important to mention here that the average

velocity of the bot during its upward movement was 37.7 mm s and for the downward movement it
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was 42 mm s™'; this corresponds to 27 and 30 times its body length per second as inferred from the

motion profile in Figure 2.2b.

Further, as the magnetic chemical locomotor moved up and down, its magnetic flux induced emf
into the surrounding copper coil. The terminals of the copper coil from the experimental setup were
connected to the nanovoltmeter (2182A, Keithley) to measure the generated signal. The
nanovoltmeter is interfaced to the computer using NI PCI-GPIB, NI-488.2. The programming
intended for communicating with the instrument, extracting the signal and further processing to
display in analog form (designed according the experiment) was done in NI LabVIEW, Version 11.
The front panel of the user interface is shown in Appendix A, Figure A2.2. Data samples were
extracted every 100" ms with simultaneous capturing of motion and voltage generation. The
electrical signal appeared in the form of spikes with a magnitude on the order of nanovolts for each

direction of motion. A typical voltage output profile for one cycle of motion is shown in Figure 2.2¢.
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Figure 2.3. Signal generated from autonomous motion. Induced voltage generated from the motion of the bot
for a period of about 20 min. The spike denote the signal observed during the flight of the bot.

Thus when the magnetic bot approaches the coil from one end of the tube, an induced signal is
generated in response to the change in magnetic flux. Also, when the bot comes out of the coil from
the other end, the flux alters again, inducing another signal but with opposite polarity (also shown
schematically in Figure 2.1b). For one cycle of motion (Appendix A, movie A2.2) four signal spikes
could be observed, two corresponding to the ascent phase and other two corresponding to the descent
phase (Figure 2.2¢). For an observation period of 20 min (Figure 2.3), the bot cycled with an average
frequency of five times per min (Appendix A, Figure A2.3). As the number of windings in the
copper coil was fixed, the variation in the amplitudes of the voltages can only be attributed to the
rate of change of flux through the coil as the bot is propelled. The periodicity, reproducibility of
motion of the bot, and corresponding electrical signal generation are clearly supported by the
observed results (Figures 2.2 and 2.3). It is worth mentioning here that the signal was much higher

than the noise and significant spikes were generated only when the bot was in motion. Further, when
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the concentration of H,O> was changed there was no discernible effect on the velocity, since the bot
achieved terminal velocity when the buoyant force was balanced by the gravitational and viscous
forces.!''l However, the number of times the bot moved up and down changed. At low H,O»
concentration (2%) the rate was low (1-2 cycles per min), while it was high (5 cycles per min) at

higher concentration (5%).

2.2 | Autonomous Triggering Device

It is interesting to gauge the quality of the electrical signal generated by the motion of the bot. In
order to illustrate this, another device was developed. The construction of the bot for this device
included a slightly larger dimension of magnet as cargo (900 micron sided cube) and the affixed
crushed microspheres as catalytic elements. A commercially available test tube (12 cm x 75 cm,
Borosil) was coiled with the same gauge wire as mentioned above (10000 windings). Other
dimensions of the setup were as mentioned in Figure 2.1. The output from this setup was connected

simultaneously to the nanovoltmeter and the custom designed circuit.
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Signal Processing Section

Figure 2.4. Schematic of the circuit used in construction of autonomous triggering device.

Electronic Circuit: The electronic circuit was developed to trigger LEDs from the signal generated
through the autonomous motion of bot. Circuit design was done using the commercially available
integrated circuits as shown in Figure 2.4. Briefly, the first section of the circuit includes the
amplification stage, where the signal obtained directly from the experimental setup was amplified in
two stages to millivolt range. Processing of the signal was carried out by incorporation of filters to
eliminate out the unwanted frequency zones. A comparator is succeeded with adjustable reference
levels as suited to the input signal. The whole circuit can be operated with a two 5V power supply,
i.e. can be operated with a battery. The circuit is expected to trigger the LEDs when the signal level
from the setup crosses the pre-set reference levels. If one LED glows for one polarity, the other

illuminates for the opposite polarity.
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Figure 2.5. Autonomous Triggering Device. The device was constructed by connecting the output of the
autonomous signal generator to the circuit. (a - d) Ascent Period: The bot, driven by buoyancy, generated a
trigger with opposite polarities, glowing up the green and then the yellow LEDs respectively. (e - h) Descent
Period: The bot journeys downwards (after the bubble bursts) due to gravity again triggering the LEDs likewise.

A stronger signal was generated triggering the LEDs in each spike. Both the LEDs were
illuminated in each phase of ascent and descent systematically. The motion and simultaneous voltage
generation could be captured alongside the lighting of the LEDs (green and orange) on the upward
and downward flights of the bot (Figure 2.5; Appendix A, movie A2.3). This depicts not only the
quality of the signal generated but also the adaptability of the system in constructing smaller and
larger bots. This also shows that the bot can perform secondary actions as a result of its motion and

thus it may be possible to introduce versatility in a more complex system.

2.3 | Theoretical Deductions

In order to account for the shape and magnitude of the observed emf, first of all it is important to
have a clear picture of the average velocity and path of the bot. An analysis of the motion of the bot
(Figure 2.2b) indicates that the locomotor moves with nearly constant velocity. Also, the path of the
bot is nearly vertical in both its upward and downward journeys. The motion profile linked with the
induced voltage is theoretically modelled (Figure 2.6) under certain assumptions. These assumptions
include that the force resulting from the capillary pressure inside the bubble (F,) balances the
capillary force (F¢).'"” The magnet is assumed to be a perfect dipole. The fluid is considered
incompressible and the drag forces to be governed by Stokes law. The buoyancy force Fy, the

gravitational force Fy and the drag force Fq together largely account for the dynamics of the bot as

depicted in the Figure 2.6a. Hence, from the Newton’s laws, it can then be written as F, = F; + F, .

If the mass of the of the bot is considered to be my.;, then,
oxnrv="F-m,g

v:F;z_mbozg (1)
6znr
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where 7 is the radius of the equivalent sphere with the highest dimension of the system (bot and

bubble) as the diameter, 7] being viscosity and g is the acceleration due to gravity.

The autonomous motion of the magnet only is also governed by equation 1, the changes being r,
here will be the equivalent sphere with the highest dimension of the system (magnet and bubble) as
diameter and mp,; being the mass of the magnet. Clearly, from above the velocity of the bot depends

upon the buoyancy force, with the rest remaining constant.

To simplify the calculation, the coil is assumed to be moving and the bot is kept in a fixed position;
this does not alter the problem to be addressed. Here, va = - v, the expression of which is given from
equation 1. Considering the magnet as an ideal dipole crossing the centre of the coil of radius s, with

the velocity v, and moment m, the magnetic flux through the coil can be calculated at distance z is

by @, = I B, -dS, where Buj, being the magnetic field produced by dipole is given by,"”

P at”
dip 471(s2+22)5/2

><(3szCosgz)i+3szSing0j+(2z2 —Sz)l;) , dS=sdsdpk

Upon integration with proper limits, i.e.,¢p — 0 to 2mw,s — 0 to s, the expression for flux can be

written as,
__ pu,ms’
Daip 2(s* + 222
. q q q , 1 (odip

For n turns of coil, the induced emf equation as given by Faraday’s law is &, =—n . So the
final relation can be generated (by substituting the magnitude of v, from equation 1) as,

= 3npymzs’ dz 3np mzs’ B3nu,mzs® (F,—m,, g @)

. . = ¢—_ Yy = .
dpopatial —p(*+22)% dt 2(s*+22)7 0 2(s2+ %) 6rnr

The temporal dependence of the equation can also be obtained by substituting *v,f in place of z in

above equation,?’! giving rise to

3nu mvits’
. H, a (3)

gd[p,zemporal - 2(S2 +V2 t2)5/2
a

Rest remaining constant, equations 2, 3 can be rewritten as

z
Edip, spatial = m 4)
2
vt
gdip,tempoml =c: 2(,5'2 +uv 2 tz )5/2 (5)
a

where k=-3nu ms*v, and c=-3nu, ms*.
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The above two equations are plotted in spatial (as a function of z, in terms of coil radius) and temporal
co-ordinates (Figure 2.6). The data points are obtained from suitable programming in Wolfram

Mathematica, Version 9.

=
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Induced Voltage | a.u
Induced Voltage | a.u.

4 2 0 2 4 -1 -0.5 0 0.5 1

z/ units of s Time |/ a.u.

Figure 2.6. (a) Theoretical model showing the various forces acting on the system. Here Fp, Fg, and Fq represent
the buoyancy, gravitational, and drag forces, respectively. Fc is the capillary force and Fy is the force resulting
due to capillary pressure inside the bubble. Magnetic moment and the radius of the coil are denoted by m and
s, respectively. (b) Spatial plot: Induced voltage generated as function of position, when the bot moves in and
out of the static coil. Here, 'z" is taken in units of ‘s’, where s’ is the radius of the coil. (c) Temporal plot: Induced
voltage plotted with the variations in velocity clearly indicates that as the velocity increases, the amplitude
rises with the decrease in time span. Here, origin is taken as the time when the polarity of the signal alters.
The spatial (Figure 2.6b) and temporal patterns (Figure 2.6¢) of the signal as it crosses the origin
are of alternating type. The theoretical model predicts the same type of signal as that observed in the
experiments. Moreover, the signal shape, being associated with the coil radius, also depends upon
the distance the bot travels after crossing the coil (Figure 2.6b). Needless to mention, only changes
in fluxes through the coil would result in the generation of signal, that is, when the bot is in motion.
Also, the faster the motion of the bot in linear direction with no change in orientation, the shorter the
time period and the stronger the signal (Figure 2.6¢). Further, if the orientation of the bot changes
during the flight, it affects the rate of change of flux through the coil accordingly, resulting in the
generation of a signal with corresponding strength and polarity. The model depicted here clearly
shows possible variations with alterations in the basic parameters. It was not possible to obtain

quantitative results since the variations in fluxes were too small to be measured.

2.4 | Concluding Remarks

In the quest for developing an autonomously moving bot with secondary function, a new function,
namely production of electrical energy was achieved using a composite system. Thus, while the
catalytic Pd NPs present in the polymer microsphere generated oxygen needed for the motion of the
bot, the magnetic component induced emf into a coil connected to an electrical circuit. The
periodicity and reproducibility of the vertical motion and generation of electrical current of sufficient
magnitude for lighting LEDs during the course of the motion indicate favorable prospects for the

design of multifunctional autonomous microscopic bots. The generation of an electrical signal could
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be accounted for using a conventional Faradaic model and this promotes the possible incorporation

of low-voltage operating devices in autonomously moving electrically operative microbots.
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Appendix A

A.1 | Movies

Comments on movie A2.1: This video illustrates the catalytic ability of the NdFeB magnet
fragment. Though its catalytic ability was slow, it showed autonomous motion in 5% (w/v) H,O; and
1% (w/v) sodium dodecyl sulphate (SDS). The details regarding its motion is mentioned in Appendix
A, Figure A2.1 below. In this case also, 60 puL of ethyl alcohol with bromophenol blue was added
to halt the magnet being pulled towards the corners of the tube and help to burst the bubble attached
to the magnet on reaching the top of the liquid.

Comments on movie A2.2: This video demonstrates the buoyancy driven bot generating an
electrical signal. The bot moves in 5% H,0,. To measure the induced voltage, and present in analog
form, a suitable set of programs were written to communicate with nanovoltmeter, acquire and
process the signal. The inset shows the signal obtained from this programmed application. The signal

is very evident as the flux through the coil changes during the flight of the bot.

Comments on movie A2.3: This video demonstrates the quality of the signal and its effective
implementation in illumination. A circuit was constructed with the bot remodelled. Its construction
included a slightly larger dimension of magnet as cargo (900 micron sided cube) and the affixed
crushed microspheres (with embedded Pd NPs) as catalytic elements. In constructing this device, a
commercially available test tube (12 cm X 75 cm, Borosil) was coiled with the same gauge wire
(10000 windings). A stronger signal was generated triggering the LEDs in each spike. Both the LEDs
were illuminated in each phase of ascent and descent systematically. This depicts not only the quality

of the signal generated but also the adaptability of the system in constructing smaller and larger bots.

