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ABSTRACT
NANOGAP BREAK JUNCTIONS AND
SOLID-STATE MICROPORES AS

ELECTRONIC BIOSENSORS

Azhar llyas, PhD

The University of Texas at Arlington, 2013

Supervising Professor: Samir M. Igbal

Cancer has been the top ranked fatal disease for the last several decades. Most of the
cancers remain silent at its earlier stage and are usually diagnosed at advanced and incurable
phase. Early detection of cancer can have immediate and far reaching impact on better
prognosis of cancer patients. Diseases are initially expressed at molecular and cellular scale
and identification of these deadly diseases at such small scales would be a great step toward
early detection. The study of biological molecules and diseased cells require efficient fabrication
techniques to develop sensing devices with molecular size entrapment. Bio-nanotechnology
and BioMEMSs promise to fabricate devices not only down to the cellular scale but also down to
the size of the biological molecules, such as proteins, bacteria and virus.

The overall goal of this research is to develop robust and highly sensitive electronic
biosensors for identification of cancer at molecular and cellular level. The dissertation study
focuses on 1) Development of nano-electrode break junction sensors for selective capture of
Epidermal Growth Factor Receptor (EGFR) cancer biomarker 2) Development of solid-state
micropore device for biomechanical discrimination of cancer cells from a biopsy sample 3)

Development of multi-channel micropore sensor for efficient detection of Circulating Tumor

iv



Cells (CTCs) from whole blood in a high throughput fashion 4) Synthesis of PLGA porous
nanoparticles for controlled drug delivery systems. All of these solid-state biosensors were
fabricated using standard silicon processing techniques. Surface functionalization was also
performed to immobilize RNA aptamers on the surface. Break junctions with nanogap
separation provide a platform for direct investigation of biological molecules in a simple and
reliable manner. Solid-state micropores make use of biophysical properties of cells to indicate
the physiological state of cells without using any cell staining. Multi-channel micropore device
offers a novel approach for CTC detection from whole blood where parallel recognition of tumor
cells makes it a rapid processing system. A novel approach to synthesize PLGA porous
nanoparticles using water soluble salts as extractable porogen offers a simple and
straightforward strategy to prepare porous nanoparticles. These biocompatible and
biodegradable nanoparticles with porous surface topography can be used as efficient

nanovehicles for controlled drug delivery systems.
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CHAPTER 1
INTRODUCTION
Nanotechnology has rapidly emerged among other fields of science and engineering.

Evolution and development of this field over the last few years has convinced researchers and
scientists that it can sustainably overturn the existing technical models. Miniaturization of the
probes, ultrasensitive interfaces, characterization and prediction of the pathologic tendency of
diseased cells are the essential enabling aspects of nanotechnology. Recent advancements in
fabricating nanoscale devices and nano-object mediated modalities allowed nano-scale probing
where detection and characterization of biological entities, their development and interactions, is
carried out at molecular level. The state of the art in microfabrication and nanotechnology has
facilitated us with instruments, techniques and skills to examine the presence or absence of a
particular disease biomarker at molecular and cellular scale. Bio-nanotechnology broadly
encircles cross-cutting research in engineering and biology. Much of current research focuses
on the integration of biomedical engineering, nanoscience and nanotechnology, with particular
focus towards their application in diverse areas like nanomanufacturing of break junctions for
molecular diagnostics, chip-based recognition of cancer cells and site-specific controlled drug
delivery systems.

1.1 Structure of Dissertation

The overall goal of this work is to develop simple but highly sensitive and reliable
sensors for electronic detection of EGFR cancer biomarker, electrophysiological analysis of
cancer cells for cancer diagnosis, rapid detection of circulating tumor cells (CTCs) and
synthesis of porous PLGA nanoparticles from simple salts. This dissertation is divided into 7

chapters. The breakdown of chapters is given below:
1



1.1.1 Introduction (Chapter 1)
This chapter is meant to explain the significance of bio-nanotechnology in life sciences.
It also intends to introduce the reader with the drive and objective behind the entire research

work.

1.1.2 Background and Literature Review (Chapter 2)

Chapter 2 reviews the literature about the current methods to manufacture nanogap
break junctions and its limitation, recent developments in molecular diagnostics, state of art in
biopsy sample analysis and its downsides, current biosensors for cancer cell detection and their
limitation, properties of circulating tumor cells (CTCs), conventional methods to synthesize

porous nanoparticles and significance of porous particles in drug delivery systems.

1.1.3 Nanogap Break Junctions for Molecular Detection of Cancer (Chapter 3)

Break junctions have emerged as an important tool to investigate electrical transport
properties of molecules. Selective probe molecules are immobilized between the contact
structures with nanometer sized separation. Different process flows are employed for break
junction manufacturing. All approaches either suffer from time consuming e-beam writing of the
whole device or low yield that results from stochastic nature of electromigration process. We
have deployed a new class of break junction fabrication using Focused ion beam (FIB) scratch
followed by electromigration. The approach results into elegant, rapid and controlled high-yield
nano-manufacturing of break junctions at exact locations with very narrow distribution of the
gaps (between electrodes).

The break junctions are then employed as biological transducer to detect an important
cancer biomarker Epidermal Growth Factor Receptor (EGFR). EGFR is a cell surface protein
and its over-expression is recognized in several types of cancers. The silicon dioxide (SiO,)
surface between the nano-electrodes was functionalized with RNA aptamers which selectively

bind to EGFR protein biomarker. The selectivity was demonstrated by the mutated non-
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selective aptamers. The gold electrodes with nanometer sized separation give two orders of
magnitude increase in current when selective capture of EGFR occurs. The surface chemistry
for immobilization of RNA aptamers was verified by optical detection. Chapter 3 covers the
fabrication process for nano-manufacturing of break junctions and explains the use of these

nano-electrodes as an electronic sensor for molecular diagnostics.

1.1.4 Biomechanical Discrimination of Cancer Cells using Solid-state Micropores (Chapter 4)
Biomechanical properties (size, shape, stiffness, viscosity, deformability) of cells
change significantly in unhealthy cells and can be used to indicate the physiological state of the
cells. Cancer cells differ from normal cells in various aspects including size, shape, cellular
functions and its biophysical properties. Although biopsy samples are the most valuable sources
for cancer diagnosis but the analysis schemes are limited. High turnaround time, need for
stains, lack of quantitative metrics and failure to recognize diseased cells when these are very
few in number, are the major challenges in contemporary clinical pathology. We have
developed a solid-state micropore sensor to discriminate cancer cells based on its
biomechanical properties. The detection scheme utilized single solid-state micropore as the
biological transducer which translated the cell’s viscoelastic behavior into electrical signals. As a
model, bladder cancer cells and normal urothelial cells were investigated. The approach didn’t
require any staining, functionalization or availability of any biomarkers but relied on merely
cellular mechanical properties. Temporal measurements of the ionic current were recorded
across the micropore. Cancer cells gave distinctive pulse signals while passing through the
micropore and showed one order of magnitude faster translocation time as compared to normal
cells due to their softer nature. The statistical analysis of each single cell present in the probed
sample demonstrated its capability to identify cancerous cells when they were very few in
number. Chapter 4 covers the micropore fabrication process, assembly of micropore sensor and

its capability and potential to identify cancer cells using elasticity as the discrimination factor.



1.1.5 Parallel Recognition of Cancer Cells Using Micropore Array Assembly (Chapter 5)
Circulating tumor cells (CTCs) are thought to detach from the primary tumor, squeeze
through the surrounding tissues and enter circulatory system. These cells spread through blood
circulation to secondary tissues and accumulate to build up a secondary tumor. Early detection
and accurate enumeration of CTCs in the peripheral blood is critically important to improve the
survival rate of cancer patients. Several detection schemes have been employed for the
isolation and quantification of CTCs but are mainly limited by low throughput or use of
fluorescent tags for cell quantification. Modern electrical microfluidic systems offer label-free
detection of pathogens but flow of cells in a single line makes it low throughput strategy.
Similarly, single solid-state micropore device has to face high processing time for single cell
analysis. We have developed a multi-channel micropore sensor that utilizes multiple micropores
for parallel recognition of CTCs from blood sample. Red blood cells are lysed to reduce the cell
concentration and increase the detection efficiency. Tumor cells are larger in size than
leukocytes and give a characteristic pulse signal. The approach offers rapid processing of blood
samples and efficient identification of cancer cells. Label free chip-based detection makes our
device a simple and reliable detection system. Chapter 5 explains the device design, electrical

measuring setup and CTC detection experiments.

1.1.6 Synthesis of Porous PLGA Nanopatticles for Drug Delivery Systems (Chapter 6)
Biodegradable micro/nanoparticles made of poly(lactic-co-glycolic acid) (PLGA) have
emerged as promising drug delivery vehicles. These are widely used as carriers in controlled
and targeted drug delivery applications. The controlled and targeted release coupled with
therapeutic mechanisms significantly impacts the quality of the drug by eliminating the potential
of both under and overdosing. PLGA based porous nanoparticles overtake the major challenges
faced by nonporous particles like drug stability and accelerated polymer degradation due to

autocatalytic effects. Moreover, pore characteristics have significant impact on drug release and



by controlling pore morphology, it is possible to design highly controlled drug release systems
but synthesis of porous particles is relatively complex. We have developed leaching of water-
soluble salts as a novel approach to synthesize porous PLGA nanoparticles. Bovine serum
albumin (BSA) has been used as model drug and loaded into porous and non-porous
nanoparticles. The physical characterization of porous and non-porous nanoparticles was
performed to study the size distribution and colloidal stability. The in vitro drug release study
was also carried out to observe the comparative release behavior over the same period of time.
The porous nanoparticles showed an enhanced release of drug owing to the leaky features on
the surface of nanoparticles which allowed easy release of drug. The release behavior can be
optimized by simply varying the porosity which is a direct function of the porogen concentration.
Chapter 6 covers the synthesis process of porous and nonporous PLGA nanoparticles and

explains their drug release activities in details.

1.1.7 Future Research Directions (Chapter 7)
Chapter 7 covers the future directions and potential use of developed electronic
biosensors. It also contains the scope of further work that could supplement/complement

current work.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 Break Junction Biosensors for Molecular Detection

2.1.1 Molecular Electronics

The ability to measure the electrical conductivity of a single molecule is highly
significant in science and industrial communities and rooted the evolution of molecular
electronics. Development of a realistic platform for direct investigation of biological species at
molecular scale has always been of keen interest for researchers. Several approaches have
been deployed for single molecule detection. Mainly these are categorized as lateral device
structures (LDS) and vertical device structures (VDS). VDS involves a conductive substrate with
molecular layer deposition on top of it whereas the conductive probe provides the second
contact to make a metal-molecule-metal structure. Scanning tunneling microscopy (STM) was
the first and foremost device of this kind and made a great impact in the field of molecular
electronics. Figure 2.1 demonstrates a schematic sketch of STM used to study electron
transport properties of molecules. An LDS contains a pair of metal contacts with nanometer-
sized separation and probes selective to target molecules are immobilized between the contact
structures. Devices of this kind that contain a thin metal strip, in which a nanoscale gap is

produced by some technique, are known as break-junctions.

2.1.2 Break Junctions
Break junctions are composed of a pair of electrodes with nanometer sized separation
(nanogap). Break-junctions have been used to study the electrical transport properties of single

molecules entrapped in the nanoscale opening between the contact structures [1, 2]. The target
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Figure 2.1 Scanning tunneling microscopy (STM) represents a vertical device structure to
measure the conductance of molecule with one end attached to the metal substrate and other
end with the conducting tip. Reprinted with permission [3], copyright (2007).

molecules are captured by the probes immobilized between the nano-electrodes. The break-
junctions are fabricated by introducing a nanogap between two thin metal lines [4-6]. The
nanoscale separation is the most important element of the break-junctions as this area is
functionalized with probing molecules to get the target molecule attached at this site. Selective
capture of the target molecule bridges the two electrodes and makes a metal-molecule-
molecule structure. When a voltage is applied across the metal contacts, current starts flowing
through the molecules bridging the gap between them as shown in Figure 2.2 [3]. The amplitude
of the current is correlated to electrical conductivity of target molecules. Break junctions provide
the simplest platform to study electron transport properties of single molecules but entail with
efficient fabrication techniques.

Fabrication of metal electrodes with nanoscale gap has been a challenge and extensive
efforts have been made to manufacture nanogap break junctions. Most of these techniques

either involve the serial process of E-beam writing or mechanical fracture of already patterned
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Figure 2.2 Schematic of nanoelectrodes to study electrical conductivity of molecule covalently
attached to metal conatacts. Reprinted with permission [3], copyright (2007).

electrodes. E-beam writing gives high yield but serial process makes it a very low throughput
technique. Mechanically controlled break junctions are either fractured under external force or
electromigration. In case of externally applied force, a bridge of thin metal strip is suspended
over flexible substrate [7]. The junctions can be introduced by bending the flexible substrate as
shown in Figure 2.3. In electromigration technique, a high current is allowed to pass through the
thin metal line under the application of external electric field. It produces a high current density
which kicks off heavy electron flow. The momentum of the electron is transferred to the charged
defect in the metal line. The transferred momentum keeps growing and electromigration occurs
when it effectively pushes the metal atoms in the direction of electron flow and results into

making of break-junctions as shown in Figure 2.4 [8].
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Figure 2.3 Controlled mechanical bending to induce break-junctions. Reprinted by permission
from American Institute of Physics: Applied Physics Letters [7], copyright (1995)
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Figure 2.4 SEM micrograph of metallic strip (a) Before electromigration. (b) After
electromigration which gave break junction with nanoscale separation. Reprinted by permission
from American Institute of Physics: Applied Physics Letters [8], copyright (2005)

2.1.3 Fabrication of Break-junctions
Several fabrication schemes have been deployed to manufacture metallic break junctions
with nanometer sized separation. The fabrication processes with their pros and cons are

explained in the following sub sections.

2.1.3.1 E-Beam Writing for Fabrication of Break Junctions

E-beam lithography is widely involved in nanomanufacturing of break junctions. In one of
such fabrication processes, oxidized silicon (Si) wafer was used to deposit 60 nm thick layer of
silicon nitride using low pressure chemical vapor deposition (LPCVD) technique. E-beam
lithography was employed to define a pattern of few mm long and 100-150 nm wide slit. The

pattern was transferred to underlying layer of silicon dioxide using reactive ion etching with SFg



plasma. The wet chemical etching of oxide using hydrofluoric acid underetched the nitride film
and gave two overhanging silicon nitride structures as shown in Figure 2.5 [9]. Thin layer of Au
was sputtered across the slit which divides the gold strip into two parts with 100 nm separation.
Carbon nanowire was grown on the overhanging beam structures using e-beam exposure.
Carbon nanowires started growing from the edge of gold film towards the gap. The growth of
carbon nanowires could be discontinued at any time to get a break-junction of specific nanogap.
This method of using electron beam deposition gave break junctions with a gap of 4 nm as
shown in Figure 2.6. This approach provides higher yield and precise control over nanogap but
has to go through slow linear scan of electron beam which turns it into an extremely low

throughput process.

TOP VIEW

i 2 A

Figure 2.5 Schematic view of nanogap break-junctions made through e-beam writing. (1) Si
wafer (2) Silicon dioxide (3) Siilcon nitride (4) gold (5) carbon nanowires. Reprinted by
permission from American Institute of Physics [9], copyright (1997)
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Figure 2.6 SEM micrograph of a break junction with about 4nm gap fabricated with e-beam
deposition. Reprinted by permission from American Institute of Physics [9], copyright (1997)

2.1.3.2 Mechanically Controlled Manufacturing of Break Junctions

Break-junctions can be fabricated by microfabrication process where external force is
used to crack the metal line and obtain break junction [7]. In one of such processes, e-beam
lithography was used to define gold patterns on a Si wafer with 400 nm thick oxide layer.
Conventional photolithography was used to deposit thick layer of Al on whole of the wafer
except a particular region centered around the smallest feature in gold patter. Silicon dioxide
was etched using dry etching where both the metallic layers worked as the etch masks. The Al
was removed using simple wet etching and then anisotropic wet chemical etching of Si was
carried out to make triangular pit in the Si wafer. It resulted into the final device that had two
cantilever beams connected by 100 nm wide gold wire. Finally, a controlled force is applied on
the backside to create a fracture in gold wire, giving thin metal line with a small nanogap. This

method incorporates two major drawbacks. E-beam writing is a slow process which reduces the
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throughput and mechanical breakage decreased the yield. Figure 2.7 shows the two devices

hanging over triangular pit before fracture.

Figure 2.7 Figure shows the two devices hanging over the etched cavity in Si before breaking
the connecting wire to get the break junction. Reprinted by permission from American Institute
of Physics: Applied Physics Letters [7], copyright (1995)

2.1.3.3 Electromigration to Fabricate Break Junctions

Electromigration can also be used to induce fracture in the thin metallic strip to
manufacture break junctions. Since electromigration occurs at the point of most resistance, so
Park et al. used shadow evaporation of gold to intentionally create a locus of highest resistance
in the nanowire. E-beam lithography was used to create a 200 nm long suspended resist
bridge, 400 nm above the oxide surface. Metallic nanowires were introduced by evaporating 3.5
nm of chrome film followed by 10 nm gold at an angle of +15° with respect to the substrate
normal [10]. The angled deposition gave a shadowed deposition of the Au. Then, 3.5 nm of
chrome followed by thick layer of gold (80 nm) were deposited straight down to oxide surface.
Conventional photolithography was used to ensure a connection with the nanowire and

alignment of thick gold contact pads. The break junction was generated using electromigration.
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A sweeping voltage was applied across the two Au pads which resulted into flow of electric
current. At certain threshold voltage, sudden drop in current was observed that indicated the
nanowire breakage. The ohmic current changed to tunneling current when the connected gold
line is ripped into two electrodes with nanometer breach. The break-junctions would mostly form
at regions where two shadow-evaporated electrodes overlapped because the thin metal layer
formed the most resistive locus in this region. Figure 2.8 shows SEM micrograph of a particular

break-junction before and after electromigration occurs [10].

Figure 2.8 SEM micrograph of a representative break-junction (a) before and (b) after
electromigration. Reprinted by permission from American Institute of Physics: Applied Physics
Letters [10], copyright (1999)

2.1.3.4 Combination of SAM and E-beam Lithography for Break Junction Fabrication

Recently a combination of self assembled molecular (SAM) and electron beam
lithography has been deployed to fabricate break junctions with nanoscale separation. In this
method, oxidized Si wafer was used to define first electrode using E-beam lithography followed

by metal deposition and lift-off on the silicon dioxide surface as shown in Figure 2.9 [11]. Then,
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the multilayer films composed of a functional mercaptoalkanoic acid and a coordinated copper
ion were deposited layer by layer to get a defect free SAM resist layer on top of metal electrode.
Next, the second electrode was defined using the E-beam lithography followed by metal
deposition. The second electrode was patterned such that it crossed the first electrode at right
angle. Fianally, the SAM resist layer was removed using resist stripper. Photoresis removal left
behind two metal electrodes separated by nanoscale gap. This process gave higher yield of

nanogap electrodes but involves slow process of E-beam lithography.
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Figure 2.9 Schematic of process flow for break junction manufacturing (a) First metal electrode
using EBL and sputter coating (b) Layer by layer deposition of SAM (c) Second electrode is
defined using EBL (d) Resist removal to get nanogap electrodes. Reprinted by permission from
American Institute of Physics: Applied Physics Letters [11], copyright (2006)

2.1.3.5 Step Junctions with Nanogap Separation
Electrodes with nanoscale gap can also be fabricated using conventional microfabrication

techniques. In this process, positive slope of the developed pattern edge in the positive
14



photoresist was transferred to corresponding negative slope in the deposited metal layer after
the lift-off process. The negative slope of metal feature worked as a shadow for the second
thinner metal layer. This sequel deposition of metallic films gave a nanoscale gap, denoted as
step junction, between the two metal electrodes. The schematic drawing demonstrating the

fabrication process for step junction is shown in Figure 2.10 [12].

(a) (b)

— 1" electrode
(Step Layer)

2" electrode
(Finger Layer)

1" electrode

Figure 2.10 Schematic representation of the fabrication process for step junctions. (a) First

electrode/step layer deposited on positive slope resist pattern. (b) Second thinner electrode

layer/finger layer deposited after the lift-off process. Reprinted by permission from American
Chemical Society: Nano Letters [12], copyright (2004)

2.1.4 Aptamers

Antibodies have been widely used for surface functionalization to selectively bind to the
target molecule. Antibody based detection devices are not much compatible with field-
deployable or point-of-care devices because in order to retain their functionality, the buffer
solution needs to be maintained within specific range of temperature, humidity and ionic
strength [13]. Low ionic strength is needed to overcome the surface Debye screening but it
causes poor interaction between the target and the surface probes [13]. Aptamers have been
recognized as a new class of recognition elements used for selective binding to a broad range

of target molecules. Aptamers are as selective and sensitive as antibodies but exceedingly



stable over changing temperature, humidity and ionic concentration which makes it a strong
candidate to replace antibodies [14].

Aptamers are short single-stranded nucleic acid oligomers (ssDNA or RNA) which have
a specific and complex three-dimensional structure. The shape of the aptamers is defined by
the loops, bulges, pseudoknots and the hairpins. Depending upon their 3-D structures,
aptamers can specifically fit to a particular target. A wide range of targets including single
molecules and large proteins or even the entire organisms can find their structure compatible
with aptamers as shown in Figure 2.11 [15]. The aptamers bind to the target molecules owing to
their well-fitting structure and several other interactions, which reveal that aptamers can be used

to develop a variety of biosensors with high detection sensitivity and selectivity [16].
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Figure 2.11 Representation of aptamer binding to a given target Reprinted by permission from
Elsevier: Biomolecular Engineering [15], copyright (2007)

2.1.5 Preparation of Aptamers

Aptmers have gained tremendous attention in industrial and scientific communities due
to their in vitro preparation unlike the antibodies. Aptamers are mostly isolated through an
artificial process based on Systematic Evolution of Ligands by EXponential enrichment

(SELEX), which is an iterative selection process as explained in Figure 2.12. In this process,
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target-specific aptamers are isolated by repeating successive steps until the aptamer is finally

selected.
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Figure 2.12 Process flow for isolating an aptamer through SELEX process Reprinted by
permission from Elsevier: Biomolecular Engineering [15], copyright (2007)

The SELEX process starts by incubating the target molecule into a random DNA
oligonucleotide library that contains a large number of ssDNA fragments with different
sequences. For RNA aptamer selection, the library has to be converted to RNA library before
starting the SELEX process. After incubation, the binding complexes are separated from the
unbound and weakly bound oligonucleotides. The target-bound oligonucleotides are eluted and
amplified by PCR for DNA aptamers or RT-PCR for RNA aptamers. Relevant ssDNA from the
PCR products (DNA SELEX) or by in vitro transcription (RNA SELEX) are used to prepare a

new oligonucleotide pool. This new pool of selected oligonucleotide is used for incubation of the
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target for the binding reaction in the second SELEX round. This process of selecting and
amplifying target-specific oligonucleotides is typically repeated for 6 to 20 times to obtain a
highly selective aptamer for the given target. The last SELEX round is stopped after the
amplification procedure. lterative cycles of selection and amplification gradually reduce the
number of oligonucleotides in the pool by selecting those oligonucleotides which are more
specific and have high affinity for the target.

Unlike antibodies, aptamer selection process doesn’t rely on induction of an animal
immune system. A revolutionary aspect of the SELEX technology is the preparation of aptamers
for non-immunogenic and toxic targets also, which would not have been possible in a living
organism [17]. Moreover, aptamers for specific region of the target can also be produced which
is complicated for antibodies because animal-immune system has natural epitopes on target
molecules [17]. Capability to select ligands beyond natural systems, enhanced chemical
stability and high reproducibility has enabled aptamers to emerge as a rival to antibodies in

molecular diagnostics.

2.1.6 Aptamer-based Biosensors for Molecular Detection

A large number of label-based and label-free detection schemes have been deployed
for identification of various protein molecules using aptamers. The design of the sensing
platform gernarlly depends upon the detection mode of aptamer-target pair. In case of labeled
detection, a secondary molecule (organic, inorganic or radioactive) binds to the target and
reveals the presence of the target molecules. Biosensors with optical detection make use of
fluorescent tags to interrogate the presence of target molecules. Electrochemical aptasensors
probe the electron transfer features of redox moieties tethered to the aptamers immobilized on a
conducting surface [16]. Aptamers undergo conformational transition upon binding to their target
molecules and form definite 3-dimenstional structures. The electron transport study indicates

the formation of aptamer-target complex. In one of such electrochemical biosensor, redox-active
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methylene blue (MB) labeled anti-thrombin aptamer was employed, which folded its flexible
single stranded chain when bound to thrombin [18]. In the absence of target molecule, the
aptamer remains relatively unfolded and allows the attached MB to colloid with the electrode
and electron transfer occurs. But when the anti-thrombin aptamer is selectively bound to
thrombin, it folds to a 3-demensional conformation and prohibits MB from any electron transfer

communication with the gold electrode as shown in Figure 2.13 [18].
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Figure 2.13 Electrochemical aptamer-based sensor that restrains electron transfer on
aptamer-target binding. Reprinted by permission from John Wiley and Sons: Angewandte
Chemie [18], copyright (2005)

In this sensing format, the signal is reduced upon binding to the target molecule so it is
a negative signal detection approach which has certain limitation. The major drawback in such
sensing scheme is to get false positives due to degraded aptamer or redox tag because it is
very difficult to distinguish between the signals coming from authentic analyte binding and
contaminants that have possibly degraded the aptamer. Therefore, a positive signal scheme
where presence of target increases the single strength rather decreasing is considered more
convincing.