TH-A880 11645300 1 x A



INDUCTION OF EMF BY AUTONOMOUSLY MOVING MAGNETIC BOT

A.2 | Figures
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Figure A2.1. Magnet’s Motion Profile. (a) Snapshots of the magnet moving vertically upward due to buoyancy.
(b) Spatiotemporal trajectory of the magnet. (c) Plot descripting the various motion parameters. Here in Xz, X
denotes either the position or instantaneous velocity or instantaneous acceleration of the magnet.
Comments on Figure A2.1: Further observations include the catalytic ability of the magnet itself.
Interestingly, when the magnet filling was placed in 800 pL of 5% (w/v) H2O: and 1% (w/v) SDS,
bubbles were observed on the surface, followed by its movement (Figure A2.1a) due to buoyancy.
This behaviour can be accounted due to presence of catalytic elements in the rare earth magnet aiding
decomposition for production of oxygen bubbles. The max average velocity of the magnet was
around 15.5 mm s™!. Further the frequency of movement (to and fro inside the tube) was significantly
less (once in five minutes) compared to the bot (five times a minute). Nevertheless, with certain
improvements, these micron size magnets can be a good candidate as synthetic bots due to their
added advantage of being inherently magnetic. Motion analysis of its journey is shown in Figure

A2.1b, A2.1c.

Calculation of motion parameters: The position coordinates were obtained with the origin taken
as the starting position of the motion of the bot. Setting the reference scale with the calibrated ruler,
all the other calculations were performed accordingly with frame by frame analysis. Instantaneous
velocity and acceleration calculations were performed using finite difference methods. On the other

hand, the average velocity is given by considering the initial and final positions.
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Figure A2.2. User interface. Figure shows the front panels of the user interface developed for communicating
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Figure A2.3. Motion Profile of the bot. Plot depicts number of the times bot ascended and descended with in a
time interval of 1 min for an analysis carried out for the duration of 20 min.

Comments on Figure A2.3: Oxygen bubble, being formed on the polymer, aids the bot in travelling
vertically upwards, due to buoyancy. On reaching the top, bursting of the bubble results in downward
fall on account of gravity. This cycle of roving up and down continues until the complete
decomposition of the fuel, i.e., H>O,. This cycling of the ascent and descent phases (counted as one)
per minute was calculated and plotted. It was observed that the bot cycled up and down at an average

of over 5 times a minute.
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A.3 | Design and Characterization of the Bot
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Figure A2.4. Visual Observation and X-ray diffraction (XRD) pattern of product formation. (a) Photographs of
resins. (i) Activated resin beads. (ii) Pd?* exchanged resin beads. (iii) Pd NP embedded resin beads. (b) XRD
analysis of the Pd NP coated beads.

Preparation of Pd NPs on micron-sized beads involved, firstly, activation of highly stable polymer
spheres (3 g, polystyrene divinylbenzene copolymer, Amberlite-IR 120, Merck) by placing them in
HCI (10 mL, 3 M, Merck) for an hour. After thorough washing with Milli Q grade water, the cation
exchange beads were transferred to a solution containing H.PdCls (5 mL, 0.2 M, Sigma-Aldrich) and
they were then left for three hours in order to exchange Pd*'. The beads were washed with water and
then treated with NaBH4 (5 mL, 10 mM, Merck), which was added slowly with stirring for 2 h. They

were washed with water again and then air dried.

Visual examination (Figure A2.4a) of the control and the coated particles gave the first signs of
the formation of Pd NPs on the polymer. A distinct grey colour change can be observed on the Pd
NP coated beads in contrast to the yellow colour of the original beads providing a visible indication
of the transformation of Pd NPs on the beads. X-ray diffraction (XRD) measurements of the Pd NP
coated beads were carried out by Seifert 3003-TT with Mo anode of X-ray wavelength 0.70930A. A
distinct hump can be observed at around 18.5° corresponding to [111] plane of Pd (JCPDS 02-1439)
(Figure A2.4b).

The formation of particles was confirmed using electron microscopic analysis (Figure A2.5). For
TEM analysis, the beads were first crushed and then the synthesis of Pd NPs was carried out on the
crushed ones following the same synthesis procedure. These tiny crushed fragments were dispersed
in water and then dried on the grid. Thereafter, inspection was done using a transmission electron
microscope (TEM, JEOL 2100 UHR-TEM), operating at a maximum accelerating voltage of 200
kV. As shown in the Figure A2.5a, the Pd NPs formed on the bead were clear. High resolution
transmission electron microscope (HRTEM) analysis (Figure A2.5b) further provided a lattice
spacing of 0.224 nm for one such NP, corresponding to the [111] plane in FCC packing of Pd.!"! The
average particle size was calculated to be 9.4 nm + 5.9 nm (Figure A2.5¢). The presence of Pd was

further confirmed by the energy dispersive X-ray analysis (EDX) (Figure A2.5d).
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Figure A2.5. TEM Analysis of the Pd NP coated microspheres. (a) TEM image of Pd NP coated bead. (b) HRTEM
of Pd NP coated bead. (c) Particle size distribution of Pd NPs as calculated from the TEM image. (d) EDX

spectrum of the Pd NP coated Bead.
Field emission scanning electron microscope (FESEM) analysis was carried out by Zeiss Sigma

Advanced Analytical Microscopy operated at 5 kV. As is clear from the Figure A2.6, nearly uniform

particles of average size of 14.7 + 7.7 nm were formed on the bead.

Figure A2.6. FESEM analysis of polymer microspheres. (a) FESEM image of Pd NP embedded bead. (b) FESEM
image of an ordinary resin bead.

An extracted small fragment of a N-42 grade magnet was affixed to this NP-coated microsphere

using epoxy adhesive. The fragment of the magnet (Figure A2.7) used for the experiment was

characterized in order to confirm its salient properties.
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Figure A2.7. Characterization of the NdFeB rare earth magnet. (a) SEM image of a piece of crushed magnet. (b)
EDX analysis of the piece. (c) Bright field microscopic image of magnet.

The topography and the chemical composition of the extracted magnet fragment for the experiment
were examined by SEM (JEOL JSM 6360 scanning electron microscope), operating at a maximum
voltage of 30 kV. All the prominent elements which make up the rare earth magnet (Figure A2.7b)
were confirmed by EDX analysis. Bright field image (Figure A2.7c) of the used fragment was
recorded using an epi-fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo).

A.4 | Reaction Kinetics and Efficiency Calculations

In order to demonstrate the catalytic ability and to measure the effective rate constant of catalytic
decomposition of 5% H»0O,, the reaction kinetics of the catalytic beads was studied. The rate of
decomposition of H,O» in presence of catalytic (k..:) and non-catalytic beads (kuon-car) Was obtained.
Eventually, the effective rate constant was obtained from their difference (kcar— knon-car). The key in

the Figure A2.8 corresponds to 100 mg of Pd NP coated micron spheres.

Calculation of effective rate constant of single bead, k..« : To obtain the effective rate constant,
100 mg each of resin and Pd NP embedded resin beads were taken separately. In each case, the rate
of decomposition of 5% hydrogen peroxide was studied and rate constants for non-catalytic and
catalytic beads were obtained as kuon-car, kcar respectively. Effective rate constant of 100 mg beads was
obtained from their difference (kcar — knon-car). Further effective rate constant for a single bead, kpeas

can be obtained by dividing with the number of beads present in 100 mg.

The mass of single bead was found out to be ‘x’. Hence, n, the number of beads in 100 mg can be

obtained by dividing 100 mg with x. Finally, the effective rate constant of single bead is given by
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calculating the expression (kca — knon-car)/n. The effective rate constant of the single bead is found out

to be 0.000054 min™'.

16 ¥=-0.0072x + 1.6043, R*=0.9956

Ky =0.0072 min"!

[H,0,] = 4,97 000721

15

14

In[H,0,]

13

1.2

11
0 10 20 30 40 50 60

Time | min

Figure A2.8. Reaction Kinetics. Effective rate constant (kes) of H202 decomposition for 100 mg of Pd NP coated

micron beads.

Calculation of effective rate constant of the bot, &, : Since a part of the bead is covered by magnet,
the fractional portion of the bead covered by magnet is given by the ratio of the surface areas of the
face of the magnet (affixed to bead) and the bead. The fractional active portion of the bead, f..: (not
covered by magnet) responsible for catalysis is obtained by subtracting the ratio from 1. Effective

rate constant from the active portion alone can be calculated by the product of the effective rate

constant due to single bead and the fractional active portion, i.e., k,,, ={(k,,, =k, _car) X foct / 1} -

Calculation of efficiency of performance of the bot: The number of moles of H,O, consumed in
20 min was calculated using the established rate law for the bot using effective rate constant, kpo:.
The non-expansion work under constant pressure from decomposition of hydrogen peroxide per mole
is given by the change in Gibbs free energy.!?! The chemical energy used up is hence calculated by

the product of number of moles consumed and change in Gibbs free energy per mole.

Kinetic energy from the motion of the bot is calculated for ascent and the descent phases using the
ascent and descent velocities. The total kinetic energy is given by the summation of the energies in
both phases over the period of 20 min. Finally, the efficiency of the bot is given by the ratio of the

total kinetic energy to the chemical energy.

A.5 | References
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Chapter 3

Hierarchical Logic Structures Based
on Responsive Luminescent Gold

Nanoclusters

ABSTRACT

Biocompatible gold nanoclusters (NCs) dispersed in water were used for constructing multi-level Boolean logic
operations. This is based on the reversible change in luminescence of the NCs in response to changes in pH,
metal ion concentration and temperature. These responsive NCs could be used for tri-state logic operation, OR
logic, decoder, keypad lock and are also capable of higher order functions. These ‘few-atom’ clusters could be
potential candidates for futuristic bionic devices, where the decision making process could involve conditions

similar to physiological environment and beyond.

s computational electronics reaches its limit of speed and memory, newer technological
A development(s) is (are) necessary for future devices to keep up with the demand. Further,
with increased miniaturization, conventional electronics - in addition to scaling problems - faces
challenges involving important issues such as energy efficiency, terminal contact resistance, heat

generation, leakages and dielectric breakdown.!!

A plausible solution could originate from computation with molecular or nanoscale species in
liquid medium.** This has the unique advantage of drawing knowledge and inspiration from
biological cells and organelles, which perform numerous logic operations with extraordinary degrees
of specificity, sensitivity and efficacy.” In fact, one could take advantage of external handles such
as light, electric field, magnetic field and internal parameters such as concentrations of ionic or
molecular species, temperature and not to mention emulating the complex and highly evolved
intercellular signalling pathways, in order to make even more voluminous as well as complex
decisions and calculations at faster pace. In this regard, initial success of “chemo photonic” logic

9-11

gates®8 and other logic operations,”'!l data transmission,” fuzzy logic® portends the brighter side

12-14

of the proposition. Biomolecular logic gates'>'¥ have also been shown to follow Boolean algebra.

The new entrant highly luminescent and photostable noble metal atomic clusters can become

candidates for fluid phase versatile logic operations, owing to the practical advantages!'*! over their

16-17]

counterparts, i.e., the well-established systems based on plasmonics of NPs,| organic

1418 and quantum dots.!"”) However, a key challenge that needs to

molecules,!”! biomarcomolecules!
be addressed is the possibility of layered logic operations, which are essential for hierarchical

computation. There remains significant opportunity to develop newer schemes for cascading logic
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operations based on the modulation of optical properties of the nanoclusters (NCs) in response to

chemical and physical perturbations in the immediate environment.

Figure 3.1. Schematic representation of the luminescent atomic cluster-based logically operative molecular
devices. The scheme explains the principle of operation of various photonic molecular devices based on
luminescent Au NCs in a single liquid system. Boolean logic operations such as tri-state logic, OR gate, decoder,
keypad lock and integration of logic to higher levels are achieved. Further its responsive characteristics
represent molecular pH meter, thermometer and ion detector.