A variety of sensing platforms have been developed where aptamer selectively binds to
the target and an increase in signal strength is observed. Different types of fabrication schemes

have been used to get electrodes with molecular dimension that include break junctions, carbon
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nanowires, single walled and double walled carbon nanotubes. All of these devices work on the
same principle that selective capture of target molecule causes a change in resistance which is
detected by the sensing setup to point out the presence of the target molecule. Direct
investigation of the target at single molecule level is the eventual aim of these electronic
biosensors. In one of such aptamer-based biosensors, single-walled carbon nanotubes
(SWNTs) have been used to capture and study the /-V characteristics from a single target
molecule. SWNTs with nanometer separation were coupled with DNA aptamers which were
highly selective to thrombin [19]. When the target molecule (thrombin) binds to the aptamer, a
change in conductance occurs and /-V characteristics demonstrate the target detection by
single-molecule device [19]. Figure 2.14 shows the schematic drawing of the device and its
detection scheme. This device represents the state of the art strategy to detect single molecule

of protein but has to undertake complex fabrication process for single-walled carbon nanotubes.
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Figure 2.14 (a) Schematic representation of the sensing platform (b) Schematic drawing to

show the detection mechanism by single molecule device. Reprinted by permission from John
Wiley and Sons: Angewandte Chemie International Edition [19], copyright (2011)
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2.2 Solid-state Micropore for Molecular Cell Biology

2.2.1 Molecular Cell Biology

Cell is the fundamental unit of life and performs numerous functions that indicate life.
Cells can grow, reproduce, respond to stimuli and interact with each other. The study of cells,
their structures, shapes, physiological properties, transportation, life cycle, interactions with their
microenvironment and their constituents, is undertaken by molecular cell biology. It is an
interdisciplinary science that integrates biophysics, biochemistry, physiology, molecular biology,
computer science and engineering. The learning of similarities and differences between various
cell types, cell growth, morphology, cell’s alterations, molecular architecture and biomechanical
properties are the hallmarks of this science discipline. The study is carried out at both
microscopic and molecular level. Optical and electron microscopes are the major research tools
used in molecular cell biology. Electron microscope provides a much higher resolution than
optical microscope but requires that cell be fixed and sectioned, with all cell movements frozen
in time. Thus, living cells cannot be images by electron microscopy [20].

Various technical constraints restrain studies on intact animal and plant cells. Though
intact organs removed from animals can be chemically treated to preserve their physiological
integrity and functions but even the isolated organs are complex enough to pose several
challenges for molecular cell biologists. Therefore, experimental studies are typically carried out

on individual cells isolated from an organism.

2.2.2 Cell Culture

The process of maintaining the isolated cells in laboratory under controlled conditions
that facilitate their survival and growth is called cell culture. The cells are cultured in an artificial
environment which provides a suitable surface or medium with essential nutrients, growth
factors, hormones and ideal conditions of temperature, humidity and gaseous atmosphere. Most

of the cells are anchorage-dependent which require a solid or semi-solid substrate for their

21



growth while others can be cultured floating in the medium, known as “adherent culture” and
“suspension culture” respectively. The cultured cells offer several advantages over intact
organisms in cellular and molecular biology. Cells of a single specific type can be grown and the
effects of drugs and toxic compounds on the cells can be studied [20]. It is also used for drug
screening by precisely monitoring the cell's response to the prospective drugs. Cell culture has
facilitated biologists with the study of cell alterations in the presence of any carcinogenic agent
or virus. The major benefit of cell culture is to grow a batch of clonal cells which provide highly
consistent results. Several biological compounds like vaccines are produced on large scale from

such cultured cells due to their steady and reproducible outcome [21].

2.2.3 Cell Morphology and Cytoskeleton

Cell morphology refers to the shape and appearance of cells under microscope. The
cultured cells are generally classified as fibroblast-like (elongated in shape), epithelial-like
(polygonal in shape) or lymphoblast-like (spherical in shape) based upon their contour in culture
medium. The morphology of cells is strongly coupled with the physiological state and functions
of the cell. Regular inspection of cell culture to examine any morphological alterations is
critically important to confirm the healthy status of cells and notice any signs of contamination.

Several diseases like cancer alter the morphological and functional characteristics of
the cells. Cancer cells are marked by their rapid growth, irregular size and shape with larger
nucleus, genomic alterations and increased cell mobility. These characteristics can be used as
biological markers for identification of these diseased cells. The shape of the cell, its mechanical
rigidity and important cellular functions are governed by a complex three-dimensional polymer
network, known as cytoskeleton [22]. Transmission electron microscope (TEM) micrograph
representing cell's cytoskeleton is shown in Figure 2.15. Cytoskeleton can surprisingly
withstand an enormous external pressure and preserves the cell’'s integrity [23]. It not only

provides the structural framework to the cell but also plays an essential role in cell division,
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locomotion and transport of intracellular particles [23]. Changes to cellular functions or
morphology of diseased cells are mirrored in their cytoskeleton and cause cytoskeletal
alterations. Cancer transforms the cell's cytoskeleton from a rigid and moderately ordered
structure to a flexible and more asymmetrical formation [24]. Cancer cells are marked for
enhanced motility and replication which stems from the flexible cytoskeletal structure. Changes
to cytoskeletal content and configuration alter the overall mechanical properties of cell so

stiffness of cell can indicate its state [22].

Figure 2.15 TEM micrograph of cell’s cytoskeleton at tilt angles of £10°. (a) The image taken
from left side and (b) right side can be combined to construct 3D images using this stereo
image technique. Reprinted by permission from Elsevier: Journal of Biomechanics [25],
copyright (2000)

2.2.4 Biopsy
The procedure to collect a tissue or cells sample from the suspicious locale for cancer
is called biopsy. Cancer cells from the primary tumor can be collected through open surgical

biopsy or image-guided interventions which obtain the tissue sample from the exact area but

involve increased risk of procedural complications and longer recovery time [26]. Needle biopsy
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is more commonly used clinical procedure that incorporates fine needle aspiration (FNA) and
core biopsy. FNA uses a very fine needle of 22-gauge (22G) and a syringe to take out a small
amount of fluid and very small tissue sections from the tumor whereas core needle biopsy uses
a little larger needle (usually 16G or 19G) to obtain a small tissue segment for histology and
immunohistochemical analysis [27]. Minimally invasive needle-biopsy provides better patient
compliance, fewer complications, lower cost, faster recovery time and speedy analysis but may
lead to misdiagnosis due to inaccurate sample collection [26]. Primary and metastatic solid
tumors are composed of tumor cells and health normal cells like endothelial cells, fibroblasts
and immune/inflammatory cells [28]. Low grade cancer and inaccurate sample collection by
needle biopsy can give a normal cell enriched sample with very few cancer cells. Diagnosing
cancer by looking at such samples is highly time consuming, technically challenging and more
liable to misdiagnosis. Cytology and immunohistochemistry make use of stains (colored dyes)
but these are also limited by high turn-around time, semiquantitative results, expensive and

complicated procedural steps.

2.2.5 Cancer Cell Detection Models

Several detection schemes have been employed to identify cancer cells. The design of
the model depended upon the selection of the marker which was used for cancer cell
identification. Pathologists observe the size and shape of the cell, size and shape of nucleus
and arrangement of cells to conclude their diagnosis on cytology. A variety of detection systems
(immunohistochemistry, flow cytometry, surface functionalization) make use of antibodies or
aptamers to selectively bind to certain antigens present on cancer cells for their detection. Flow
cytometer is a widely used microfluidic device that uses a laser beam to screen the investigated
sample. The sample is treated with special antibodies which are selective to the tumor cells and
analysis of scattered beam indicates the presence of the cancer cells. Recently, some detection

schemes are based on measuring the rigidity of cells to discriminate the cancerous cells from
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the healthy ones. The state of art stiffness measuring systems are scanning force microscope

and microfuidic optical stretcher.

2.2.5.1 Scanning Force Microscopy

In this method, the mechanical properties of cells are investigated by using the scanning
force microscope (SFM). Lekka et al. used a home-built scanning force microscope to compare
the elasticity of cancer cell lines and their complementary normal cell lines and found that
cancer cells were much softer than their normal counterpart [29]. In this method, the young’s
modulus was determined to calculate the elasticity of the cells. All different types of cell lines
were grown on separate clean and hydrophilic glass coverslips. After the cells formed an
adherent monolayer, the sample was taken for measurement under SFM. The cells were not
fixed or dried. Silicon nitride cantilever tip was lowered exactly at the center of a representative
cell to eliminate surrounding influence. The interaction between the probing tip and cell surface

was recorded to assess the force vs cell indentation. Figure 2.16 shows the schematic for SFM.
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Figure 2.16 Schematic representation for the experimental setup used for measuring the
elasticity of living cells. Reprinted by permission from Springer: European Biophysics Journal
[29], copyright (1999)
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2.2.5.2 Microfluidic Optical Stretcher

In this strategy, optical deformability of cells is measured to evaluate the cell’s stiffness.
The cells suspended in liquid are allowed to pass through a two-beam laser setup as shown in
Figure 2.17 [22]. The measuring system is optimized to serially trap and stretch single
suspended cell by optically induced surface forces. Two counter propagating divergent laser
beams induce surface forces and the distribution of these forces on the surface of cell is
optimized for sequel trap and deformation of a single suspended cell. This method provides a
way to quantify cell’s rigidity in rapid succession through microfluidic delivery and doesn’t need

any cell modification [22].

Divergent laser beam8

o

Flow channel

Figure 2.17 Two beam laser setup for measuring optical deformability of cells (a) cell trapped
(b) stretched under optically induced surface forces. Reprinted by permission from Elsevier:
Biophysical Journal [22], copyright (2005)

The images for trapped and stretched cells were analyzed to calculate the deformation
produced in the suspended cell. This method also revealed that cancerous cells are more
flexible than normal cells as shown in Figure 2.18. Metastatic cancer cells were found to be
even more flexible because they had to squeeze through the surrounding tissue matrix to get

into circulatory systems and travel to form secondary tumor in another part of the body [30].
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Figure 2.18 The left column shows micrographs cell trapped under low incident power (100
mW). The right column shows micrographs for stretched cells under higher power (600 mW).
Cancer cells (C to D) are more flexible than noncancerous cells (A to B) whereas metastatic

cancer cells (E to F) are even more deformable. Reprinted by permission from Elsevier:
Biophysical Journal [22], copyright (2005)

2.2.6 Solid-state Micropore Sensors

Solid-state micropores have been employed in a wide range of sensor applications
owing to their chemical and thermal stability, mechanical strength and capability to be used in
Lab-on-a-chip settings. These have been used for patch clamp measurements, electroporation,
stability of lipid bilayers, bacterial activities monitoring, size based discrimination, cell
enumeration and electric characterization of cells [31-36]. The micropores have also been
deployed for determining the deformability of red blood cells (RBCs) where individual

microscopic images of RBCs were processed to evaluate the cell’'s deformation while passing
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through the micropore [37]. In this study they employed rectangular microscale slits and circular
micropores to study the deformation of RBCs while passing through them and concluded that
the cells were more obstructed by circular micropores [37]. Hence, circular micropores are

exceptionally sensitive to mark the micro-organism passing through them.

2.2.7 Micropore Fabrication Techniques
Several methods have been used to manufacture micropores in a simple, rapid and
controlled environment. A few fabrication processes with their advantages and disadvantages

have been described below.

2.2.7.1 Heated Tip for Micropore Drilling in Teflon

A heated probe tip has been used to drill a micropore in Teflon [33]. In this method, a
heated Tungsten wire was used to fabricate micropores in low-melting Teflon film (ETFE).
Ag/AgCl plate with a small hole was glued to 12 uym thick ETFE film. A cover glass was used to
hold the film and electrochemical polished Tungsten tip was positioned at the center of the hole
in Ag/AgCl plate by using a microscope as shown in Figure 2.19. The tip was moved down to
pierce a hole in the ETFE film at the point of contact between the tip and the cover glass. The
process was characterized using similar Tungsten tips at different temperatures. It was noticed
that moderate temperature gave optimum drilling of micropore without harming the Teflon film
as shown in Figure 2.20. Similarly, electrochemical process was also optimized to study the
effect of the heated probe tip. Although this is a simple and quick approach to fabricate
micropores but is limited by the material characteristics. This strategy cannot be used to drill
micropores in materials with high melting point or high rigidity. Therefore, solid-state micropores

cannot be fabricated using this process.
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Figure 2.19 Schematic representation of the fabrication process (B) Placing the heated tip in
the middle of the opening in Ag/AgCl plate. Reprinted by permission from Elsevier: Biosensors
and Bioelectronics [33], copyright (2009)

Figure 2.20 Characterization of the fabrication process where SEM micrographs show
micropore fabricated by using (A) Nonheated tip (B) Moderately heated tip (C) Extremely
heated tip. Reprinted by permission from Elsevier: Biosensors and Bioelectronics [33],
copyright (2009)
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2.2.7.2 Micropore Fabrication using Deep Reactive lon Etching (DRIE)

Conventional photolithography followed by deep reactive ion etching (DRIE) can be used
to fabricate solid-state micropores. Pantoja et al. has used this process to manufacture silicon
chip-based micropore devices [38]. Figure 2.21 demonstrates the process flow for the
fabrication of micropores. Optical lithography was used to define 2 ym circles on the silicon
substrate and DRIE was employed to etch the silicon down to 20-40 pm. The photresist was
stripped off and wafer was inverted for backside processing. Larger circles (1 mm in diameter),
centered on the 2 ym wells, were defined and DRIE was used to etch them down all the way to
meet the 2 ym wells. Finally, silicon dioxide was deposited to electrically isolate the two sides of
the wafer. The oxide deposition reduced the size of the micropore and process could be varied
to decrease the diameter down to nanopores. This method is limited by the complex fabrication
process involving DRIE and may result in asymmetrical circular periphery of the fabricated

micropores.
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Figure 2.21 Fabrication of micropores (A) Process flow showing step by step progress in
fabrication (B) SEM micrograph of the micropore (C) SEM micrograph of nanopore obtained
by varying the oxide deposition process. Reprinted by permission from Elsevier: Biosensors

and Bioelectronics [38], copyright (2004)



2.2.7.3 Anisotropic Etching of Silicon for Micropore Fabrication

Solid-state micropores can also be synthesized using anisotropic wet chemical etching of
silicon. Chang et al. made use of this technique to fabricate solid-state micropores [35]. In this
process, a double side polished silicon wafer with (100) orientation was used to grow 300 nm
thick oxide layer. Optical lithography was used to pattern square window on the back of the
wafer in order to etch silicon using tetramethyl- ammonium-hydroxide (TMAH) anisotropic
etchant. It etched the silicon all the way throughout the thickness of the wafer at an angle to
make a V-groove cavity as shown in Figure 2.22. The oxide was stripped off to get the micopore
on the front side of the wafer. The wafer was oxidized again to grow a conformal layer of silicon
dioxide. The opening square window size can be manipulated to get a micropore of desired
size. The major drawback of this process is the absence of circular contour of the fabricated
micropore. Moreover, a wafer defect may lead to different micropore size than intended, so the

process lacks in control over the final micropore opening.
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Figure 2.22 Micropore for electrical characterization (a) Cross sectional view of the micropore
and electrical setup (b) Optical micrograph of the micropore obtained through TMAH etching
of Si. Reprinted by permission from AIP Publishing LLC: Journal of Vacuum Science &
Technology B [35], copyright (2002)
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2.2.7.4 lon and Electron Beam Sculpting for Micropore Drilling

The state of art in micropore fabrication is to use an ion/electron beam to drill micropores
in thin films. Researcher at Harvard University introduced this technique for drilling nanopores in
silicon nitride thin films using argon ion beam [39, 40]. They revealed that ions bombarded on
the thin films result into surface erosion and surface diffusion. Surface erosion leads to the
opening of the pore whereas surface diffusion roots the pore shrinking due to material transport.
Since then ion beam sculpting has been extensively used for drilling pores in thin films [41-43].
In this process, the ion or electron beam is focused on a small area of free-standing membrane.
The beam intensity melts the surface locally and drills a pore in the membrane. Li et al. used
feedback controlled ion beam sculpting process for drilling a nanopore in silicon nitride thin
membrane [40]. In this process, a bowl shaped cavity at one side of the membrane was created

followed by ion bombardment which sputtered SiN layer by layer until a 60 nm pore was opened

as shown in Figure 2.23.
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Figure 2.23 lon beam sculpting process. (a) Schematic representation of drilling a nanopore in
silicon nitride membrane (b) Feedback controlled ion beam sculpting method. Reprinted by
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permission from Nature Publishing Group: Nature [40], copyright (2001)
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Typically all the ion beam sculpting processes require a free-standing thin membrane in
oxide or nitride. Thin oxide membranes can be obtained by using anisotropic wet chemical
etching of silicon. The etchants used for directional etching of silicon include tetramethyl-
ammonium-hydroxide (TMAH), potassium hydroxide (KOH), ethylenediamine-pyrocatechol-
water (EDP), and hydrazine-water solutions [44]. Some of the etchants are not CMOS
compatible, for example, KOH etching turns out potassium ions (K') which can annihilate the
device performance because K™ are fast diffusers in Si. Therefore, TMAH is the widely used

etchant for anisotropic wet chemical etching of silicon [45-47].

2.2.8 Tetramethyl-ammonium-hydroxide (TMAH) Etching

TMAH etches (100) silicon wafer at an angle of 54.7° forming an inverted pyramid in
silicon. A variety of MEMS devices, diaphragms, structures and cantilevers are fabricated using
directional etching of silicon. While etching, TMAH gives excessive OH ions which are required
to form water soluble silicate complex for silicon etching. The overall chemical reaction is given
in Equations 2.1.

(CH;), NOH —(CH;), N" +OH™ 2.1)

The hydroxide etching of Si take places in series of chemical reactions starting with the
oxidation of Si surface and then chelation process forms water soluble product that is desorbed
into bulk solution [46]. The chemical reactions involved in hydroxide etching of Si are shown in

Equations 2.2-2.5

Si+20H™ — Si(OH), +4e” 22)
Si(OH),  +40H~ — SiO, (OH); +2H,0 (2.3)
4H,0 +4e — 40H +2H, (2.4)

The overall redox reaction is expressed as

Si+20H +2H,0 — SiO, (OH)] +2H, (2.5)
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The Si etch rate of TMAH is affected by the temperature of the solution and the
concentration of TMAH used for etching as shown in Figure 2.24. It shows that etch rate

increases with temperature but higher concentration results in lower etch rate [46].
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Figure 2.24 Etch rate of Si (100) at different TMAH concentrations vs solution temperature.
Reprinted by permission from Elsevier: Microelectronic Engineering [46], copyright (2005)

The etch rate increases as the concentration of TMAH increases from 2% to 4% and
decreases with further increase in TMAH concentration. P-type Si is etched slightly slower than
n-type Si [48]. Figure 2.25 demonstrates the effect of TMAH concentration and solution
temperature on the etch rate of TMAH. Isopropyl alcohol (IPA) is found to be very affective
additive to reduce the roughness of Si surface etched in TMAH solution but decreases the etch
rate of Si as shown in Figure 2.26. The reduced etch rate by IPA addition is assumed to result
from the physical adsorption of IPA ions onto Si surface which blocks the contact of hydroxyl
ions with Si surface. It slows down the chemical activity which results in lower etch rate [47].
The smooth Si surface is believed to result from less aggressive Si etching after IPA addition

[47]. Addition of IPA in KOH solution has also been found to increase the surface smoothness.
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Figure 2.25 Etch rate of Si (h k I) planes in TMAH solution with respect to TMAH concentration,

T =80 °C: Solid lines, T = 70 °C: Dotted lines. Reprinted by permission from Elsevier: Sensors
and Actuators A: Physical [47], copyright (2001)
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Figure 2.26 Comparison of etch rate of Si (h k I) planes in TMAH and TMAH+IPA solution at 80
°C [47]. It shows that etch rate is decreased by addition of IPA into TMAH solution. Reprinted by
permission from Elsevier: Sensors and Actuators A: Physical [47], copyright (2001)
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2.3 Micropores for Circulating Tumor Cells (CTCs) Detection

2.3.1 Carcinogenesis

The process, by which normal cells are transformed to cancer cells, is called
carcinogenesis. Cancer cells divide and grow uncontrollably which is induced by some gene
modifications (DNA mutations). Single gene defect doesn’t cause cancer but several mutations
lead to cancer development which explains the delayed onset of cancer [49]. Mutations in
oncogenes increase the production of proteins that stimulate cell proliferation, and mutations in
tumor-suppressor genes result in the loss of proteins that inhibit cell proliferation and induce
apoptosis. Several mutations in these two types of genes lay the foundation for uncontrolled cell
proliferation that leads to cancer [49]. Most relevant characteristic of cancer is the uncontrolled
cell proliferation that needs signals for cell proliferation and the synthesis of macromolecules
like proteins and nucleic acids as shown in Figure 2.27. DNA mutations provide the base for cell
proliferation signals whereas building blocks for biosynthesis of these macromolecules are
provided by the glycolysis process [49]. The upregulation of glycolysis results from the
increased cellular uptake of glucose and oxygen from the blood vessels. But the presence of
oxygen is known to cause glycolysis-inhibition (Pasteur Effect). It suggests that cell proliferation
in the presence of oxygen is possible only after cancer cell make some alterations to oxygen
metabolism. This variation in the metabolism of oxygen (dysoxic metabolism) is a frequent
aspect of cancer cells and plays an important role in carcinogenesis [50].

It is widely recognized that cancer is caused by DNA alterations and can be treated by
reversing or targeting these alterations [50-52]. A complex set of genetic alterations is not easy
to target or reverse. Since cancer cells also develop an alteration in the metabolism of oxygen
which doesn’t involve genetic complexity so should be a more reliable and easy target for

cancer therapy as explained in Figure 2.28 [49].
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Figure 2.27 Uncontrolled cell proliferation for cancer development requires DNA mutations and
(A) Nutrients from the blood for biosynthesis of macromolecules (B) Cancer alters the oxygen
metabolism to activate glycolysis in the presence of oxygen. Reprinted by permission from
Elsevier: Microelectronic Engineering [49], copyright (2010)
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Figure 2.28 Alterations to DNA and oxygen metabolism interact to develop cancer. Instead of
targeting (A) complex DNA alterations (B) oxygen metabolism alteration is simple and reliable.
Reprinted by permission from Elsevier: Sensors and Actuators A: Physical [49], copyright
(2010)

2.3.2 Tumor Invasion and Metastasis

Cancer is marked by uncontrolled cell proliferation, tumor formation and invasion to
nearby parts of the body. Cancer cells can migrate from the original site to a distant part of the
body to grow secondary tumor and this process of transmission of cancerous cells is called
metastasis. A complicated series of tumor-host-interactions are carried out before a metastatic
colony is established as explained in Figure 2.29. Primary tumor cells get access to host blood
vessels and lymphatics in result to their local invasion. They enter the blood stream and are
carried to remote organs to initiate a metastatic colony followed by angiogenesis [53].

Metastasis is the major cause of deaths for cancer patients but its mechanism is still not
completely understood [54]. Metastasis involves numerous molecular interactions within
tumor’s microenvironment during primary tumor progression to the growth of macrometastases.

The invasive tumor has to interact with extracelluar matrix at many stages during metastasis. It
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Figure 2.29 Schematic demonstration of multistep tumor-host-interactions during metastasis.
Reprinted by permission from Springer: Springer eBook [53], copyright (1989)

plays an important role during invasive tumor progression. Tumor cell invasion of extracelluar
matrix has been illustrated in Figure 2.30. It starts with specific binding to the matrix followed by
local degradation of matrix and the binding components due to the secreted hydrolytic enzymes.

The third step is the locomotion of tumor cell into the matrix region modified by proteolysis.

TUMOR INVASION AND METASTASES

Step  1:  Attachment Step 1: Dissolution

Step 3: Locemotion

Figure 2.30 Tumor cell invasion of extracellular membrane. Reprinted by permission from
American Association for Cancer Research: Cancer Research [55], copyright (1986)
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Epithelial cells which play very important structural and functional role in body organs
are attached with each other by cell-to-cell adhesion molecules (cadherins). They are also
extensively attached to cell-to-extracellular matrix (ECM) junctions by cell-to-ECM adherent
molecules (integrins). Cadherins and integrins rely on rigid structure (cytoskeleton) so normal
epithelium cells are rigid and immobile. Whereas mesenchymal cells like leukocytes and
fibroblasts, have very flexible organization. Tumor cell invasion involves transition from epithelial
to mesenchymal cells (EMT). This transition is marked by degradation of cell-to-cell adhesion,
decline in E-cadherins expression, decrease of epithelial markers (cytokeratin) and increase of
mesenchymal markers (vimentin). Mesenchymal-like cancer cells show high motility and can
easily intravasate and extravasate by traversing basement membrane, interstitial gaps and
endothelial barriers. After entering blood vessels (intravasation), circulating tumor cells (CTC)
go through apoptosis or circulate as isolated CTC and cannot proliferate in the blood vessels.
After reaching the target, the cancer cells reverse to epithelial-like ells through mesenchymal to
epithelial transition (MET) so that they can again start cell proliferation which is hallmark of

cancer [56, 57]. Figure 2.31 shows all these steps involved in tumor invasion and metastasis.

2.3.3 Circulating Tumor Cells (CTCs)

When Cancer cells detach from the primary tumor and enter the circulatory system,
they are called circulating tumor cells (CTCs). The CTCs flow in the peripheral blood vessels
with other cells. CTCs may lead to subsequent growth of additional tumors in secondary
tissues. The presence of CTC was first discovered by Ashworth in 1869 [58]. CTCs are critically
important in clinical diagnostics. Detection and exact quantification of CTCs not only help early
diagnosis but also improve prognosis for cancer patients. In several reports, the presence of
CTCs is responsible for most of the cancer-related deaths [59, 60]. The number of CTCs in per
ml of blood is also associated with the survival rate of cancer patients so precise enumeration of

CTCs can indicate the therapeutic efficacy and improve the survival rate of cancer patients. In
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one report, breast cancer patients who had less than 5 CTCs per 7.5 ml of blood survived for 7
months on average; whereas patients with 5 or more CTCs per 7.5 ml of blood could survive for
only 2.7 months. The overall survival periods in these two groups were 10.1 month and 18
months respectively [61]. Several types of cancers (renal, breast, prostate) have been

recognized to have CTCs in patient’s peripheral blood [62-68].
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Figure 2.31 Schematic to represent major steps involved in metastases, Reprinted by
permission from Elsevier: Cancer Letters [69], copyright (2007)

2.3.4 CTCs Detection Schemes
Extensive efforts have been made for efficient detection of circulating tumor cells
(CTCs) from the peripheral blood [69-73]. Efficient detection and precise quantification of CTCs

is highly challenging since the CTCs are very low in number ranging 1—100 per ml of peripheral
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blood [74-79]. Whereas 1 ml of blood contains an average of approximately 10° white blood
cells (WBCs) and 10° red blood cells (RBCs) [80]. Current CTC detection models are either
limited by the low throughput or the use of fluorescent tags for cell quantification. Some of the
methods are laboratory dependent and require expensive equipment. Figure 2.32 illustrates the
current approaches for CTC isolation and detection [81]. Most frequently used detection
methods for the isolation and characterization of CTCs have been briefly described in the

following sections.
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Figure 2.32 Current CTC detection technologies. The peripheral blood from cancer patients is
processed by different techniques to isolate CTCs and then various biomarkers are exploited for
CTC detection. Printed with permission by The Rockfeller University Press: The Journal of Cell
Biology [81], copyright (2011)
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2.3.4.1 Immunomagnetic Detection

In immunomagnetic detection systems, magnetic particles (beads or ferrofluids)-bound
antibodies are mixed with whole blood or isolated mononuclear cells [82-85]. The mononuclear
cells are usually isolated using density gradient and centrifugation. Target cells get attached to
the beads due to the specific binding of antibodies and are retrieved using a magnetic field. A
large number of leukocytes are still present with the target cells collected from whole blood.
CTCs are recognized by cellular morphology, irregular size and shape of nucleus, over-
expression of cytokeratins and lack of CD45 expression [86]. Some immunomagnetic systems
recognize leukocytes by including negative selection of leukocytes with anti-CD45 antibody
combined with positive selection of epithelial cells specific antibodies like EpCAM and
cytokeratins [86]. Immomagnetically enriched epithelial cells solution may contain non-
malignant epithelial cells and may drop the malignant tumor cells which do not express
epithelial antigens. Figure 2.33 shows cancer cells isolated from whole blood using

immunomagnetic beads.