Herein, the use of biocompatible Au NCs, dispersed in water for multi-level Boolean logic
operations is demonstrated. This is based on the reversible change in luminescence of the NCs in
response to changes in pH, metal ion concentration and temperature. These responsive NCs could be
used for tri-state logic operation, OR logic, decoder, keypad lock and are also capable of higher order
functions. The essential idea behind the principles of operation of the NCs for cascade functions
under different experimental conditions is depicted schematically in Figure 3.1. We also conjecture
that these ‘few-atom’ clusters could be potential candidates for futuristic bionic devices, where the

decision making process could involve conditions similar to physiological environment and beyond.

3.1 | Sensing with Au NCs

3.1.1 | pH Sensor

The Au NCs were synthesized in the biopolymer chitosan using an established procedure.*” The
average particle size was measured to be 0.83 = 0.29 nm. The as-synthesized NCs at pH 6.5 emit at
612 nm, when excited by 300 nm light. When the pH of the medium was increased to 9.0 (using
alkali) the emission peak shifted to 615 nm when recorded immediately; however, after 2 h the peak
shifted to 627 nm with a significant decrease in intensity.?®! On the other hand, when the pH was
made acidic (3.5) then the emission peak appeared at 582 nm, accompanied by a sharp increase in
intensity. The luminescence behaviour was found to be reproducible with respect to change in pH.

The details of results are shown in Figure 3.2.
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Figure 3.2. pH - dependent emission spectra. Au NCs, upon excitation at 300 nm, show emission with different
wavelength and intensity, depending on the pH of the medium (as indicated in the legends).

The pH-dependent emission of the Au NCs could have its origin in the stabilizer which is
primarily mercapto-propionic acid (MPA, HSC,;H4COOH) and in addition chitosan. The overall
charge on the stabilized cluster depends on the pH of the medium. It has been reported that ligand to

211 More electropositive ligand

metal charge transfer influences the emission behaviour of the NCs.
increases the emission quantum yield. At lower pH the acid would be protonated and at higher pH it
would be deprotonated, thus changing the electron donating ability of the ligand. In addition, similar
interaction with amine and carboxylic groups of chitosan would also influence the emission as a
function of pH of the medium. The results indicated ease of emission control through changes in pH

and thus its potential use in developing logic devices and as molecular pH meter/sensor.!*

3.1.2 | Temperature Sensor

The emission intensity of the clusters was observed to be sensitive to the temperature of the medium,
thus exhibiting the behaviour of a molecular thermometer.?*! For example, when the temperature
was increased gradually from room temperature to 70 °C the intensity went down; however, when it
was decreased to 5 °C the intensity increased significantly (Figure 3.3). The ratio of intensities at 70
°C to that at 5 °C was measured to be 0.16. The variation in intensity was found to be 2.3 + 0.6 % per
°C during cycle of increasing temperature and 2.2 + 0.8 per °C during decreasing cycle, which is

23241 The excellent reproducibility of the temperature

comparable to the earlier reported values.!
responsive intensity variation was observed for six cycles, which is reported in Appendix B, Figure
B3.1. The lowering of luminescence emission intensity with increase in temperature could be due to
enhanced internal conversion. It is known that thermal energy aids in internal conversion, where
electronic energy is converted to the vibrational energy of the clusters shifting the equilibrium

towards non-radiative decay process.*)
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Figure 3.3. Luminescence intensity variation with temperature. (a) Figure depicts the temperature dependent
emission intensity variations due to Au NCs. The clusters were highly luminescent at low temperature and the
luminescence intensity decreased with increasing temperature. (b) The reversibility of temperature-

dependent intensity variation of Au NCs.

3.1.3 | Metal lon Sensing

Further experimental studies showed that the intensity of luminescence of Au NCs was quenched by
the presence of metal ions in the medium. Among the metal ions tested (Na*, K*, Ca?’, Mg?*, Cu®*
and Fe*"; Figure 3.4), the most significant decrease was due to the presence of Cu?’. Cu** may
reversibly bind with the -COO- group of MPA and thus quench the luminescence of the clusters

following its addition in the medium.

a 8000000 - b 1
—0mM
7000000 - —100 nM
—200 nM 209 |
6000000 - i
= —300 nM <
& 5000000 - —400 nM =
2 ——600 nM g 0.8
@ 4000000 800 M 2
4] —
'€ 3000000 - 1000 nM §
= A\l —1400nM 0.7 -
2000000 \
1000000 -
- 0.6 A
0 . . . . - NC K (+1) Na(+1) Mg (+2) Ca (+2) Cu (+2) Fe (+2)
490 540 590 640 690 740
Wavelength / nm lons [ 200 nM ]

Figure 3.4. Response of luminescence of clusters to metal ions. (a) Luminescence intensity of Au NCs decreased
immediately upon addition of Cu®* ion in water as shown in the Figure. The concentrations of Cu®* are indicated
in the legends. (b) A comparative study of intensity changes for various ions (at 200 nM), added externally to
the medium. These ions are typically present in human serum (at lower concentrations though).

On the other hand, addition of excess [H'] i.e. lowering of pH results in shifting of equilibrium
towards MPA formation. This results in the restoration of emission of the clusters. Thus, the intensity
due to quenching by Cu?** could be recovered by addition of [H'] to the medium, which was

accompanied by a blue-shift in emission maximum, as was observed in the case of pH dependence
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emission mentioned above (Figure 3.2). The results additionally pointed out that human blood serum
also quenched the luminescence (Appendix B, Figure B3.2), possibly due to presence of metal ions.
Further experiments with external addition of Cu?* to blood serum indicated quenching and recovery
of luminescence similar to that observed in water medium (Appendix B, Figure B3.3). The
dispersion of clusters in the human blood serum and their reversible luminescence properties similar
to aqueous medium indicated possible use of them in human physiological conditions with wider

implications.

3.2 | Logic Systems with Au NCs

The reversible tuning of emission of the Au NCs by changes in pH as well as temperature of the
medium and in the presence of metal ions provides significant opportunity for fabrication of
hierarchical structures for logic operations. In the following sections, we will present results
demonstrating four basic logic operations, namely, tri-state buffer, OR gate, decoder, keypad lock

and also cascading of such operations using the luminescence properties of Au NCs.

3.2.1 | Tri State Buffer

Temp l\ Intensity pH l\ Intensity Cu?* Intensity
70 °C (0) |4/ Low (0) Basic (0) Low (0) Absent (0) Low (0)
5°C (1 High (1) Acidic (1) L High (1) Present (1) .. .. High(l)
& Excitation ¢ Excitation Excitation
(300 nm) (300 nm) (300 nm)
a b 1 - c 1
> > >
o c c
2 2 - @
£ £ 06 - £ 061
Q Q @
2 2 04 - 2 0.4 -
i) i S ittt et ©
<] () E
12 X 0.2 - I ¥ 02 -
0 - 0 -
0 1 0 1
T 0(70%C) 1(5°C) pH 0(8.0) 1(3.5 Cu?* 0 1
Output 0 1 Output 0 1 Output 1 0

Figure 3.5. Tri-State Buffers. (a, b, c) The logic implementations through inputs of temperature, pH and ion
concentration, respectively, are shown to operate as path enabling devices. To achieve the same, the control
input is chosen to be the excitation wavelength (300 nm). In output, logic 1 indicates high intensity of
luminescence and logic O represents low intensity luminescence, relative to a defined threshold value.

Tri-state buffers are efficient in controlling traffic when multiple signals are to be dealt with in a busy
network, serving the ultimate purpose of molecular switches for different common inputs. Such
networks for decision making are prevalent in naturally occurring biological systems. Here, we
demonstrate three kinds of tri-state buffers - of which the first two send the output likewise as input
when active, while the third negates the input in active state. In the tri-state buffer, the device is active
only when the control input is high. The as-synthesized Au NCs act as tri-state buffers at various pH

in the so proposed logic devices. While the control input to the tri-state buffer is the excitation
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wavelength (300 nm) in all the cases, as shown in the Figure 3.5, the output is monitored in terms
of luminescence intensity (at the emission maximum and irrespective of wavelength). The higher
intensity levels are considered as HIGH (or logic 1) and the lower intensity levels are treated as LOW

(or logic 0).

In the first of the tri-state buffers, the Au NCs can be kept initially at pH 7.0. Temperature is given
as the logical input. As depicted in Figure 3.5a, at 70 °C (input logic 0) with control input active, the
intensity is low (output logic 0) in contrast to the response at 5 °C (input logic 1) where the
luminescence intensity is high (output logic 1). In the second configuration, the cluster initially is at
pH 8.0. Then selecting basic pH (pH = 8.0) and lower pH (pH = 3.5) as inputs, resembling logic 0
and 1 respectively, the responses are obtained likewise (output) in terms of logic, as shown in the
Figure 3.5b. Finally, in the third structure the cluster is operated at pH 7.0 with copper ion chosen
to be the input as shown in Figure 3.5¢. In the absence of copper ion (input logic 0), the cluster
exhibits its inherent luminescence at 612 nm (output logic 1) providing a negation of the input signal.
When the copper ion is added (input logic 1) to the system, the luminescence diminishes (output
logic 0). Further, as the results of the experiments involving Cu?" ions in human blood serum suggest
(reported above), the tri-state logic operations could possibly be performed in physiological

conditions, providing additional advantage of using the biocompatible clusters.

3.2.2 | OR Gate

Another important basic logic function is the OR operation. It was achieved by placing the Au NCs
at pH 8.0 and choosing pH and temperature as inputs as shown in Figure 3.6a. The output is
examined with the relative luminescence intensities (irrespective of wavelength) as before. Upon
proper construction, the cluster exhibits luminescence for three combinations suiting the OR logic as

shown in the Figure 3.6a.

3.2.3 | Decoder

With a scope of multi input multi output functioning, the Au NCs exhibit a unique property useful in
data multiplexing for decryption and storage.l”! Dividing the zone of output in terms of emission

wavelength as well as intensity, the output is divided into four levels as shown in Figure 3.6b.

Keeping the inputs as pH and temperature, the output is decoded in terms of the four different
luminescent output levels. With each combination of inputs, only one output is active. The decoder
primarily at pH 8.0, upon proper combination of inputs, each of these levels can be obtained as the
output. For example, for a combination of acidic pH and low temperature (5 °C), the output is at
wavelength 582 nm with comparatively high intensity, thus triggering the D3 output. Hence, the

construct forms a 2 to 4 decoder.
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Figure 3.6. (a) OR logic operation: The clusters at pH 8, with pH and temperature as the inputs exhibits logic OR
operation with their luminescence relatively high in three cases as shown. The respective operation is denoted
in the logic table. (b) 2 to 4 Decoder: The proposed decoder exhibits four different luminescent output
combinations of wavelength-intensity for appropriate input combinations of pH and temperature. The
variations are clearly observable in terms of both intensity and wavelength, which represent the system as a
data decoder.

3.2.4 | Lock and Key
The Au NCs at any pH (of the medium) could be used as lock and key.['! The locking is denoted by

the quenching of their inherent luminescence by the addition of Cu?". The same could be unlocked,
which is signified by re-emergence of luminescence, was achieved by protonation. The protonation
could accompany dissolution of the attached Cu®" ions into the medium — akin to activation of ion-
exchange resins - thus increasing the luminescence of the clusters. The details of reversible
luminescence change, with emission switching between 612 nm (red) and 582 nm (yellow), are
described in Appendix B, Figure B3.4. The molecular lock and key was not only demonstrated in

water but also in human blood serum, expanding its potential utility.

3.2.5 | Cascading to Higher Levels

The potential of any logic operating system is exhibited by its adaptability to higher level
integration.[”! Taking the versatility of response of the emission of the clusters into advantage,
cascading of operations was demonstrated. In Figure 3.7, the first level shows the tri state buffer at
pH 7.0, which allows the traffic only on activating the control input i.e. excitation at 300 nm.
Following proper excitation, the first level negated the logic upon ion detection. An important
observation made in our experiments is that once the luminescence is quenched upon addition of
metal ion, it can be regenerated with the protonation. This property was used in cascading to second
level where it functioned as OR logic. Finally, the third important parameter, i.e., temperature was

used to alter the intensity levels of the output of second stage accordingly, which ultimately led to
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the functionally operative AND gate. The complete logic function obtained is (Cu’* + pH)+Temp .
This three level execution of operation depicts not only the ability of the system to achieve low order
functions but also can be hierarchically operated with suitable design and construction.