2.3.4.2 CellSearch method

The CellSearch™ assay is a commercially recognized system for CTC detection. In this
method, ferrofluids coated with EpCAM antibody are used for immunomagnetic isolation of
epithelial cells. After separation and immobilization, cells are labeled with different dyes
including fluorescent nuclear dye (DAPI), a fluorescent antibody (anti-CD45) specific to
leukocytes and fluorescent antibodies for cytokeratin specific to epithelial cells [87]. Finally the
sample is analyzed using a Cell-Spotter Analyzer which is a fluorescent microscope used for
epithelial cells differentiation from other cell types based on fluorescent colors [88]. Keratin

reactivity is typical of epithelial cells whereas CD45 is a common antigen for leukocytes.
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Antibodies specific to these two antigens are collectively used for mutually exclusive expression

in diagnostics where anti-CD45 is used for negative selection of CTCs [89].

Figure 2.33 Varying concentrations of magnetic beads (increasing for A-D) incubated in whole
blood carrying cancer cells. The beads bind to tumor cells. Reprinted with permission by
American Association for Cancer Research: Cancer Research [85], copyright (1993)

2.3.4.3 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RT-PCR is a molecular diagnostic method that makes use of ribonucleic acids (RNA) for
CTC detection. In this method, sample is first enriched with epithelial cells followed by extraction
of RNA. Reverse transcript of RNA is used to get complementary DNA which is amplified by

polymerase chain reaction (PCR) to get the diagnostic PCR product for tumor cell identification

44



as shown in Figure 2.34. RT-PCR is highly sensitive and can recognize one cancer cell from 1-
10 million normal cells [70]. The salient feature of this technique is its sensitivity which is
considered extremely high as compared to other CTC detection systems. But this extreme
sensitivity induces the tendency for false positives resulted from physical contaminations.

Moreover, the approach doesn’t provide quantifiable data for the blood samples [90, 91].
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Figure 2.34 Schematic demonstration of RT-PCR amplification of tumor-specific microRNA for
CTC detection. Reprinted with permission by American Association for Cancer Research:
Clinical Cancer Research [70], copyright (1999)

2.3.4.4 Size Based Isolation of CTC

Isolation by Size of Epithelial Tumor cells (ISET) is very simple and straightforward
strategy for CTC detection. It relies on the relatively larger size of epithelial cells as compared to

other cells present in the peripheral blood. In this method, the blood is diluted with the buffer
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and filtered through a polycarbonate membrane with the average diameter of 8 um. The larger
size of epithelial cells prevents them to pass through the 8 ym membrane pores so they are
isolated from leukocytes after filtration [92, 93]. The cells are fluorescently labeled and scanned
with laser cytometry for molecular characterization of tumor cells. The diameter of cancer cell
found in the breast cancer patient lies in the range of 29.8 ym to 33.9 ym which is higher than
that of leukocytes. The breast cancer cells have been successfully isolated using ISET
technique with a recovery efficiency of about 85% [92, 94]. White blood cells (WBCs) have an
average diameter in the range of 7 to 20 ym so all of them are not smaller than 8 um which
grounds for finding some WBCs left on the polycarbonate membrane with the target cells as
shown in Figure 2.35. Though size-based separation is a very simple approach but entails with

laser scanning for post analysis.

Figure 2.35 Immunocytochemical analysis of CTCs using ISET method where large size tumor

cells remain on polycarbonate membrane after filtration. Arrows represent (1) cancer cells (2)

membrane pores (3) leukocytes. Reprinted with permission by Elsevier: The American Journal
of Pathology [93], copyright (2000)
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2.3.4.5 Surface Functionalization for CTC Detection

Microchip-based systems and microfluidic devices are also used for CTCs detection.
Recently, a microchip-based detection system has been developed which contained an array of
microposts functionalized with EpCAM antibodies which are selective to epithelial cells [95].
When the whole blood was allowed to flow through the microposts under precisely controlled
laminar flow conditions, selective binding of antibodies with the epithelial cells occurred as
shown in Figure 2.36. They identified CTCs from peripheral blood of patients with metastatic
cancer of various types including lung, prostate, breast and colon cancers. They successfully
identified CTCs from peripheral blood of 115 out of 116 cancer patients. This approach gave
high detection efficiency but involves surface functionalization for cell capture and fluorescent

tags for post identification of captured cells.
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Figure 2.36 Experimental setup for CTC detection from blood using functionalized microposts.
Reprinted with permission from Nature Publishing Group: Nature [95], copyright (2007)

47



2.4 Polymeric Nanoparticles for Controlled Drug Delivery Applications

2.4.1 Controlled Release Systems

Conventional cancer treatment mainly relies on chemotherapy and radiations to kill the
cancerous cells. The effectiveness of the therapy is directly related to its capability of targeting
and killing tumor cells while affecting as few healthy cells as possible [96]. Within current clinical
settings, most of the patients observe side effects which sometimes get so intense that patients
must stop therapy before the drugs have a chance to eliminate the tumor [97]. Research efforts
are in progress to find new therapeutic agents and to find new ways of delivering these
bioactive agents in a controlled fashion. So controlled drug delivery systems are much needed
to elevate the cancer drug therapy and consequently the patient’s life expectancy.

Controlled release systems incorporate both controlled release over an extended period
of time and targeted delivery specific to tumor cells only. A sustained delivery over days/weeks
or months is highly recommended for the drugs which are rapidly metabolized and eliminated
from body after administration. The drug delivery targeted to specific site is very useful when
drug involves the healthy cells and causes intense side effects. All controlled delivery systems
seek to improve the therapeutic efficacy of the drugs. This improvement may be in the form of
enhanced therapeutic activity as compared to the side effects or reduced drug administration
frequency during the treatment [98]. The key objective of such systems is to maintain the
concentration of drug in therapeutic window for all the time during treatment. Therapeutic
window refers to the amount of drug that provides optimum therapeutic activity without any
harmful side effect. Figure 2.37 and 2.38 demonstrate the two forms of controlled release
systems. Controlled release formulations can be used to reduce the amount of drug needed to
induce the same therapeutic effect at tumor site. Fewer but more effective doses not only help
to evade wastage of drug but also increase patient compliance [99]. In many of the controlled

release systems, an initial burst of drug release occurs which may cause overdosing in some
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cases but in several cases, it is a desired feature of the release formulation so that drug

concentration may get to

therapeutic window quickly [100]. Various systems ranging from

coated tablets to biodegradable polymeric micro/nanoparticles have been developed for

controlled release applications.
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Figure 2.37 Controlled release system to deliver therapeutic drug over extended time
eliminates the need of periodic administration. Reprinted with permission from American
Chemical Society: Chemical Reviews [98], copyright (1999)
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Figure 2.38 Controlled release system improves therapeutic activity. Reprinted with permission
from American Chemical Society: Chemical Reviews [98], copyright (1999)
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2.4.2 Drug Loaded Polymeric Nanopatrticles

Several disease-related drugs or bioactive agents have been successfully encapsulated
in polymeric nanoparticles to improve the bioavailability and control over release kinetics [101-
103]. Nanomedicines for dreadful diseases like cancer aim to develop polymeric drug release
systems which provide maximum encapsulation, improved therapeutic activity and retention
time [104, 105]. The efficiency of these polymeric systems is strongly coupled with the particle
size, surface charges and molecular weight of the polymer. The size of nanoparticles
determines their interactions with the cell membrane and their penetration across physiological
drug barriers; surface charges define the cellular internalization of these nanoparticles whereas
molecular weight modulates the release mechanism [96, 106, 107].

Biodegradable polymeric nanoparticles have been widely used for nanoencapsulation
of various therapeutic drugs and bioactive molecules to develop nanomedicines. Such an
extensive use of these nanoparticles as drug carriers is due to their controlled/sustained release
behavior, biocompatibility with tissues and cells, subcelluar size for better internalization,
biodegradability and in vivo stability [108]. Biodegradable nanoparticles are classified as
nanocapsules or nanospheres depending upon the structural organization [109] and the drug
molecules are either entrapped inside or adsorbed on the surface of these nanovehicles as
shown in Figure 2.39. Different types of nanomedicine formulations have been developed for
controlled drug release using biodegradable polymers. Drug release mechanism of such
controlled delivery systems is formulated according to the needs of its application and the type
of drug encapsulated [110]. The controlled/sustained release behavior is usually achieved by
slow erosion of polymer matrix or restricted diffusion of drug molecules to the biological
aqueous environment surrounding the drug delivery system. Moreover, devices with semi-
permeable polymer membrane are also used to control the flow of drug solution under osmotic
potential gradient as illustrated in Figure 2.40. Hence, polymer characteristics play a significant

role in controlled delivery systems and should be carefully selected.
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Figure 2.39 Synthesis and encapsulation of drug in polymeric nanoparticles. Reprinted with
permission from Elsevier: Colloids and Surfaces B: Biointerfaces [110], copyright (2010)
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Figure 2.40 Different types of drug release mechanisms for controlled delivery. Reprinted with
permission from American Chemical Society: Chemical Reviews [98], copyright (1999)
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2.4.3 Poly(lactic-co-glycolic acid) (PLGA)

PLGA is one of the most extensively used polymers for the development of
nanomedicine. It is biocompatible, biodegradable, non-toxic, noninflammatory and
nonimmunogenic in living environment which lays the foundation for its broad acceptability to
biomaterial and nanomedicine applications. PLGA is biologically hydrolyzed in acidic medium
inside the body and gives two biodegradable metabolite monomers; glycolic acid and lactic acid
as shown in Figure 2.41 [110]. Since body is known to successfully deal with these two
monomers so no immune response is activated. So, minimal systemic toxicity is associated

while using PLGA for drug delivery applications.
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Figure 2.41 Biological hydrolysis of PLGA produces lactic acid and glycolic acid which are
metabolite monomers. Reprinted with permission from Elsevier: Colloids and Surfaces B:
Biointerfaces [110], copyright (2010)

PLGA has also been approved by Food and Drug Administration (FDA) for therapeutic
use in humans. Therefore, PLGA nanoparticles have been widely used to encapsulate various
anti-cancer drugs for cancer treatment. The nanoparticles protect the unstable drugs loaded into
these nanocarriers from the biological surroundings and their small size facilitates them with

capillary penetration and endosomal escape [111, 112]. Furthermore, the high surface area
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offered by nanoparticles makes them exceedingly effective for targeted delivery of payload to

tumor cells or other tissues [113].

2.4.4 Synthesis of PLGA Nanopatrticles

PLGA nanoparticles are mostly prepared by emulsion diffusion, solvent evaporation,
interfacial deposition or nanoprecipitation methods [107, 114-116]. Emulsion diffusion method
starts with dissolving PLGA polymers in an organic solvent followed by separation in aqueous
phase. The aqueous phase contains a stabilizer and finally homogenized to get the
nanoparticles. In solvent evaporation method, the PLGA polymers are dissolved in volatile
organic solvents like methylene chloride, chloroform and acetone. The solution is then poured in
a continuously stirring aqueous phase followed by sonication. The aqueous phase may or may
not have stabilizer in solvent evaporation technique. For interfacial deposition, the nanoparticles
are synthesized in the interfacial layer of water and the organic solvent. Sonication is used to
separate the nanopraticles in this method of nanoparticles preparation. Nanoprecipitation is the
most commonly used method for the preparation of PLGA nanoparticles. In this method, PLGA
polymers are dissolved in a volatile organic solvent like acetone and the solution is added drop-
wise into continuously stirring aqueous phase with stabilizer. Finally the organic solvent is
allowed to evaporate at low pressure. Figure 2.42 explains the synthesis schemes for PLGA
nanoparticles.

PLGA-based nanopraticles are bulk-eroding and generate acids during polymer
erosion. These acids are neutralized by the bases in the release medium or human body fluids.
Slow diffusional mass transport across the nanoparticles result into a low pH within the drug
carriers [117]. Such a drop in pH may affect drug stability and accelerates polymer degradation
due to the autocatalytic effects which are the major concerns in non-porous PLGA-based
particles [118]. Porous drug delivery systems can overcome these autocatalytic effects by

increasing the diffusivity of the molecules [119]. Thus, PLGA based porous nanoparticles can
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be a much better carrier for controlled drug delivery systems. Porous nanoparticle systems also
show better flow and aerosolization efficiency during pulmonary administration as compared to
non-porous PLGA nanoparticles [120, 121]. Drug release kinetics are directly controlled by the
pore characteristics of porous PLGA nanoparticles so by controlling the pore morphology, highly
controlled drug release systems can be designed [122]. But synthesis of porous nanoparticles is
relatively complex so a lot of research work has done for finding simpler and rapid approaches

to synthesize porous nanoparticles.
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Figure 2.42 Schematic to represent different methods for the synthesis of PLGA nanoparticles.
Reprinted with permission from Elsevier: Colloids and Surfaces B: Biointerfaces [110], copyright

(2010)

2.4.5 Synthesis Techniques for PLGA Porous Nanoparticles

Various approaches have been developed to synthesize porous micro/nanoparticles

which include the use of volatile pore forming agents or extractable polymers as porogen.

Ammonium bicarbonate has been used as a gas foaming porogen which evaporates to give
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porous features on the surface of particles [123, 124]. Zhao et al. used poly(acrylic acid) as the
porogen which gave porous surface of the particles after thermal imidization [125]. In one of the
reports, Pluronic F-127 polymer has been used as the extractable porgen to prepare porous
particles [126]. Most of these methods are either limited by the physiochemical properties of the
porogen or the need for thermal curing. Porosity is a direct function of the porogen
concentration so just by varying the porogen concentration; porosity of the particles can be
manipulated to achieve the ideal drug release kinetics as shown in Figure 2.43 [123, 126]. Thus,

porous nanoparticles can be used as efficient drug carriers in controlled drug delivery systems.

Figure 2.43 PLGA porous particles with varying (increasing A to C) concentrations of porogen
show that porosity varies directly with porogen concentration. Reprinted with permission from
Elsevier: Journal of Controlled Release [123], copyright (2011)
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CHAPTER 3
NANOGAP BREAK JUNCTIONS FOR MOLECULAR DETECTION OF CANCER
3.1 Introduction

Recent advancement in the field of molecular diagnostics has facilitated better
understanding of disease progression establishing new biomarkers for early diagnosis,
appropriate treatment and faster drug breakthroughs. Epidermal Growth Factor Receptor
(EGFR) protein is considered to be involved in several types of cancers and has been reported
as a common biomarker for many cancers like breast cancer [127], lung cancer [128], cervical
cancer [129], bladder cancer [130], esophageal cancer [131] and ovarian cancer [132]. The
presence of a biomarker in some specimen can point out threats for the disease, specify the
phase of that disease and enable us to figure out some irrefutable way to monitor changes to
homeostasis [133]. Therefore the early detection of EGFR over-expression can dramatically
improve treatment and prognosis for the patients.

Various approaches have been reported for the detection of EGFR and its interactions.
These techniques incorporate immunohistochemical [134], flow cytometric [135], amperometric
[136], mechanical [137] and optical [138, 139] detection modalities. These methods of detecting
proteins are generally categorized as labeled detection and label-free detection methods. In the
case of labeled detection methods, presence of proteins is confirmed by some secondary
molecule (organic, inorganic or radioactive) that binds to the proteins. Optical detection utilizes
a fluorescent tag attached to the proteins and the change in fluorescent intensity after binding
signals the presence of proteins. Whereas electrical detection directly interrogates the presence

and electrical conductivity of protein molecules but entails efficient device fabrication in order to
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define contact structures with a molecular dimension separation so that transport properties of
single molecules may be studied.

A variety of metal-molecule-metal structures have been developed for measuring
electrical conductivity through molecules [2]. Metal-molecule-metal structures can be broadly
classified as vertical device structures (VDS) and lateral device structures (LDS). VDS utilize a
self-assembled monolayer of molecules grown on a metal surface and second contact is made
through conductive probe atomic force microscopy [140], crosswire [141] or scanning tunneling
microscopy [142]. Whereas LDS involves a pair of metal contacts with nanometer sized
separation and the probes selective to protein molecules are immobilized between the contact
structures. Such devices that contain a thin metal strip, in that a gap is created by some
technique, are known as break junctions. This gap can be formed through e-beam lithography
[143], mechanically controlled break junctions [7], electrodeposition [144] and electromigration
induced break junctions [10, 145]. Most of these techniques either are slow and costly, mainly
because of e-beam writing or face lower yield of functional devices. Herein, we present a
detection model for EGFR molecules by making use of a new class of break junctions where a
focused ion beam (FIB) is used to scratch a thin metal strip, followed by conventional
microscale probing and electromigration in order to produce break junctions with high
throughput, greater yield, low cost and at exact spot, as reported before [146].

Previously, antibodies have mostly been used to functionalize nano devices that were
used for biomarker detection. These antibody-based devices are not capable of performing well
for field-deployable or point-of-care modalities because antibodies require specific temperature,
humidity and low ionic strength of the buffer solution in order to retain their function [147]. Low
ionic strength is necessitated to prevail over surface Debye screening but it causes poor
interaction between target and surface probes [147]. Recently researchers showed significant

effort towards introducing aptamers against several vital biomarkers [16, 148]. Aptamers are
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reported to be as selective and sensitive as antibodies and are exceedingly stable over
changing temperature, humidity and ionic concentration [14].

Elevated levels of EGFR inthe serum of lung cancer patients have been reported
before. The normal EGFR concentration can be in the range of 45-78 ng/ml, whereas it may be
as much as an order higher in the lymph node metastasis of lung cancer patients (850 ng/ml)
[149, 150]. The early detection of a few hundreds of ng/ml EGFR can be important to improve
the prognosis of the patients. We have developed an economical and faster detection model
that uses a new class of nano-electrode manufacturing and detects low concentration EGFR
proteins (50 ng/ul) binding to RNA aptamers. The effective attachment of RNA aptamers on a
chemically modified silicon dioxide (SiO,) surface and protein binding to RNA was indicated by
direct current electronic measurements. Figure 3.1 shows a cross-sectional sketch of the
electronic biosensor that depicts the detection mechanism of the transduction. Attachment of
RNA to SiO, surface and RNA-protein complex interactions were also verified through optical

measurements before deploying the surface chemistry on the actual devices.

Figure 3.1 Schematic of the device that demonstrates the mechanism of the electronic detection
(not to scale). Inset shows an SEM micrograph of the thin Au line on SiO, chip where arrow
points out the prospective location for nanogap to be induced.
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3.2 Materials and Methods

3.2.1 Chemicals

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
noted otherwise. The chemicals used for this work were 3'-aminopropyltriethoxysilane (APTES);
1,4-phenylenediisothiocyanate (PDITC); ethanol, isopropyl alcohol (IPA); acetone; dimethyl
sulfoxide (DMSQ); Pyridine; 6-—amino—1-hexanol;  N,N-Dimethylformamide (DMF);
N,N-Diisopropylethylamine (DIPEA); phosphate buffered saline (PBS); magnesium chloride;

hybridization buffer solution and diethylpyrocarbonate (DEPC) treated de-ionized water (DIW).

3.2.2 Methods

The presented work included three significant sections that were accomplished
autonomously. The first section involved the fabrication of nanogap break junctions. The second
step elucidated the immobilization of selective probes (aptamers) on the SiO, substrates. The
third and most important part demonstrated the protein binding and its optical/electrical

detection.

3.2.2.1 Fabrication of Nanogap Metallic Break Junctions

A two-step photolithography process was carried out to define structures on SiO,
substrate. The first layer patterned 3 ym wide lines of titanium/gold (thickness 50 A/150 A) using
metal lift-off. The second step of photolithography defined 200x200 pm2 aligned probing pads
that were made of Ti/Au (thickness 100 A/500 A). Figure 3.2 shows a representative device
after two step photolithography and lift-off process. A single wafer carries thousands of such
devices after photolithography followed by lift-off process which dictates the rapid manufacturing

of nanogap break junctions from these devices.
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Figure 3.2 SEM micrograph of a representative device after two step photolithography followed
by lift-off process.

The metal lined surface was partially scratched by FIB milling process to create the
nanogap break junctions at precise locations. The FIB process depends on applied acceleration
voltage, milling current and scratching time [151]. At higher milling current and scratching time,
the entire gold layer got removed and also induced defects in SiO, layer beneath, rendering
device un-usable. Secondly the higher milling current produced larger gaps as shown in Figure
3.3. FIB process was characterized to get optimal scratch in the metal line. FIB scratching with
Gallium ions was done at 30 kV acceleration voltage, 1 pA milling current and 2 sec per micron
scratching time in order to acquire optimum outcomes. Figure 3.4 shows an optimized FIB
scratch that doesn’t take away the metallic layer completely but only creates a defect in it for
electromigration.  The current-voltage (/-V) characteristics across the metal lines were
determined using Agilent Semiconductor Parameter Analyzer (4155C) on a probe station. The /-
V measurements before and after the nanomanufacturing of metallic break junctions were
recorded to demonstrate the electromigration effect. A sweeping voltage was applied to induce
the electromigration process. The applied bias should be just enough to produce the gap under

electromigration and should be stopped right after the nanogap is generated. Figure 3.5 shows
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a nanoelectrode device manufactured after electromigration which produces nanogap at the
scratched location on metallic strip. The essential advantage of FIB scratching followed by
electromigration is to overcome the uncontrolled and low yield manufacturing by conventional

electromigration [6].
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Figure 3.3 SEM micrograph of metallic strip after FIB milling at higher dose (30 KV applied
voltage, 20 pA milling current and 120 secs of scratching time)

1um Mag= 55754 X EHT= 500kV  SignalA=SE2 Cate:11 Aug 2009
|—| Slage alT= 5407 FIBEMag= 207KX FIBLockMags=Ne WD = S4mm Time 1€.47.31

Figure 3.4 SEM micrograph demonstrates optimized FIB milling to create a fine scratch on
metal line (30 KV applied voltage, 1 pA milling current and 30 secs of scratching time)
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Figure 3.5 SEM micrograph of a representative break junction produced in result to
electromigration

3.2.2.2 Preparation of Anti-EGFR Aptamers

Anti-EGFR aptamer was synthesized with a well-known process called “Systematic
Evolution of Ligands by Exponential Enrichment” (SELEX) as reported before [15, 152]. An
iterative selection of binding species against purified human EGFR (R&D Systems, Minneapolis,
MN) was done to isolate anti-EGFR RNA aptamer [153, 154]. The high affinity (K; = 2.4 nM)
anti-EGFR RNA aptamer and a non-functional mutated aptamer were extended with a capture
sequence. The extended anti-EGFR aptamer (5-GGC GCU CCG ACC UUA GUC UCU GUG
CCG CUA UAA UGC ACG GAU UUA AUC GCC GUA GAA AAG CAU GUC AAA GCC GGA

ACC GUG UAG CAC AGC AGA GAA UUA AAU GCC CGC CAU GAC CAG-3'); extended

mutant aptamer (5-GGC GCU CCG ACC UUA GUC UCU GUU CCC ACA UCA UGC ACA
AGG ACA AUU CUG UGC AUC CAA GGA GGA GUU CUC GGA ACC GUG UAG CAC AGC

AGA GAA UUA AAU GCC CGC CAU GAC CAG-3’) and amino modified substrate-anchored

probe oligonucleotide (5’-amine-CTG GTC ATG GCG GGC ATT TAA TTC-3’) were used. The

capture sequence has been highlighted in bold font and underlined. The capture sequence was
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used to modify anti-EGFR aptamer and the mutant aptamer by extending the DNA template at
its 3' end with a 24-nucleotide sequence. The extended capture sequence didn’t disrupt the
aptamer structure but was used to immobilize aptamers on the surface through duplex-
formation with the surface bound single-stranded DNA (ssDNA) probe molecules. The 5-amine

modified DNA strands were purchased from Alpha DNA (Montreal, Quebec).

3.2.2.3 Immobilization of Aptamers on SiO, Substrate

A thermally oxidized silicon wafer was diced into 4x4 mm? small chips in order to confirm
the surface chemistry. The chips were initially cleaned in oxygen plasma for 15 minutes using
Ar+0O, at 200 W. This also resulted in a hydrophilic SiO, surface. The substrates were then
immediately immersed in a solution of 2% APTES in ethanol for 1 hour at room temperature to
get the surface silanized. The chips were then sequentially rinsed with IPA and DI water and
then dried under nitrogen gas, followed by curing at 115°C for 30 minutes. The chips were then
submerged in a solution of 1 mM phenyldiisothiocyanate (PDITC) in DMSO containing 10%
pyridine for 5 to 7 hours at 45°C in order to get PDITC cross linker molecules attached onto the
silanized surface. The chips were then washed sequentially with ethanol and DI water and dried
in nitrogen flow. After that, the chips were allowed to incubate in a humidity chamber by placing
8 pl of amine modified ssDNA solution (5 yM concentration of DNA in DI water with 50%
DMSO, 1% Pyridine) on each substrate for 16 to 18 hours at 45°C to attach amino modified
DNA to PDITC cross linker molecules. After ssDNA attachment, each chip was rinsed
sequentially with ethanol and DEPC treated DI water and dried with nitrogen. The functionalized
surface was then deactivated by capping unbound reactive groups of PDITC and submerging
the chips in a blocking buffer solution that contained 50 mM 6-amino-1-hexanol with 150 mM
DIPEA in DMF for 1 hour. The chips were then rinsed with DMF, ethanol, DEPC treated DI
water and dried under nitrogen stream. After that, anti-EGFR RNA aptamer hybridization was

carried out by incubating the chips in a buffer solution (100 nM concentration of anti-EGFR
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aptamer with 5:1 DI water and Hybridization buffer solution) at 42°C for 1 hour. The chips were
washed thoroughly with DEPC treated DI water and dried with nitrogen gas. The anti-EGFR
RNA aptamer had an extension that was hybridized with the surface bound complementary
ssDNA. As controls, the mutant aptamer was hybridized to surface-bound ssDNA on separate
chips using identical protocol. The presence of ssDNA and RNA aptamers immobilized on the
SiO, surface was determined by fluorescence measurements of Acridine Orange stain at an
excitation wavelength of 460 nm and the emission wavelength of 650 nm using Zeiss Confocal
Microscope. Similarly, control chips with no aptamers were also prepared by performing all

steps except aptamer hybridization.