Cu1+ lmax= 612 nm

Amax =582 nm

Absent (0) .
Present (1) Temp Intensity
Excitation  Absent (0) 70 °C (0) Low (0)
(300 nm) Present (1) 50C (1) High (1)
1 -
%‘ 0.8 [ —— [—
c
‘g 0.6 - - - u i
S 04
=S L U P
i
& 3 I
. 1l | . .
000 001 010 011 100 101 110 111
Cu 0 0 0 0 1 1 1 1
H* 0 0 1 1 0 0 1 1
T 0(70°C) 1(5°C) 0(70°C) 1(5°C) 0(70°C) 1(5°C) 0(70°C) 1(5°C)
Output 0 1 0 1 0 0 0 1

Figure 3.7. Cascading to higher level operations. The system can be integrated to perform complex logical
operations. One such construction using pH, temperature and Cu*? ion is shown in the above figure. The logical
function is implemented by integrated tri-state buffer, OR and AND gates respectively. The function that is

realized using the system is (Cu’* + pH)+Temp .

3.3 | Concluding Remarks

Overall, through a serious of experiments, we have been able demonstrate that the sensitivity of
luminescence of Au NCs to pH, temperature and metal ions could be utilized for cascade logic
operations in liquid medium. This can be considered as important so far as new development in
alternative computing is concerned. The atomistic approach towards electronics through photonic
responses avoids many complications present in existing systems and is promising for contact-less
devices. Developing such versatile bio compatible systems paves way for synthetic static and mobile
systems, which mimic the highly evolved biological structures in bringing to fruition a combination
of natural and artificial logic based operations for futuristic bionic devices. Although a proof of
concept of development of logic structures based on luminescence and responsive Au NCs has been
reported, the implementation in real world would require substantial further development. One can
conceive of light-induced or magnetic field induced local heating (in the presence of metal or
magnetic NPs), introduction of acid/base and dissolved metal ions through microfluidic circuits for
operation of logic structures. On the other hand, in bionic systems, change in temperature, pH of the
medium or local ion concentration change could be reported in the form of logic output. We do hope

that the current work will help bring newer ideas in molecular computation in liquid media.
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Appendix B

B.1 | Figures
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Figure B3.1. Degree of luminescence intensity variation of Au NCs with temperature. Figure shows the intensity
variations upon repetitive heating and cooling of the sample. The intensities remained almost at the same level

upon for a temperature, during cycling for multiple times.
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Figure B3.2. Response of Au NCs to human blood serum. The figure shows the decrease in intensity of
luminescence upon increasing volumes of human blood serum added to the Au NCs. The intensity was
measured at emission wavelength maximum of 612 nm, while excitation wavelength was fixed at 300 nm. The
luminescence is regenerated back upon protonation with the emission maximum appearing at 582 nm
eventually (in strongly acidic medium).
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Figure B3.3. Influence of copper ions on Au NCs —human blood serum luminescence. As shown in the figure, the
luminescence intensity decreased when human blood serum was introduced into Au NC containing human
serum medium. Further, the luminescence continued decreasing upon external addition of copper ions into
the mixture. The concentration of serum is kept low for easy probe using luminescence.
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Figure B3.4. Lock and Key. The Au NCs at any pH can act as lock and release system. The system can be locked
upon addition of Cu?* which is evident by decline in luminescence intensity and can only be released upon
protonation of optimum concentration demonstrating the lock and key system.

B.2 | Synthesis and Characterization of Au NCs

Au NCs were synthesized, with the biopolymer chitosan as template and at room temperature, based
on a simple protocol described elsewhere.l'! The Au NCs were characterized and studied by TEM
(JEOL 2100 UHR-TEM operating at a maximum accelerating voltage of 200 kV), UV-vis (Perkin
Elmer Lambda 45) and fluorescence spectroscopy studies (Horiba fluorolog 3, Figure B3.5, B3.6).
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Figure B3.5. UV-Vis spectrum of the as synthesized Au NCs. As is evident from the figure, there is no SPR peak

suggesting lack of formation of Au NPs in the medium.
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Figure B3.6. (a) TEM image of the synthesized NCs. (b) The presence of gold is confirmed by EDX analysis for

the same sample.

B.3 | References
1) K. Sahoo, S. Banerjee, S. S. Ghosh, et al., ACS Appl. Mater. Interfaces 2013, 6, 712.

Content of Appendix B has been reproduced with permission from John Wiley and Sons (S. K.
Sailapu, A. K. Sahoo, S. S. Ghosh, et al., Small 2014, 10, 4067).
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A DEVICE WITH INTEGRATED METHODS FOR GENE EXPRESSION ANALYSES

Chapter 4

A Device with Integrated Methods for

Gene Expression Analyses

Note: This work was carried out in collaboration with Ms. Deepanjalee Dutta and a portion of the
work (protein analyses) would be part of her thesis. The basic machine and the principle of synthesis

of gold nanoclusters in both the works are the same (or an alternate form of this).

ABSTRACT

A bench top device with integrated methods is proposed to carry out geme expression studies. Employing
luminescent gold nanoclusters (Au NCs) as the signal generating agents, the device enables carrying out reverse
transcriptase polymerase chain reaction and array-based gene analysis with switchable holders and custom
designed user friendly graphical user interfaces. As proof of concept, the device and methods were applied to
evaluate gene profiling related to apoptosis in Hela cancer cells. A simple and rapid method to directly
synthesize Au NCs on DNA template was developed using the device. The method of synthesis is versatile and
can be applied to different classes of DNA. The portable device with user friendly methods offer potential use

in disease diagnostics with a vision to extend health care facilities to remote geographical locations.

nalyses of genes and proteins can be considered as two pillars key to molecular basis of
A health analysis and are thus important for developing novel molecules and materials for
targeted therapy. An important aspect of the field is to develop new methods and devices for the
analyses so that not only faster and sensitive techniques are made available but also a broad spectrum
of the global populace accrue the benefit of such developments. This can possibly be achieved by
combining the best of well-established protocols and currently developing fields. We have developed
anew platform technology and a bench-top device for gene analysis based on the photoluminescence
of in situ synthesized gold (Au) NCs as the probe. This is based on combining conventional methods

of gene analyses and nanoscale materials with extraordinary optical properties.

Recent technological developments, in fields of genomics and proteomics, have helped to provide
vital information coded in DNA and proteins in order to predict potential disease targets and
mutations, infer on disease susceptibility and to discover novel therapeutic agents.[?! The reverse
transcriptase — polymerase chain reaction (RT-PCR, in case of genes) and high throughput array
based methods (for analyses of genes and proteins) have been central to the achievements.**
However, the advancements have been associated with sophisticated instrumentation, complex and
multistep fabrication and analysis techniques, involved processes for functionalization of the probes

[5-8

in order to achieve high sensitivity and selectivity.>®! Additionally, there is concern over the

largescale use of hazardous organic dyes and radioactive isotopes.”! Thus there is a genuine need to
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develop new technology that would address point-of-care diagnosis for easy access by a large

population at an affordable cost.
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Figure 4.1: Schematic illustration of device and methods: (a) Device layout. The constituents of the bench top
portable device for gene expression studies are shown in the figure. Graphical User Interfaces (GUIs) allows
control of the device, acquiring of the data and analyses of the results through interfacing to a
computer/laptop. (b) Gene expression studies. i) Amplification of DNA: Genes of interest in the cDNA (cDNA
converted from isolated RNA of cells) were amplified using the device. Synthesis of Au NCs was then carried
out on the PCR amplicon (in the tube) in a single temperature cycle with the thermocycler unit. The Au NCs
synthesized in the PCR products were imaged in the visualization unit under UV illumination. The intensities of
emissions from the Au NCs were analysed using the GUIs to generate information about amplification. ii) DNA
Array: The PCR amplicons were subjected to heat-snap-cool to obtain single stranded products using the device
and they were then spotted over the nitrocellulose membrane containing pre-immobilized complementary
ssDNA. Au NCs were synthesized in a single temperature cycle on these spots and the membrane was imaged
and analysed in a similar way as described before.

The efficiency of the PCR process has been improved through the usage of NPs, QDs, CNTs,

10-3] The plasmonic!!*'*! and luminescent!'®! nanomaterials are

carbon nano-powder, graphene etc.
useful as diagnostic probes in PCR and array based methods. However, due to high sensitivity and
background related issues fluorometric techniques are preferred over colorimetric assays. Use of
conventional organic fluorophores are limited due to photo-bleaching, photo-blinking and often the
carcinogenic nature of the molecule. Though quantum dots have been used as fluorometric tags in
gene expression studies as better materials, their toxicity is a concern.!”! It is also worth noting here
that most of the diagnostic techniques (for RT-PCR and microarray) adopt initial synthesis of
nanomaterial followed by specific functionalization for conjugation with biomolecules. This

particular approach demands extra labour (such as isolation of the probe), processing and thus is time

consuming. Also, since interaction of nanomaterial takes place after synthesis, there lies possibility
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that complete conjugation with biomolecules may be difficult to achieve. Validation in every step is
necessary to certify the functionality of the nanomaterial, which is vital for subsequent interactions
to occur. Few atom luminescent metal NCs are an exciting option as fluorophore due to their salient
features including small size, high photostability, low toxicity in respect to other fluorophores and
low photo-blinking.'”) However, extensive applications of these NCs have so far been limited in
rapid detection assays involving DNA, due to the requirement of large amount of precursors, longer
time period of synthesis and extensive purification steps. In the current context, to employ them as
signal generating agents, the synthesis should be applicable in liquid as well as solid phase. Provided
such an efficient synthesis procedure is obtained integrating into the core functionality of PCR and

array based studies, it could pave for the development of a device for study of genes.

Herein, a bench top device and integrated methods capable of carrying out RT-PCR and array
based gene analysis were reported as shown in Figure 4.1. Ultra small Au NCs were used as signal
generating agents in case of PCR amplicon quantification and DNA array based analysis. The
synthesis of Au NCs involved a rapid single-step method being carried out directly on the PCR
products in the tube itself (or) on the hybridised PCR products in nitrocellulose membrane using the
device itself (with running a single temperature cycle) and is all in one platform as illustrated in
Figure 4.1. The synthesis was carried out in a rather short time to achieve nearly homogeneous Au
NCs without any need for further processing and thereby making it an excellent choice in applications
as diagnostic probe. The luminescence of the Au NCs was proportional to the amount of template
present, i.e., DNA concentration. Hence, study of the luminescence profile revealed the nature of
reactions/interactions happened provided there was a change in the amount of the biomolecule. This
principle of detection was applied for semi-quantitative analysis of PCR products and for array based
analysis of DNA. In case of PCR amplicon quantification, the device facilitates direct analysis using
the luminescence of the Au NCs within the PCR tube, thus avoiding the additional step of gel
electrophoresis. Paper based membrane methods were adopted for array based analysis to avoid
complex fabrication procedure and made the whole process less expensive, easy to handle, flexible
and disposable, so that the device can easily be adopted for medical diagnostics even in remote
areas.!"*11 As a proof of concept, the device and the methods proposed were applied to evaluate gene
profiling for apoptotic pathway where HeLa cancer cells were treated with a commercially available
drug doxorubicin (DOX) and their apoptotic gene expression profile was studied by Au NC
luminescence in an array based method as illustrated in Figure 4.1. With increasing demands of low
cost, portable, easily operable point-of-care diagnostic tools, the device promises utility in

particularly remote areas.

4.1 | Description of the Device

The layout of the device and the methods used are as described in Figure 4.1. The image of the
device is shown in Figure 4.2a. The device is modular in design with different modules as shown

in Figure 4.2b. The device comprises of two major modules — thermocycler unit and visualization
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unit. The device incorporates embedded circuit with both the thermocycler and visualization unit
being controlled by custom designed GUIs coded in LabVIEW. The device is portable and can easily
be accessed on any PC/Laptop through these GUIs. The GUIs allow the user to input various
parameters (along with predefined ones), control the sequence of operations, carry out image

acquisition and analysis.

T
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Figure 4.2. (a) The picture represents the physical construction of the benchtop device for carrying out reverse
transcriptase polymerase chain reaction (RT-PCR) and DNA array based analyses. (b) Flow chart describing
various elements in the device and their interconnections.

Thermocycler unit: All the temperature cycling is achieved through the thermocycler unit.
Thermocycler unit is responsible for carrying out the RT-PCR process, array based experiments and
synthesis of Au NCs — the signal generating agents in both liquid and on membrane. The
thermocycler accommodates switchable sample holders: for 0.2 mL PCR tubes (liquid samples) and
for placing membrane as shown in Figure 4.3 facilitating easy switching between two process. These
switchable holders make it feasible for carrying out PCR and array based studies on a single platform.

The bottom of the holder is exposed to peltier unit (connected to heatsink and fan) which heats and
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cools the sample holder. The sample holder can achieve temperature ranging from 10 °C to 95 °C in
150s. For the PCR process, a lid with cartridge heater as heating element is provided to avoid
evaporation of the sample while PCR amplification. The temperature of the lid can quickly go up to
120 °C. Sensors for monitoring the temperatures are equipped to both holders and the lid. A custom
designed embedded circuit is the core electronic element responsible for operation of the

thermocycler.

PCR tube Holder Membrane Holder

1 = Opening for Temperature sensor
2 = Opening for heating element

3 = Opening for Temperature sensor

Figure 4.3. Switchable Holders and Lid. The device is incorporated with switchable holders to hold both
commercially available PCR tubes and membrane (for array based analysis) facilitating easy switching between
the two process. The figure shows the graphical representation of the holders and lid. (a) 0.2 mL PCR tube
holder with lid on the top. (b) Membrane holder for array based studies.

The thermocycler is controlled by GUI 1 whose front panel is shown in Figure 4.4. The GUI is

broadly classified into three segments.

PCR & DNA / Protein Array
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Figure 4.4. Front panel of the GUI 1 to control the thermocycler unit.

Input settings — These settings allow a particular process to be chosen i.e., PCR or array based
analysis. In PCR mode, inputs related to initial denaturation (on/off) with denaturation time, final
extension (on/off) with extension time, number of cycles can be given. Also, the lid (on/off) can be

controlled with the temperature set. An additional option is included to provide the maximum timeout
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(in seconds) within which a process is expected to start. If the process is not started within this time,

the machine shuts of automatically. Also, custom temperatures and time periods can be set.

Controls — The controls involve operations such as starting a process, halting a process and exiting

the application.

Indicators — Temperature indicators indicate the temperature of the sample holder/plate and lid
continuously. The information regarding the time lapse, phases and cycles are shown in the front
panel. If a particular operation fails to occur within the pre-set time, the timeout indicator indicates

it and the machine turns off automatically.

Visualization unit: Imaging of the sample of interest was carried out in the visualization unit. The
visualization unit constituting a UV source (6W) with interchangeable light sources (for short, mid
and long wavelength) and camera source enables to visualize, image the final products (through the
luminescence of the synthesized Au NCs). The visualization unit is controlled through GUI 2 whose

front panel is shown in Figure 4.5. The GUI 2 is divided into three sections.

Aquisition  Analysis Reports

Image Type | Grayscale =

Figure 4.5. Front panel of the GUI 2 to control the visualization unit with several options for image acquisition,
analysis and generation of reports.

Acquisition — The acquisition tab in the GUI 2 enables to acquire images in auto or manual mode

with flexibility to change camera and image related parameters for acquisition.

Analysis — The analysis tab allows to further process the image and analyse it over a region of interest
(ROI) or along a line. ROIs in different geometrical shapes can be selected and information such as

histogram data, X and Y averaged pixel profile, line profile can be obtained and exported.

Reports - The information obtained can be fit with linear regression techniques and can estimate the

unknown points as per the fit.
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Figure 4.6. Schematic of the circuit used in the device.

Electronic circuit: The thermocycler unit in the device is programmatically controlled using an
electronic circuit interfaced to a microcontroller (ATMEGA 328P) as shown in Figure 4.6. The
microcontroller drives the sequence of operations as instructed by the user through the GUIs. The
microcontroller sends/receives the data through serial communication. The holder temperature is
controlled through the h-brige circuit connecting to the peltier unit and is driven by PID
(proportional—integral-derivative) control. The lid heater circuit is connected to the catridge heating
element and is controlled by using PWM (pulse width modulation) to heat the lid. An additional
circuit to control the fan which aids in cooling the heat sink of the peltier is provided. The temperature
of the holder and the lid are continuously obtained using the temperature monitoring circuit with
temperature sensors and are displayed on the GUI. The whole circuit can be run from a 12V, 10A

power supply.

Functional correlation: Since the device is built in a modular fashion, it is easy to access individual
modules and even offers scope for upgradation. The switchable holders allow to carry out analysis
in both liquid samples and on membrane for both PCR and array based analysis. The device is
portable and can be accessed through user friendly GUIs. The protocols for PCR, array based
techniques and synthesis of signal generating agents are embedded in the GUIs alongside tools for
image acquisition, analysis and generating reports. The combination of the above mentioned various

processes makes the GUI a useful feature which brings multiple processes in a common platform.

4.2 | Reverse Transcriptase Polymerase Chain Reaction

To evaluate the performance of the device, B-actin gene was amplified - using specific primers - for
35 cycles. A similar set was amplified in commercial PCR machine (Palm cycler), keeping the
conditions of amplification same in both cases (Appendix C, Experimental Procedures). Standard

gel electrophoresis with ethidium bromide (EtBr) staining methods were employed to analyze the
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PCR amplicons. The gel images of the PCR amplicons as visualized in gel documentation system
are shown in Figure 4.7a. Image analysis revealed that using the device a gene amplification efficacy
of about 95 % could be obtained, in comparison to commercial PCR machine.
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Figure 4.7. Amplification of DNA with the device and Au NCs as signal generating agent for PCR amplicon
quantification. (a) B-actin gene was amplified using specific primers in the present device and commercial
machine. Lane L1, L2 correspond to PCR amplicon from the present device and commercial device respectively.
i) Visualization of the bands in agarose gel under UV illumination. ii) Relative luminescence intensities of the
bands corresponding to PCR amplicon as analysed from image. (b) B-actin gene was amplified using specific
primers - using the present device - for 20, 25, 30 and 35 cycles. i) Gel images corresponding to various cycles
of EtBr stained PCR products under UV illumination. ii) Grayscale image of luminescence of Au NCs synthesized
corresponding to different cycles of PCR amplicon under UV excitation (254 nm).

Instead of tedious gel electrophoresis and use of EtBr for quantifying PCR products, we devised
amethod to use luminescent Au NCs directly to visualize the PCR amplicons following amplification
in the device. A temperature dependent facile and rapid synthesis of Au NCs for DNA quantification
was developed with the flexibility to carry out the same in the PCR tube after gene amplification.
The synthesis used the final PCR amplicon as the template with HAuCls and MPA as the reagents
and was subjected to a single heating and cooling cycle (between the temperatures 95 °C and 15 °C)
in the thermocycler unit. This results in the synthesis of Au NCs in proportion to the amount of PCR
amplicon present. The Au NCs emitted luminescence with a peak at 580 nm, when excited by 254

nm light. Further, the luminescence of the synthesized Au NCs provided a way for the semi-

quantification of the PCR products.

In order to demonstrate quantification employing these Au NCs as signal generating agents, f3 - actin
gene was amplified for different cycles (e.g., 20, 25, 30 and 35) using specific primers in the
thermocycler unit of the device. Then, Au NCs were synthesized on the PCR amplicons by adding
the reagents (HAuCls and MPA) to the PCR tube, followed by heating to 95 °C for 2 min and then
cooling down to 15 °C for 3 min. The PCR tubes were then directly imaged in the visualization unit
under UV excitation of 254 nm and the image, shown in Figure 4.7b, was captured by a digital

camera. It was observed that the luminescence intensity of these Au NCs increased with the
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increasing number of cycles indicating increase in amplification of DNA. It was also observed that
the lowest amount of DNA that the synthesized Au NCs could differentiate was for 20 cycles (starting
with 0.5 ug of DNA). Another similar set was amplified for different cycles and validated by a
standard process of agarose gel electrophoresis (with EtBr staining), which showed good agreement

with the results obtained.

4.3 | Array based Gene Expression Studies

These results encouraged us to extend the application of the device for multiple gene expression
studies in an array format, using these Au NCs as the signal generating agents. To achieve this,
commercially obtained single stranded oligonucleotide (B-actin) probes, in increasing
concentrations, were immobilized in two rows on a nitrocellulose membrane. Commercially obtained
complementary target strands were then hybridized on the spots in the second row only as shown in
Appendix C, Figure C4.1. Au NCs were then synthesized on all the spots in the membrane in the
thermocycler unit as described above. Upon imaging in the visualization unit, the luminescence of
the Au NCs was evident and it was observed that, for each concentration, the intensity in hybridized

dsDNA spot was more in comparison to the control ssDNA spot.

To demonstrate the use of Au NCs for the study of relative gene expressions during apoptosis in
cancer cells, commercially obtained sequences of common apoptotic genes (BCL - 2, BAX, Caspase
- 3) were chosen. Au NCs were synthesized on different amounts of hybridized dsDNA for each set
of genes. It was observed that, in each case, with the increase in the amount of hybridized product
the luminescence increased proportionately, as shown in Appendix C, Figure C4.2. A set of
experiments was also done with Au NCs synthesized on non-complementary pairs of commercially
obtained sequences. The analysis showed that the luminescence intensity of non-complementary
pairs was similar to sSDNA controls immobilized on membrane, as shown in Appendix C, Figure
C4.3, possibly due to washing away of the non-complementary strands. Based on these results, it can
be concluded that the luminescent Au NCs are viable alternative of commonly used organic dyes for

studying gene expression.

In order to test further the above observations in vitro, relative gene expression studies were
carried out in HeLa cells, which were subjected to apoptosis via anti-cancer drug DOX. The apoptosis
specific genes in control and DOX treated cells (BCL - 2, BAX, Caspase - 3) were then amplified,
in the device, using gene specific primers. Commercially obtained corresponding ssDNA apoptotic
marker genes were immobilized on the nitrocellulose membrane in increasing amounts per spot.
After this, PCR amplicons were heated and then snap - cooled in the thermocycler (to obtain single
stranded products) and they were subsequently transferred to the above spots containing ssDNA.
Following hybridization, Au NCs were synthesized on these spots and the gene regulation outputs
were quantified in correlation to the luminescence profile (Appendix C, Experimental

Procedures). As is evident from the relative intensities in Figure 4.8, the apoptotic genes BAX,
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Caspase - 3 were upregulated and BCL - 2 was downregulated with respect to endogenous control 3
- actin, signifying apoptosis in case of DOX treated HeLa cells in comparison to the control HeLa
cells. Conventional EtBr gel electrophoresis studies corroborated the aforementioned results
obtained by the use of Au NCs. Hence Au NCs were successfully applied to probe the expressions

of multiple genes governing the apoptosis pathway with the HeLa cells as a model system.
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Figure 4.8. Study of expression of multiple genes in control Hela cells and DOX-treated Hela cells. (a) and (b)
Grayscale images under UV illumination (254 nm) of Au NCs synthesized on various genes (spots) in control
and treated Hela cells (respectively). Firstly, commercially obtained ssDNA (as capture agent) of BCL - 2, BAX,
Caspase - 3 in increasing amounts ((i) 0.18 ug, (ii) 0.37 ug and (iii) 0.74 ug; indicated by the arrow) were
immobilized on the nitrocellulose membrane. Following this, increasing amounts of PCR amplicons of BCL - 2,
BAX, Caspase - 3 ((i) 0.18 ug, (ii) 0.37 pg and (iii) 0.74 ug) obtained from control and DOX-treated cells were
heated and snap-cooled to achieve single stranded products and were subsequently hybridized to above
mentioned capture probes. Au NCs were then synthesized on all the spots of the membrane. (c) Relative
luminescence intensity of Au NCs synthesized on BCL - 2, BAX, Caspase - 3 hybridized dsDNA in control and
treated Hela cells (obtained following image analysis). The data is represented as mean and standard deviation
from three individual experimental sets. The graph depicts the averaged intensity of data from three separate
experiments with their standard deviation. (d) Gel electrophoresis with EtBr staining of PCR amplicons of BCL
- 2, BAX, Caspase - 3 from control and treated Hela cells. L1 and L2 lanes correspond to control and treated
samples.