3.2.2.4 Protein Binding and Electrical Detection

Chips with the attached RNA aptamer were then incubated in 50 ng/ul of EGFR protein
prepared in phosphate buffered saline (PBS) with 5 mM Mg2+ solution at 37°C for 45 minutes.
The chips were washed thoroughly with PBS and DEPC treated DI water and dried under
nitrogen flow. The chips were analyzed for the captured EGFR protein by optical detection of
fluorescent Sypro Ruby Protein Blot stain at 488 nm wavelength. The fluorescence intensity
analysis was done with ImageJ software. Briefly, the surface bound ssDNA was used to
immobilize an anti-EGFR aptamer and subsequently the aptamer was used to capture the
EGFR protein.

After confirming the attachment chemistry for RNA immobilization and selectivity of anti-
EGFR aptamer on plain chips, electrical detection of EGFR protein was performed using
nanomanufactured metallic break junction devices on SiO, substrate. Exactly identical
attachment chemistry as described for plain chips was employed for these devices for protein
detection. The electronic signatures of binding were measured with Agilent Semiconductor

Parameter Analyzer (4155C) on a probe station. It recorded the direct current tunneling through
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the nanometer scale electrode separation before and after the protein binding to the probing
aptamers in between these nano electrodes.

3.3 Results and Discussion

3.3.1 Fabrication and Characterization of Nanoelectrodes

Optimal FIB scratches are obtained by employing the tuned dosage of FIB milling
current, acceleration voltage and scratching time. The characterization of nanoelectrode
manufacturing has been illustrated in Figure 3.6 and 3.7. The /-V data recorded after FIB
scratching of the metal lines demonstrated a linear ohmic behavior that confirmed electrical and
physical continuity of the metal lines (Figure 3.6(a)). A voltage sweep from 0 to 4V was applied
to break the metal lines through electromigration phenomenon. Figure 3.6(b) shows a sudden
drop in current that depicts an absolute separation between metal lines. The scanning electron
microscope (SEM) micrographs also show a complete break in the metal lines with a nanometer
scale separation. The inset to Figure 3.7(a) shows an estimated gap of 30-60 nm between the
two electrodes. Figure 3.7(b) demonstrates the comparison of /-V data recorded for a
representative break junction under same voltage (-1 to 1V) applied before and after the
application of electromigration voltage. A tiny and random current flow observed after the
electrode separation depicts only the tunneling current characteristics. The tunneling current in
an arrangement of the nanogap electrodes having vacuum as the insulator between them can

be approximated by the Simmons formula as

J= % pexp —Aﬁz\/; —((ﬁ+erexp —AS A p+eV

z

Where a:e/(47z2,32h\, A=2B\2m/h ,¢p is the average barrier height relative to the

Fermi level of the negative electrode, 52 is the barrier width and eV represents the applied
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voltage across the nanoelectrodes [155].

P is the dimensionless correction factor, eand m

represent the charge and mass of electron respectively, and 7 denotes the Dirac’s constant
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Figure 3.6 Characterization of a representative break junction; (a) Linear current signifies intact
ohmic contact after FIB scratch (b) Sudden drop of current indicates the electrode separation
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Figure 3.7 Effect of electromigration (a) SEM micrograph shows break junction with nanometer
size separation and (b) Comparative /-V measurements show the effect of electromigration

3.3.2 Optical Characterization of Surface Chemistry

The surface binding and the presence of ssDNA and RNA aptamer immobilized on the
plain surface was confirmed by Acridine Orange stain and the fluorescence measurements from
the staining experiments are illustrated in Figure 3.8. The binding of ssDNA to the functionalized
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plain surface is portrayed by Figure 3.8(a) whereas the hybridization of RNA aptamer to the

surface-bound ssDNA is depicted in Figure 3.8(b).
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Figure 3.8 Acridine Orange (AQ) stain intensity measurements (background subtracted)
compares functionalized chips with control chips to illustrate (a) the presence of surface-bound
ssDNA and (b) hybridization of RNA aptamers to surface bound ssDNA. The Error bars
represent the standard deviation for n = 10
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Acridine Orange gives green fluorescence when it interacts with ssDNA whereas a
flame-red fluorescence is observed when it interacts with double stranded nucleic acids [156].
The Acridine Orange stain binds electrostatically to the nucleic acids as it carries positive
charge. Electrostatic communication with non-specific polyanions was avoided by using a very
low concentration of AO stain (0.2% v/v) and providing a buffer solution with some cations like
Mg*? and Na* that compete binding to the nucleic acids [157].

EGFR binding to the probing aptamer onto the plain chip surface was confirmed by
using the Sypro Ruby protein gel stain that is a ruthenium based stain used to detect the amino
acids lysine, arginine & histidine [158]. Figure 3.9 demonstrates an obvious enhancement of
fluorescent intensity measured from the chips having anti-EGFR RNA aptamer probes and
EGFR protein as compared to that of negative control chips that include probe-functionalized
chips not exposed to the target proteins and the chips exposed to the target protein but without
probe aptamer immobilized on the surface. The fluorescent intensity is at a maximum when use
of a blocking buffer is omitted because unreacted PDITC moieties also contribute towards
protein capturing. But probe-functionalized chips with a blocking buffer selectively capture the

EGFR protein as revealed by a marked increase in fluorescence intensity.
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Figure 3.9 Sypro ruby protein gel stain intensity measurements confirm the selective capture of
EGFR on functionalized SiO,. From L to R: Chip # 1: Control chip treated with blocking buffer
(BB) but no aptamer; Chip # 2: Control chip with no BB treatment and no aptamer; Chip # 3:
Control chip functionalized with mutant aptamer and treated with BB; Chip # 4: Functionalized

chip with EGFR aptamer and captured protein after BB treatment; Chip # 5: Functionalized chip

with EGFR aptamer and captured protein without using BB. Error bars correspond to the
standard deviation for n = 10

3.3.3 Crystal Structure and Electrical Detection of EGFR Attachment

The footstep of EGFR protein was estimated from the crystal structure of the extra-
cellular region of human EGFR. Figure 3.10 shows the images for crystal structure of EGFR
made by using PyMOL software. EGFR is a large, monomeric, modular glycoprotein [159] with
its dimensions on the order of tens of angstroms. As a first order estimate, the protein footstep
is about 11 nm as we previously reported [160]. It is expected that the protein structure would
expand when it binds to the probe aptamer via its extracellular ligand binding domain. This
provides a low demand on the break junction size stringency; we can detect proteins

(biomarkers or others) even with the break junctions that are larger than just a few nanometers.
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Figure 3.10 Crystal structure of the extra-cellular domain of human EGFR shows that the widest
points of the structure are few hundreds of angstroms: (a) Front view, (b) Bottom view. Images
are made with PyMOL 1.2.8.
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The I-V measurements recorded from -1 to 1V across the metal electrodes, showed a
significant increase in current after the capture of proteins by surface immobilized aptamers.
There were two orders of reduction in the resistance between the nanoelectrodes indicating the
conducting behavior of proteins that bridge the nanogap between the electrodes. Figure 3.11
presents the electronic detection of selective protein. The selectivity of the protein to anti-EGFR
RNA aptamer was depicted by the control chips with similar devices fabricated onto them as
shown in Figure 3.12 (a-b). The scrambled sequence in a mutant aptamer prevented it from
recognizing the EGFR protein whereas anti-EGFR RNA aptamer selectively captures the
protein. The yield of devices was 60% that can be further increased by tagging the protein

molecules with conducting nanoparticles, e.g. of gold.
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Figure 3.11 Comparison of /-V data for a representative break-junction before and after the
incubation of functionalized chip in EGFR protein. Anti-EGFR aptamer chip shows two orders of
increase in current due to the capture of EGFR bridging the nanogap
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Figure 3.12 Comparison of /-V data for a representative break-junction on control chips before
and after the incubation of functionalized chip in EGFR protein: (a) control chip functionalized
with mutant aptamer (b) control chip with no aptamer show no change in conductivity which

reveals the selectivity of anti-EGFR aptamer
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Aptamers isolated through SELEX show high-affinity binding to target molecules. The
non-specific binding of the aptamer with non-target serum proteins has already been studied
and found to be very atypical [149, 161-163]. Serum EGFR levels increase in many cancer and
detection of few hundreds of ng/ml would a gigantic step towards early detection. Although the
concentration of EGFR used (50 ug/ml) was high but the theoretical limit of detection (LOD) of
the device is much smaller. However, surface charges at nanoscale, time of detection i.e. time it
would take for EGFR to reach the capture region just by diffusion [164], steric hindrance,
conformation of molecules will all contribute to LOD of this framework.

3.4 Conclusion

We present that anti-EGFR RNA aptamer can specifically recognize and capture the
EGFR protein that can be electrically detected using metallic break junctions with a nanometer-
sized separation. The integration of FIB scratching with electromigration offers rapid, cheap and
controlled manufacturing of nanoscale break junctions. After confirming hybridization of anti-
EGFR RNA aptamer with surface-bound ssDNA, the nanogap break junctions were utilized for
electrical detection of EGFR protein. The presence of protein between the electrodes shows a
robust increase in conductivity between otherwise insulated nanoelectrodes. The detection of a
disease linked protein biomarker can seriously accelerate diagnosis and therapy. Such
proteonic chips can certainly find their application towards bioterrorism where dangerous

viruses or bacteria can be electrically investigated for their occurrence.
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CHAPTER 4

BIOMECHANICAL DISCRIMINATION OF CANCER CELLS USING SOLID-STATE
MICROPORES
4.1 Introduction

Cancer has been the top ranked death-causing disease for the last several decades.
Within current clinical settings, cancers are usually diagnosed at an advanced and incurable
stage. Common methods used for cancer diagnosis vary between different cancer types. For
example, for bladder cancer frequently used diagnostic approaches incorporate biopsy,
cytology, cytoscopy, and detection of immunological markers. These approaches have
inadequacies such as flawed judgment (biopsy examination and cytology), high cost
(cytoscopy), low sensitivity (cytology and immunological markers) and low specificity
(cytoscopy) [165-167]. Moreover, incapability of being used as point-of-care device and lack of
statistical analysis of single cells limit the deployment of these methods. Therefore, a more
reliable, faster processing, and inexpensive detection scheme is critical to diagnose clinically
significant but asymptomatic cancer.

Tissue or cell samples taken directly from the region where tumor is suspected can be
the best source to diagnose cancer. The procedure used to obtain such sample is called biopsy.
Open surgical biopsy or image-guided intervention obtain cancer cells of primary tumors from a
précised region but entail with increased risk of procedural complications [26]. Percutaneous
biopsy is a typically used clinical procedure that includes fine needle aspiration (FNA) and core
biopsy. FNA employs a very fine needle of 22-gauge (22G) to collect the sample for
cytopathology whereas core biopsy uses a slightly larger needle of 16G or 19G to obtain a

small tissue section for histology and immunohistochemical analysis [27]. Though percutaneous
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biopsy offers a wide range of benefits over open surgical procedure including patient
compliance, less prone to serious complications, low cost and easy processing but involves the
risk of slightly missing the suspicious tumor area while collecting biopsy sample. Primary and
metastatic solid tumors contain cancer cells along with normal cells like endothelial cells,
fibroblasts and immune/inflammatory cells [28]. Low grade cancer and lack of precision in case
of percutaneous biopsy can lead to a normal cell enriched sample with too few of cancer cells.
Conventional testing procedure for such a sample is highly time consuming, technically
challenging and more likely to have erroneous conclusion by the pathologist. We offer a simple
and straightforward scheme that is capable to recognize a very few cancerous cells from
thousands of normal healthy cells, does not require an expert/pathologist and provides
statistical analysis of every single cell present in the biopsied sample.

Mechanical properties like elasticity, size, viscosity, deformability, charge and stiffness
of the cells are administered by the cytoskeleton which is an internal polymer network and
defines the shape of a cell, its mechanical strength and important cellular functions [168, 169].
Cell division, locomotion and transport of intracellular particles are sturdily coupled with the
cytoskeleton [170]. Tumor cells differ from normal cells in various aspects including morphology,
cell growth, cell-to-cell interactions and cytoskeletal organization [171, 172]. Changes to cellular
functions and morphology of these diseased cells are mirrored in the cytoskeleton.
Consequently these diseased cells exhibit different mechanical behaviors which indicate the
physiological status of the cells and can be used as inherent cell markers for the discrimination
of cancerous cells.

So far, only a few experimental systems have been deployed to study cellular
mechanical properties. Micropipette aspiration is one of the prevailing techniques which applies
a negative pressure to the cell and records the aspiration distance as a function of time [173].
Optical deformability, scanning force microscopy, optical tweezers, microplate manipulation and

acoustic microscopy have also been reported for determining the cell rigidity [22, 174-177]. All
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of these approaches revealed cancerous cells to be softer and less resistant to flow under
applied forces. Oncogenically transformed fibroblast cells are known to have significantly
different elasticity when compared to their complementary normal cells [173]. Human breast
cancerous cell lines (MCF-7) also exhibit enhanced elasticity than their counterpart normal cell
lines (MCF-10) due to dissimilar viscoelastic nature of cells [22]. Metastatic cancer cells display
even higher elasticity which stems from their need to squeeze through the surrounding tissue
matrix for making their way into the circulatory systems [30, 173]. These discoveries advocate
the use of cellular elasticity as a robust cell marker to diagnose the underlying disease. But all
of the current techniques are limited by poor statistical differentiation, low throughput, high cost,
special preparation and non-physiological handling or cell adhesion due to mechanical contact
of the probe. Herein, we present a novel scheme of using a single solid-state micropore as
biological transducer that translates the cell mechanics to electrical signals. A single micropore
on a membrane sandwiched by a dual compartment setup is used to record the electrical
signature of the single cell translocated through the micropore. The specific pulse
characteristics distinguish the cancerous cells from healthy ones and provid a statistical
differentiation of each translocated cell in a cost-effective, high throughput and much reliable
fashion.