4.4 | Concluding Remarks

Hence, the present invention introduced a new way of gene and protein assays, on a single platform
based user-friendly device, with integrated methods to carry out both RT-PCR and array based

techniques. The GUIs simplifies the operation by enhancing the user experience and lets to perform

TH-2880 11615301t R 4



A DEVICE WITH INTEGRATED METHODS FOR GENE EXPRESSION ANALYSES

tasks like inputting parameters, image acquisition and analysis. The modular approach in design of
the device permits easy upgradation. The facile and rapid synthesis of signal generating agents (Au
NCs) using the device itself on DNA allows semi-quantitative and qualitative analysis. Importantly,
the techniques, methods and materials employed are bio and environmentally friendly. Further,
membranes based approaches adopted in a view to avoid complicated fabrication steps provides
opportunities to extend medical facilities to remote geographical locations. Taken in account all these
sublime features, the device and the integrated methods may add a new dimension to the existing
techniques with the amalgamation of nanotechnology. This may create motivation to converge
various techniques and develop methods in a view to make point of care devices available to a

majority of people across the globe.
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Appendix C

C.1 | Figures

b 2 0;: DssDNA SdsDNA \&

A 4

Increasing Concentration

Figure C4.1. Luminescence profile of Au NCs synthesized on ssDNA and dsDNA on nitrocellulose membrane. (a)
Grayscale image under UV illumination (254 nm) showing commercially obtained ssDNA ([-actin), hybridized
dsDNA on the nitrocellulose membrane in increasing amounts (indicated by the arrow). (b) Relative

luminescence intensities of the Au NCs synthesized on all spots (from image analysis).

Comments on Figure C4.1

Commercially obtained ssDNA (3 - actin) was immobilized (spotted) on nitrocellulose membrane in
increasing amounts ((i) 0.18 pg, (i1) 0.37 pg and (iii) 0.74 pg; indicated by arrow in Figure C4.1a)
in two rows. Complementary target ssDNA (commercially obtained) were then hybridized only in
the second row in increasing amounts ((i) 0.18 pg, (ii) 0.37 pg and (iii) 0.74 pg) from left to right.
Following this, Au NCs were synthesized on all the spots using the thermocycler unit of the device.
The membrane was then imaged using visualization unit (Figure C4.1a) and the spot intensities were
analysed using the GUIs. From Figure C4.1b, it is clear that the intensity of the Au NCs increased

with the increase in the concentration of hybridised product.
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Figure C4.2. Luminescence intensities of Au NCs synthesized on commercially obtained apoptotic pathway gene
sequences (hybridized dsDNA) on nitrocellulose membrane. (a) Grayscale image under UV illumination (254 nm)
of Au NCs synthesized on commercially obtained hybridized dsDNA sequences of B-actin, BCL 2, BAX and
Caspase 3 on nitrocellulose membrane in increasing amounts (indicated by the arrow). (b) Relative
luminescence intensities of Au NCs synthesized on hybridized DNA spots (from image analysis).

Comments on Figure C4.2

ssDNA strands of commercially obtained apoptotic pathway genes BCL — 2, BAX, Caspase 3, 3 -
actin was immobilized (spotted) on nitrocellulose membrane in increasing amounts ((i) 0.18 pg, (ii)
0.37 pg, (iii) 0.74 pg and (iv) 1.1 pg; indicated by arrow in Figure C4.2a) in two rows. Respective
complementary target ssSDNA (commercially obtained) were then hybridized on these spots in
increasing amounts ((i) 0.18 pg, (ii) 0.37 pg, (iii) 0.74 pg and (iv) 1.1 pug). Au NCs were synthesized
on all the spots using the thermocycler unit of the device and the membrane was imaged in
visualization unit. The relative intensities of these spots as analysed from the image showed that the
intensities of Au NCs increased with the concentration of the hybridised products in all these
apoptotic genes suggesting their possibility of usage in studying multiple gene expression in cancer

cells.
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Figure C4.3. Luminescence profile of Au NCs synthesized on ssDNA, non-complementary and complementary
strands on nitrocellulose membrane. (a) Grayscale image under UV illumination (254 nm) showing commercially
obtained ssDNA, non-complementary and complementary strands on the nitrocellulose membrane in
increasing amounts (indicated by the arrow). (b) Relative luminescence intensities of the Au NCs synthesized
on all spots (from image analysis).

Comments on Figure C4.3

Commercially obtained ssDNA ([ - actin) was immobilized (spotted) on nitrocellulose membrane in
increasing amounts ((i) 0.18 ug, (i1) 0.37 ug and (iii) 0.74 pg; indicated by arrow in Figure C4.3a)
in three rows. In the second row, commercial ssDNA of BCL-2 (non-complementary to -actin) was
interacted in increasing amounts ((i) 0.18 pg, (ii) 0.37 pg and (iii) 0.74 pg) from left to right. In the
third row, commercially obtained complementary ssDNA of f§ - actin was hybridized in increasing
amounts ((i) 0.18 pg, (ii) 0.37 ug and (iii) 0.74 ug). The first row is left as control for only ssDNA.
Following this, Au NCs were synthesized on all the spots using the thermocycler unit of the device.
The membrane was then imaged using visualization unit (Figure C4.3a) and the spot intensities were
analysed using the GUIs. The intensity analysis (Figure C4.3b) showed that the luminescence didn’t
enhance in the case of non-complementary interactions as it did with increasing concentrations of

complementary (hybridized) dsSDNA possibly due to washing away of the nonspecific ssDNA.
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Figure C4.4. TEM image of Au NCs synthesized on DNA.

Comments on Figure C4.4

Au NCs were synthesized on DNA in liquid phase and were imaged with JEOL 2100 UHR-TEM
operating at a maximum accelerating voltage of 200 kV). The formation of Au NCs on dsDNA is

evident from the images.

C.2 | Experimental Procedures

Amplification of DNA with the device: -actin gene was amplified for 35 cycles using specific
primers in both the conventional PCR machine (Palm cycler) and the present device, keeping the
conditions as initial denaturation at 95 °C for 3 min followed by 35 cycles of three phases: 95 °C for
30 sec, 55 °C for 30 sec, 72 °C for 1 min. After this, final extension was carried at 72 °C for 10 min.
The PCR amplicons obtained from both the devices were analysed using standard gel electrophoresis
with EtBr staining. The stained gel was visualized under UV illumination as shown in Figure 4.7a.
The amplification achieved by the present device was about 95 % compared to conventional PCR

machine as analysed from the image.

Quantification of PCR products using Au NCs: Two sets of B - actin gene was amplified for 20,
25, 30, 35 cycles using specific primers by the thermocycler unit of the device with the conditions as
initial denaturation at 95 °C for 3 min followed by specific number of thermal cycles with each cycle
as 95 °C for 30 sec, 55 °C for 30 sec, 72 °C for 1 min and final extension for 10 min. In the first set,
Au NCs were synthesized using the thermocycler with the following protocol. 1.0 mM HAuCls and
0.01 M MPA were added in 3:1 (v/v) ratio to the end-point PCR product (inside the PCR tube itself)
and was heated to 95 °C for 2 min and then cooled to 15 °C for 3 min. This resulted in the formation
of Au NCs in proportion to the amplification. The final PCR tubes containing the PCR amplicons
with synthesized Au NCs were then imaged and analysed using the visualization unit under UV
excitation of 254 nm. Standard gel electrophoresis with Et Br staining is carried out for the second

set of PCR amplicons. The gel was visualized under UV illumination.
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Gene expression studies:
a) cDNA extraction from control HeLa cells and DOX treated HeLa cells

HeLa cancer cells were cultured in two 60 mm culture plates with cell density of 1 x 10° cells.
Keeping one of the plates as control, the other plate was treated with anticancer drug DOX for 24 hr.
Using standard RNA protocol, RNA was isolated from both the cells (control and treated). cDNA
was obtained from mRNA using the thermocycler (42 °C for 40 min, 95 °C for 2 min) with Verso
cDNA Kkit.

b) Amplification of specific genes using thermocycler unit of the device

BAX, BCL-2, Caspase 3 along with endogenous control B-actin were amplified using specific
primers for 35 cycles (denaturation: 95 °C for 3 min; 35 cycles with three phases: 95 °C for 30 sec,

55 °C for 30 sec, 72 °C for 1 min and final extension for 10 min).
¢) Immobilization of complementary oligonucleotide on nitrocellulose membrane

Nitrocellulose membrane (with maximum dimensions of 40mm x 40mm) was activated in 1X SSC
(saline-sodium citrate) buffer and allowed to air dry. The commercial oligonucleotides were spotted

and UV-cross linked in an array format by standard process.

d) Hybridisation of heat snap-cooled PCR products to the complementary oligonucleotides

immobilized on nitrocellulose membrane

The PCR products were heated and snap cooled to obtain single stranded products and then were

hybridized to their respective immobilized complementary nucleotides by the following process.

The membrane was blocked before hybridisation using blocking solution for 15 min to avoid
unspecific binding. The hybridization was carried out in 5X SSC buffer, 10% polyethylene glycol
(PEG) 6000 at 60 °C for half an hour. The membrane was then washed with 1X SSC buffer.

e) Synthesis of Au NCs on hybridised membrane

After hybridisation, synthesis of Au NCs was carried out on the spots by adding 1.5 uL of 0.7 mM
HAuCl4 and 0.5 pL of 0.01 M MPA followed by heating the membrane using the thermocycler to 95

°C for 2 min and then cooling it to 15 °C for 3 min.
f) Image acquisition and analysis

The membrane with synthesized Au NCs was imaged and analysed using the visualization unit with

GUIs under UV illumination (254 nm).
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Primer sequences

Gene name Sequence (5’ —3')
B-actin-F 5'CTGTCTGGCGGCACCACCATS3'
B-actin-R 5'GCAACTAAGTCATAGTCCGC3’
BCL2-F 5'AGATGTCCAGCCAGCTGCACCTGAC3’
BCL 2-R 5'AGATAGGCACCCAGGGTGATGCAAGCT3’
BAX-F 5'’AAGCTGAGCGAGTGTCTCAAGCGC3'
BAX-R 5'TCCCGCCACAAAGATGGTCACG3'
Caspase3-F STTTGTTTGTGTGCTTCTGAGCC3’
Caspase3-R S'ATTCTGTTGCCACCTTTCGG3’

Table C4.1. Primers used for amplification of specific genes.

Gene sequences

Gene name Sequence

5'CACCATGGATGATGATATCGCCGCGCTCGTCGTCGACAACGGCTCC GGCATG

B-actin-F
TGCAAGGC3’

3'GTGGTACCTACTACTATAGCGGCGCGAGCAGCAGCTGTTGCCGAGGCCGTAC

B-actin-FC
ACGTTCCGS'

BCL2-F S'GCTTTTCCTCTGGGAAGGATGGCGCACGCTGGGAGAACAGGGTACGATAAY’

BCL2-FC 3'CGAAAAGGAGACCCTTCCTACCGCGTGCGACCCTCTTGTCCCATGCTATTS’

BAX-F 5'CGGCGGGAGCGGCGGTGATGGACGGGTCCGGGGAGCAGCCCAGA3'
BAX-FC 3'GCCGCCCTCGCCGCCACTACCTGCCCAGGCCCCTCGTCGGGTCTS!
Caspase3-F S’AATAAAGGTATCCATGGAGAACACTGAAAACTCAGTGGATTCAAAATS'
Caspase3-FC 3TTATTTCCATAGGTACCTCTTGTGACTTTTGAGTCACCTAAGTTTTAS'

Table C4.2. Gene sequences used for array based analysis
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Chapter 5

LED based Photodynamic Therapy
and Colorimetric Assays on a

Portable Device

ABSTRACT

A portable battery/AC powered device for carrying out photodynamic therapy (PDT) using silver nanorods (Ag
NRs) as photosensitizers and for monitoring therapeutic success through optical detection is proposed. The
device employs low power switchable LED (light emitting diode) arrays of specific wavelengths as light sources
suitable for both PDT applications and detection purposes. Ag NRs were synthesized and their ability to act as
photosensitizer to offer applications in PDT were explored. The effects of PDT on Hela cells were studied using
silver NRs only as photosensitizers and was also used in combination with doxorubicin for showcasing the
potential for combinatorial photo-chemotherapy. The efficiency of the therapy was monitored through MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) based cell viability and LDH based (lactate
dehydrogenase) cell death monitoring assays using the device. The ability of the device to communicate wirelessly
through a custom designed user application via android platform based smart devices makes it suitable for

point-of-care diagnostics.

ancer diagnosis, treatment and monitoring of its therapeutic success for a large populace has
C been limited due to several factors like inaccessibility of advanced facilities in remote
locations, complex operation procedures, cost etc.!'! Besides these technical aspects, the failure rate
of conventional chemotherapy based approaches due to relapse of cancer demands alternate routes
of treatment. In recent times, combination therapy gained significant interest with promising
developments to improve treatment efficiency.?! In this respect, effective coupling of nascent
techniques like photodynamic therapy (PDT) with prevailing chemotherapy could pave way for a
proficient combinatorial therapy to combat cancer.’! Herein, a multifunctional low cost portable
device to achieve combinatorial cancer therapy and also to monitor its therapeutic efficacy through

colorimetric assays is proposed for better management of cancer.

Amongst emerging techniques, PDT has shown huge potential and is a clinically approved
technique which employs light in the biological window (600 nm to 900 nm) at specific
irradiation/fluence rates in the presence of a photosensitizer and molecular oxygen to generate singlet

131 Traditionally used PDT photosensitizers suffers from

oxygen responsible for killing cancer cells.
issues like photo degradation, stability, solubility, low molar extinction coefficients, fixed
wavelength excitation and in some cases inherent toxicity.[ Nanomaterials, with unique photon

dependent physical and chemical signatures, have proved to be significantly advantageous in PDT.
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Figure 5.1. PDT therapy and colorimetric assay based detection using the device. The figure illustrates the
generation of singlet oxygen using Ag NRs with low power LEDs. The therapeutic efficiency is monitored by
using the transmission based assays with LEDs and phototransistors.

Several nanomaterials such as Au NRs, shells, nanocages, hexagons, QDs, carbon materials, Pd NPs
etc., have been used in conjunction with commercial photosensitizers to enhance the efficacy of
PDT.®! Metal NPs in particular are promising in PDT due to their tunable optical extinction of light
arising from localized surface plasmon resonance (LSPR). Also their high extinction coefficients are
of immense significance when compared to organic photosensitizers. Although many nanomaterials
were used in the past, they had been mostly operated in conjunction with photosensitizers to enhance
the PDT. However, if the nanomaterial can itself generate the singlet oxygen for PDT, the need for
separate photosensitizer can be avoided altogether. Recently, Au NPs, Ag NPs, Au NRs, Au
nanoshells, Pt NPs etc., were shown to exhibit PDT potential by themselves without the need of any
organic photosensitizers.”!!! Very few works in this field have been reported and there lies enormous
potential to develop novel materials which could act as photosensitizers to carry out PDT. Moreover,
combinatorial therapy with PDT and chemotherapy can result in effective synergistic effects. The
treatment can be more effective if the photosensitizer could also inherently generate toxicity for
killing of cancer cells. This could result in significant reduction in doses of the individual therapeutic
agents (including irradiation power) in comparison to their use when employed separately in the
therapeutic regime. Ag nanomaterials have been of immense interest and are widely employed for
antibacterial and cancer therapy. Among Ag nanomaterials, plasmonic Ag NRs with tunable LSPR
is an interesting option for PDT alongside its inherent therapeutic properties. High power lasers and
LEDs used for PDT would generally demand considerable amount of electrical power, heat sinks for

long time operation. Sources like clinically relevant lower power LEDs are cost effective, easily
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available, flexible, handy to use and would be well- suited for developing portable device.!'?
Furthermore, these portable devices would be far more efficient if they could also monitor their
success alongside therapy. Portable, low cost, microplate readers linked with smartphones have
become a topic of research interest due to their extensive use in various biologically relevant clinical
assays like ELISA, protein assays, bacterial OD measurements etc. This opened new avenues of
using these plate readers as point of care diagnostic devices. In this respect, further integration of
modules to also achieve therapy in these portable devices could result in significant multi-functional

clinical health care devices.[!3-14]

A portable battery/AC powered device capable of carrying out PDT and transmittance based
detection is reported. The device employs low power switchable LED arrays of particular wavelength
as the light source for PDT and detection purposes. The therapeutic effects of PDT on HeLa cells
were studied using silver NRs only as photosensitizers and also in combination with drug
doxorubicin (DOX). The efficiency of the therapy was monitored through MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and LDH (lactate dehydrogenase) assays
using the device. The ability of the device to be operated wirelessly through a custom designed
application via smartphone or PC/laptop makes it suitable for POC diagnostics. The theme of the

work is schematically represented in Figure 5.1.

5.1 | Description of the Device

The design of the device allows the user to achieve both therapy and diagnosis of diseases on a single

platform. The image of the device is shown in Figure 5.2a.

Modules of the device: The device has two major modules — illumination unit and the measuring

unit as shown in Figure 5.2b.

Irradiation/Illumination unit: The bottom most level in the illumination unit constitutes the
electronic circuitry and the switchable LED array. Above this level is the platform to support the 96
well plate (or) 6 well plate. The device is equipped with switchable LED arrays as those shown in
Figure 5.2¢. The modular design of the device adopts the provision for switching between LED
arrays of different peak emission wavelength as per need. These LED arrays here serve two purposes
—i.e., for irradiation (in PDT applications) and to provide specific wavelength of light for different
assays in order to achieve transmission based detection. The device employs commercially available
low power LEDs (rated 20 - 40 mA, 1.8 - 2.1V) as light sources for PDT. 96 no. of LEDs with same
peak emission wavelength are patterned in an array format such that each LED irradiates a specific
well in standard 96 well plate (or) cluster of LEDs irradiates 6 well plate. The LEDs illuminance can
be tuned to fifteen different brightness levels. A plate holder is provided over the LEDs to support
the 96 well plate or 6 well plate.
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Figure 5.2. (a) Image of the device with electronic circuit at the bottom layer, 96 well plate in the middle and
the phototransistor on the top. (b) Block diagram of the device with various interconnecting modules. (c)
Switchable LEDs for PDT, MTT and LDH assays. (d) User interface to access the device wirelessly with smart
devices.

Measuring unit: The measuring unit includes a phototransistor and the interfacing circuit. The LED
from the array illuminates a single well (in a 96 well plate) at a given time. The phototransistor (inline
and facing a particular LED in the array) measures the transmitted light from the underlying LED

through the sample in the well plate. The circuit then converts this measured transmitted illuminance

to corresponding voltage.

Electronic circuitry: The device is programmatically controlled using an electronic circuit
interfaced to a microcontroller (ATMEGA 328P) as shown in Figure 5.3. The microcontroller drives
the sequence of operations as instructed by the user through an application (Android based). The
microcontroller receives/sends information to the user application wirelessly with the help of
bluetooth module (HC-06). The LEDs in the device are arranged in rows and columns and are
interfaced to the microcontroller using MAX7219 drivers. The MAX7219 ICs drive the LEDs
(ON/OFF) as per the instructions from the microcontroller (which is instructed from the user
application) and allows fast switching. The circuit in the measuring unit uses a phototransistor and

the interfacing circuit to the microcontroller for electrical readout (in terms of voltage) of the
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transmitted light. The whole circuit can be run from a 5V, 1A power supply (either battery or any

other power source).
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Figure 5.3. Schematic of the circuit used in the device.

Software application: A user application is developed as shown in Figure 5.2d to talk to the device
wirelessly via android based smart devices without physically disturbing it. The application features
the ability to select the process, i.e., either illumination for PDT or measure for transmission based
detection. The application further allows selecting desired LEDs (single or multiple), their state
(ON/OFF) and brightness levels. Easy access to subsequent rows and columns can be achieved using
the L, R, U and D buttons for left, right, up and down directions. The application also allows to latch

the previous state of LEDs when new parameters are selected.

Functional Correlation of the device: The simple design and construction, ease in carrying, low
power operation (like portable battery) and ability to be accessed wirelessly make the device portable
and be used even in remote locations. The modular approach adopted in device construction makes
access to individual modules easy for repair and upgradation. With switchable LED arrays, the device
allows achieving desired wavelength of illumination. This feature allowed the construction of the
device to achieve both PDT and colorimetric based assays on a single platform. Multiple samples
can be analyzed using the device. The user application simplifies the operation of the device allowing

sending/receiving information wirelessly.

5.2 | Singlet Oxygen Generation with Ag NRs

For the application of Ag NRs as photosensitizers for PDT, their ability to generate singlet oxygen
is to be determined. The as-synthesized Ag NRs (see Appendix D, Synthesis and Characterization
of Ag NRs) exhibited strong absorbance at 630 nm (Figure 5.4a). To study singlet oxygen generation
of Ag NRs, 1, 3 - diphenylizobenzofuran (DPBF) assay was performed.
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Figure 5.4. (a) Absorbance spectrum of the Ag NRs (relative to the absorbance at 630 nm). (b) Emission
wavelength of the red LED used for PDT.

DPBEF assay: The assay was performed on solution containing DPBF (in dimethyl sulfoxide, DMSO)
along with Ag NRs which were kept in dark in a 96 well plate (Appendix D, Experimental
Procedures). Another set containing only DPBF was kept as control. These solutions were irradiated
for different intervals of time (0 to 6 min in steps of 1 min) using LED array of 632 nm (Figure 5.4b,
2000 lux). The luminescence of DPBF was recorded at 455 nm. It was observed that the luminescence
quenched gradually with the progression of time in the presence of Ag NRs indication generation of
singlet oxygen resulting in breakdown of DPBF as shown in Figure 5.5. However, noticeable decay

in luminescence was not observed in the absence of Ag NRs.
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Figure 5.5. DPBF assay. Luminescence spectra of solution containing (a) only DPBF, (b) DPBF and Ag NRs
irradiated with 630 nm light.

5.3 | Combinatorial Therapy with Ag NPs

The above results encouraged us to use Ag NRs for PDT in conjunction with chemotherapeutic
drug DOX to achieve combinatorial therapy on HeLa cells. For this, HeLa cells were treated with
the synthesized Ag NRs for 8 h and were irradiated with LED array of 632 nm wavelength (2000
lux, 30 min) to induce singlet oxygen generation. These cells were then treated sequentially with
DOX after the irradiation and incubated for another 24 h. Other experimental sets for comparison of
results include HeLa cells treated with only Ag NRs, only drug without irradiation (Appendix D,

Experimental Procedures).
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Figure 5.6. MTT assay. Cell viability studies of Hela cells using (a) commercial microplate reader and (b) the
present device. The MTT assay suggested that the combinatorial treatment with Ag NRs and DOX resulted in
lower cell viability.

MTT assay for determining cell viability: MTT assay was performed to determine cell viability
(Appendix D, Experimental Procedures). This was performed in the device by transmission based
measurements of MTT assay by illuminating the samples with LED array of 570 nm peak wavelength
and measuring with the photodetector. At a given time, a single well in the plate was illuminated
with LED and the phototransistor perpendicular to the plane of well (and facing the LED) measured
the transmitted light with and without the sample. The output voltage from the phototransistor
corresponded to the illuminance. The absorbance value of the sample was calculated through

programming in the microcontrollers using the following formula:

AR (readlng without sample in the well (blank)]

reading from sample in the well

The cell viability was further calculated from the absorbance values using the below formula.

- Absorbance.,,. in treated sample
% of cell viability = x 100

Absorbance,,, . in untreated sample

The readings obtained from the machine were further validated by using a commercial microplate
reader (TECAN infinite PRO) as shown in Figure 5.6, which indicated a good agreement with the
values observed with the device. The cell viability assay revealed that around 80 % of the cells were
viable at 2.5 pg/mL of Ag in case of the treatment with only Ag NRs without irradiation. However,
the viability decreased to 55% in case of irradiated samples at the same dosage. The further decrease
may be attributed to the singlet O, mediated cell death induced by Ag NRs under irradiation resulting
in PDT. Thereafter, the viability of cells treated with DOX (8.3 ug/mL) and Ag NRs under irradiation
showed about 43% viable cells at only 1.14 pg/mL of Ag. Whereas free DOX at same concentration
marked a cell viability of 55%. The results from the MTT assay indicated that the cell viability in
case of combinatorial therapy with Ag NRs and DOX was the least. The ICso was achieved at lower
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concentrations of Ag (1.14 pg/mL) and DOX (8.3 pg/mL) in comparison to the treatment with only
Ag NRs or DOX at the same concentrations.

a Commercial Microplate Reader b Present Device

NR ¥ NR (Irradiated) = Doxorubicin = NR + Doxorubicin (Irradiated) NR M NR (Irradiated) = Doxorubicin = NR + Doxorubicin (Irradiated)
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Figure 5.7. LDH assay. Cell death studies of Hela cells using (a) commercial microplate reader and (b) the
present device. The LDH assay suggested that the combinatorial treatment with Ag NRs and DOX resulted in
increased cell death in comparison to treatment with Ag NR, DOX only.

LDH assay for determining cell death: Release of LDH enzyme in cell culture media was
monitored to determine cytotoxicity using CytoTox 96 non-radioactive cytotoxicity assay kit (Roche
Applied Science; Appendix D, Experimental Procedures). Transmission based measurements of
LDH assay was performed as in MTT assay (mentioned above) by illuminating the samples with
LED array of 470 nm peak wavelength and measured with phototransistor. The measured readings
were validated by using a commercial microplate reader (TECAN infinite PRO) as shown in Figure
5.7. For positive control, cells were treated with 0.8 % (v/v) Triton x — 100 for 10 min whereas non

treated cells formed the negative control. Only medium served as the background control.

% of cytotoxicity

_ [ LDH release in treated cells -LDH release in negative control % 100
LDH release in positive control - LDH release in negative control

The results from the device are in good agreement with the commercial reader. It was observed that
the cell death was highest in the case of combinatorial therapy with Ag NRs and DOX (at same
concentration of Ag and DOX). The LDH release from HeLa cells treated in combination with Ag
NRs (irradiated) and DOX was significantly high in comparison to Ag NRs (dark) and DOX only,

suggesting more effective cytotoxic nature of the combination therapy.

5.4 | Concluding Remarks

Ag NRs have been shown to act as photosensitizers and are capable of generating singlet oxygen
under proper irradiation with low power LEDs. These Ag NRs in conjugation with chemotherapeutic
drug DOX successfully induced combinatorial treatment resulting in cell death at very low doses of
sample and irradiation in comparison to their individual contributions. The low power portable

device was efficient in imparting PDT with Ag NRs and also in evaluating the therapeutic effects
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through transmission based assays on a single platform. The present invention provides a scope for
high throughput screening of multiple samples at a time. The switchable LED arrays makes the
device more robust and use of desired array of particular wavelength for illumination at ease. Also,
one could make custom LED matrices and embed into the device without affecting the underlying
circuit. The custom designed software application that can be accessed on smartphones and
laptops/PCs is simple in design and presents graphical information to execute the task. The ability of
the device to be remotely accessed wirelessly enables to operate it from distant places and
considering its portable nature and requirement of low power (such as portable battery) makes the

device versatile and an important medical tool especially in remote geographical locations.
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Appendix D

D.1 | Synthesis and Characterization of Ag NRs

LT I L e T B TR T S T s

Figure D5.1. Electron microscopic analysis. (a) TEM images of Ag NRs. EDX analysis indicating the presence of

Ag. (b) HRTEM images showing the lattice spacing of Ag NRs. (c) SAED analysis signifying the polycrystalline
nature of Ag NRs with different lattice planes. (d) FESEM images showing the formation of Ag NRs.

Synthesis of Ag NRs: The synthesis of Ag NRs was achieved in two steps. The first step involved
preparation of Ag seed solution. The was done by reducing 20 mL of 0.25 mM silver nitrate (AgNO3)
with ice cold 10 mM sodium borohydrate (NaBH4) in the presence of 65 pL of tri-sodium citrate
under vigorous stirring for 1 min. The resultant yellow coloured solution was left idle for 2 h before
further use. The second step involved preparation of the growth solution. A mixture of 10 mL of 80
mM cetyl trimethylammonium bromide (CTAB), 500 uL of 100 mM ascorbic acid and 250 uL of 10
mM AgNO; was taken in a beaker and gentle mixed. To this, 60 pL of silver seed solution (as
obtained from step 1), 100 pL of 1 M sodium hydroxide (NaOH) were added and gently shaken
before leaving it undisturbed for the growth of Ag NRs. After 10 min, Ag NRs were formed as
indicated by the initial visual appearance of green colour. Following this, excess amount of CTAB
was removed by the following method. 3 mL of dichloromethane was added to 3 mL of hence
prepared Ag NR solution and was shaken gently before it was left idle for a few minutes to achieve
phase separation. The upper phase containing Ag NRs was transferred to fresh tubes and was then
centrifuged at 6000 rpm for 30 min. Thereafter, the supernatant was removed and the pellet was
washed, dissolved in water and centrifuged twice at 10000 rpm for 15 min. Finally, the pellet was

dissolved in 1 mL of distilled water and was used for all further experiments.

Characterization of Ag NRs: Ag NRs exhibited strong absorbance at 630 nm due to LPSR which
was evident from the UV - Vis spectroscopy measurements (performed using a JASCO V630
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machine), as showed in Figure D5.1. TEM (JEOL 2100 UHR-TEM operating at a maximum
accelerating voltage of 200 kV) analysis showed the formation of the Ag NR (Figure D5.1a). The
aspect ratio of Ag NRs was found to be 4.3 + 0.6 nm. The presence of silver was confirmed by EDX
analysis as shown in Figure D5.1a. The HRTEM (Figure D5.1b) and the SAED (selected area
electron diffraction, Figure D5.1¢) analyses revealed the polycrystalline nature of the formed Ag
NRs. FESEM (Zeiss - Sigma Advanced Analytical Microscopy) images (Figure D5.1d) also
indicated the presence of Ag NRs with aspect ratio 4.67 + 0.5 nm. The concentration of Ag was

determined by atomic absorption spectroscopy (AAS) (Figure D5.2).
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Figure D5.2. Standard calibration curve of Ag (standard) using AAS for measurement of Ag concentration.

D.2 | Experimental Procedures

DPBF singlet oxygen quenching experiment: A solution containing 100 uL. of DPBF (0.08 mM)
in DMSO and 100 uL. of Ag NRs was prepared in dark in a 96 well plate. Another set containing
only DPBF was kept as control. These solutions were irradiated for different intervals of time (0 to
7 min in steps of 1 min) using LED array of 630 nm (2000 lux). The luminescence of DPBF was

recorded at 455 nm in Perkin-Elmer LS 55 fluorescence spectrometer.

Treatment of HeLa cells with Ag NRs and DOX: 5 x 10° cells (HeLa cells) were seeded in 96 well
plate and was incubated for 24 h at 37 °C in 5% CO.. These cells were treated with the synthesized
Ag NRs for 8 h and were then irradiated with LED array of 632 nm wavelength (for 30 min at 2000
lux) to induce singlet oxygen generation. For combination therapy, another set of cells were treated
with the synthesized Ag NRs for 8 h and were irradiated with LED array of 632 nm wavelength.
These cells were then treated with DOX and incubated for another 24 h. Control experiments without
irradiation (in dark) were carried out by treating two individual set of cells with Ag NRs and DOX

respectively.

MTT assay for determining cell viability: MTT assay was performed to determine cell viability.
MTT, which is tetrazolium salt, was reduced into purple colored formazan by respiring mitochondria

present in the live cells. In brief, 7.0 uL of MTT was added to each well of the microplate and was
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left at 37 °C for 1 h in 5% CO, incubator to form formazan. The medium was removed after 1 h of
incubation and 70 pL. of DMSO was added to each well for the development of purple color, which

absorbs at 570 nm.

LDH assay for determining cell death: Release of LDH enzyme in cell culture media was
monitored to determine cytotoxicity using CytoTox 96 non-radioactive cytotoxicity assay kit (Roche
Applied Science). Aliquots of cell culture media were diluted with tetrazolium salt (INT) solution
(substrate) in 1:1 ratio and incubated at 37 °C for 30 min. As the reaction proceeded, INT was

converted by released LDH to red formazan product.

D.3 | References
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Chapter 6

Perspectives on the Future of Work

The dissertation presented a sect of device oriented approaches through utilization of the properties
of nanoscale materials and technology. Particularly, surface and optical properties of nanomaterials

were used to construct devices with on-board intelligence and with potential for healthcare.

Electrical energy was produced from autonomously moving composite bot. The periodicity,
reproducibility of the motion and generation of electrical signal of sufficient magnitude for triggering
applications indicate favourable prospects for the design of multifunctional autonomous microscopic
bots. The idea further promotes the possible incorporation of low-voltage operating devices in
autonomously moving electrically operative microbots. Synthetic autonomous bots could be
developed with the ability to generate their own signal for running complex circuitry and

communicate with each other through these electrical impulses.

The development of decision making systems in liquid media using biocompatible nanomaterials
can be considered as important development in alternative computing. These systems could avoid
many complications present in existing devices and are promising for contact-less and futuristic
bionic devices. Intelligent synthetic static and mobile systems could be pursued. Further, systems
responsive to various kinds of stimuli could be developed to offer application in diverse
environments. One can conceive of light-induced or magnetic field induced local heating (in the
presence of metal or magnetic NPs), introduction of acid/base and dissolved metal ions through

microfluidic circuits for operation of logic structures.

Clinical devices for performing analytical techniques like RT-PCR, array based studies,
colorimetric based assays and to achieve therapy like PDT were developed by employing optically
active nanomaterials. Importantly, the techniques, methods and materials employed are bio and
environmentally friendly, which may support efforts in incorporating such features in future devices.
These devices inculcate the idea of developing new methods by modifying the conventional approach
through amalgamation of emerging materials. This may lead to less complicated fabrication steps
and provides opportunities to extend medical facilities to remote geographical locations. The modular
approach in these devices gives way for easy upgradation. The software applications integrated to
the device functionality may encourage to develop GUI based devices to make the experience user
friendly alongside functionality. The ability of these devices to be remotely accessed enables to
operate it in distant places and considering its portable nature and requirement of low power make
them versatile and an important medical tool especially in remote places. This further encourages the
motive to converge various techniques and develop methods in a view to make point-of-care devices

available to a majority of people across the globe.
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The inference from the current dissertation would be to highlight the importance of identifying
the salient features of particular nanomaterials and to direct their utilization towards transforming
technology. This may be through developing entirely new systems from the scratch or through
effective alternations and modifications of existing techniques via conjugation of novel methods and
materials. Finally, it is deemed that the works mentioned in this dissertation would encourage further

efforts to engineer devices with low dimensional materials.
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