Solid-state micropores have been used in a variety of sensor applications. These have
been deployed for electroporation, patch clamp measurements, stability of lipid bilayers,
monitoring bacterial activities, investigating cell deformability, size based discrimination, cell
counting and measuring electric properties of a single cell [31-36]. Chemical and thermal
stability, mechanical strength and capability to be integrated in a Lab-on-a-chip locale enable
micropores to be used for such diverse studies. Though micropores have been reported for
investigating cell deformability or detecting large size circulating tumor cells (CTCs) present in
blood but these have never been deployed for diagnosing cancerous cells based on merely cell

mechanics discrimination between similar sized cells.
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Bladder cancer cells have been reported to be as much as 32 times softer than the
normal cells using scanning force microscopy [29]. Exceedingly different viscoelastic nature of
bladder cancer cells makes these a strong candidate for undertaking elasticity as an inborn cell
marker to distinguish the tumor cells from the healthy ones. This study presents a simple and
dependable scheme to diagnose bladder cancer. PDMS microchannels were employed to
compare the motility and stiffness of bladder cancer cells with that of normal urothelial cells and
a distinctive viscoelastic behavior was observed. The micropore device not only evaluates the
mechanical properties of cells for correlated detection of cancer cells but also provides
statistical analysis of every single cell present in the investigated sample. Relatively larger mass
of cells doesn’t allow these to translocate through micropores under electrophoretic bias.
Therefore, an optimized fluid pressure was used for translocation of cells through the micropore.
The ionic current flow through the micropore was continuously monitored and physical blockage
of the micropore gave distinctive current pulses. Pulse magnitude, width and shape indicate the
biomechanical properties of the translocated cell and provided the quantifiable viscoelastic
behavior of a single cell which distinctively correlated to the physiological state of the cell. The
capability of our device to recognize tumor cells when they are not many in contrast to their
normal counterpart (1:1000) takes over the prime challenge in conventional biopsy examination.

4.2 Materials and Methods

4.2.1 Fabrication Process for Micropore Device

All the chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA) unless
mentioned otherwise. The fabrication process started with a double-side polished, (100)
orientation silicon wafer and a thermally grown 200 nm thick oxide layer was deposited on it as
shown in Figure 4.1. After standard RCA cleaning process of the wafer, a uniform layer of
photoresist (Shipley S1813) was spin coated on one side of the wafer and g-line

photolithography was used to open square windows. The other side (bottom side) of the wafer
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was manually coated with photoresist to shield the oxide layer from getting etched by buffered
hydrofluoric (BHF) acid. The square window pattern was transferred to the underlying oxide

layer by using BHF etching and then acetone was used to remove the residual photoresist on

both sides of the wafer.
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Figure 4.1 Fabrication process of solid-state micropores (a) Thermally grown 200 nm thick oxide
layer on both sides of double side polished silicon wafer (b) Spin-on photoresist followed by
conventional photolithography to open square windows in resist layer (c) BHF etching to
transfer the square window pattern to the underlying oxide layer (d) TMAH anisotropic wet
etching of Si using oxide layer on the other side of the wafer (bottom side) as the etch stop to
obtain oxide membrane diaphragms (e) Drilling of micropore in the oxide membrane using
focused ion beam (FIB)

The wafer was immersed in diluted solution (25%) of tetramethylammonium hydroxide
(TMAH) at 90 °C for anisotropic wet etching of silicon. The silicon wafer was etched through the
whole thickness with sidewall angle of 54.7° until oxide layer on the other side was reached
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forming an inverted pyramid as shown in Figure 4.2. The V-groove etching of Si gave freely-
standing oxide membranes. These thin oxide membrane had wavy topography which was due
to the internal stresses as shown in Figure 4.3(a). Micropores of 20 uym size were drilled in
these thin oxide membranes using the focused ion beam (FIB). The diameter of the drilled
micropore was defined by the FIB milling current, thickness of the membrane, material of the
membrane and the drilling time [36, 178, 179]. Higher the exposure time or the milling current,
larger was the diameter of the resulted micropore. SEM micrograph of the drilled micropore
revealed that the periphery of the micropore was rough which could rupture the cell membrane
during translocation. Thermal treatment of micropores at 1050 °C for 5 minutes not only helped
to make the inner walls of the micropore smoother and flat but also removed the residual stress
of oxide membrane. Figure 4.3(b) demonstrates the micrograph of a micropore after thermal

treatment.

300um

Figure 4.2 SEM micrographs showing V-grooved etching of Si using TMAH
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Figure 4.3 SEM micrographs displays (a) Wavy surface of oxide membrane due to internal
stress (b) 20 um micropore after thermal annealing
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4.2.2 Experimental Setup for Electrophysiological Analysis of Cells

The overall experimental system for processing and measuring the electronic signature
for cells is shown in Figure 4.4 (a). The dual compartment scheme was implemented by making
use of two separate Teflon blocks. Each block had a small channel ending in 1 mm opening
which aligned when the blocks were assembled together. The micropore chip was squeezed in
between the two blocks while polydimethylsiloxane (PDMS; Dow Corning) gaskets were
deployed on both sides of the chip to evade the outflow of NaCl (0.85% w/v) solution which filled
the compartments. Figure 4.4 (b-c) shows the Teflon assembly with PDMS gaskets on sides of
the micropore chip. Ag/AgCI electrode pair was used to measure the ionic current flow across
the micropore. Data acquisition cards (National Instruments) connected to these electrodes
provided voltage biasing and recorded the current measurements. A tubing adapter appended
the inlet compartment of the Teflon block assembly to a syringe pump (Harvard Apparatus). The
syringe pump injected the cells suspended in NaCl solution into the inlet compartment at an
optimal flow rate while the outlet compartment was filled with NaCl solution only. Polypropylene
cell strainer (BD Falcon) with a nylon mesh (100 pym size) was used to obtain a more uniform
single cell suspension and eliminate any chunks or cell clumps. When a cell translocated
through the micropore, physical blockage of the micropore offered more resistance to the flow of
ionic current. Resistance to the flow of current is given by R = pL/A where p is the resistivity of
NaCl (0.85% w/v) solution, L represents the thickness of oxide membrane and A stands for the
effective area of the micropore. Therefore, any variation to the effective area of the micorepore
due to physical blockage by translocating cells was mirrored in its conductivity. The micropore
device needs to be tuned for particular set of experiments so that the optimal flow rate,
sampling interval and micropore size can be selected. The fine-tuning of the experimental setup
picks optimal processing parameters depending upon the size, density and the mechanical

properties of all types of cells present in the investigated samples.
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Figure 4.4 Micropore Teflon device system (a) Syringe pump pushes the cells to the inlet
chamber of Teflon block assembly. The chip with single micropore is sandwiched between the
Teflon blocks. PDMS gaskets are used to avoid leakage and Ag/AgCI electrodes are inserted in
the tubing appended at the inlet and outlet chambers (b) The inner view of Teflon blocks before
being assembled (c) Micropore device after getting assembled device
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4.2.3 Tapered Microchannels in PDMS for Cell Migration Comparison

PDMS microchannel devices were fabricated using the conventional soft lithography
technique. Each device had 150 um deep inlet and outlet reservoirs which were connected
through an array of 300 tapered micro-channels (from 20 x 5 um2 to5 x5 pmz). Initially,
photolithography was done to define patterns on master mold which was then used to transfer
patterns into PDMS. After punching the fluidic ports, the PDMS device was sterilized, treated
with UV Ozone plasma for 5 minutes and bonded to sterilized glass coverslip. Fifty thousand of
living cells were seeded in the inlet reservoir and allowed to migrate through the microchannels.
Optical micrographs of migrating cells were captured on regular intervals up to 4 days as shown
in Figure 4.5(a). The number of cells that squeezed through the channels and transited to the
outlet reservoir over the same length of time were quantified to compare the viscoelastic nature
of bladder cancer cells to normal urothelium cells. Figure 4.5(b) illustrates the quantitative

comparison of the motility of cancerous cells and normal urothelial cells.

4.2.4 Normal Human Urothelium Cell Culture

Immortalized normal human urothelium cells were cultured with T-medium (Invitrogen)
supplemented with 5% fetal bovine serum. Cultured normal human urothelial cells appeared as
an epithelioid cell monolayer and were enzymatically dissociated with trypsin (0.25%)-EDTA
(0.03%) solution for the experiments. The dissociated cells were counted using standard

hemocytometer to get the desired cell density in the processing solution.

4.2.5 Human Bladder Cancer Cell Line Culture

Human bladder cancer cell line was purchased from American Type Culture Collection
(Rockville, MD) and cultured with T-medium supplemented with 5% fetal bovine serum. Once
bladder cancer cells were confluent, trypsin (0.25%)-EDTA (0.03%) solution was used to

dissociate the cells enzymatically in order to acquire cells for the experiments.
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Figure 4.5 Cell-migration through the tapered microchannels (a) Softer nature of bladder cancer
cells allow a large number of cells to squeeze and enter the tapered microchannels while
stiffness of normal urothelial cells restrain them from entering into same sized microchannels
over same length of time (96 hours) (b) The quantitative comparison of cell-migration for both
types of cells.
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4.3 Results and Discussion

4.3.1 Cell Migration and Morphology

Comparative study of cell migration on PDMS micro-channels revealed that quite a large
number of bladder cancer cells managed to enter the microchannels, briskly migrated through
the channels and exited to the outlet reservoir over a period of 96 hours whereas normal human
urothelium cells were inhibited from entering the same microchannels after same time span.
This clear disparity in their morphological flexibility and mobility indicated to notably different
mechanical properties of cancerous cells from their healthy counterparts. This might be due the
flexible cytoskeleton of malignant cells stemming from their faster replication and enhanced
motility [22]. Thus, cellular rigidity reflects the physiological status of the cells and can be used
to detect and isolate the diseased cells. The trypsinized cells assumed the spherical shape in
suspension and were found healthy after disaggregation as can be seen in Figure 4.6. These
optical micrographs also demonstrated that bladder cancer cells were nearly equal in size to
that of normal urothelial cells (20-25 um). It dictated that size-based discrimination techniques

would be incapable to distinguish between the two types.
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m Bladder Cancer Cells

Figure 4.6 Optical micrographs for both types of cells after dissociation demonstrate that cells
hold spherical shape in suspension and are approximately equal in size.
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4.3.2 Optimization of the Micropore Device

Dual compartment micropore device was assembled as explained in Materials and
Methods section. The membrane thickness, micropore size, flow rate and sampling frequency
were tuned and tweaked to confine one cell at a time and record the mechanical behavior of
every single cell of the sample. Thin silicon dioxide membrane (200 nm) guaranteed single cell
translocation through the micropore at any specific time. Micropores less than 12 ym didn’t
allow the normal urothelial cells to pass through easily and were prone to blockage. On the
other hand, micropores larger than 25 ym missed some translocation events so 20 ym diameter
micropore size was selected for its enhanced discrimination without getting blocked. An
optimized flow rate of 20 ul per minute was selected to achieve maximum throughput without
losing any cell translocation events. Similarly, electrical signal sampling frequency was
optimized. High sampling frequency induced a lot of inherent noise which could suppress some
current blockage signals during translocation. Lower frequency provided a more stable baseline
with less noise but events with translocation times less than the sampling interval could be
missed. The optimum ionic current sampling frequency was chosen to be 0.2 MHz which
elucidated that electrical signal collection after every 5 usec. A 5 volts bias was applied across
micropore resulting in a 25 MV m™" transmembrane field across the 200 nm long channel. The
field would be present only in the locality of the membrane and would not build any gradient in
the bulk solution [180]. The cell’s microenvironment was not affected by this electric field
because fast translocation events were too quick to root any in-house damage to the cells. We
observed the cells that were processed through the device and found that the cells retained
their structural properties and looked similar to unprocessed ones.

Phosphate buffered saline (PBS) and 0.85 percent NaCl solution are commonly known
physiological silanes for cell suspension [36, 181, 182]. We suspended the cells in NaCl (0.85%
w/v) solution because Ag/AgCI electrodes started losing their AgCI coating in PBS, which was

obvious by the whitish end of electrode dipped in PBS. The gradual loss of AgClI coating caused
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an unstable baseline but NaCl solution resolved this issue by providing enough CI" ions for Ag to

retain the AgCl coating on it.

4.3.3 Effect of Membrane Thickness

The thickness of the oxide membrane defined the area of contact of the cell membrane
with the inner walls of the micropore. Micropores of same size but different membrane thickness
(200, 330 and 450 nm) were used to study its impact on the translocation behavior of cells. The
translocation profile was not much affected by varying the thickness of the membrane but
thicker membranes were found to be more prone to blockage/clogging of the micopore. Longer
channels provided more area for physical contact between tranlocating cell and the hydrophilic
micropore walls. This increased the probability for cells to adhere on the micropore walls due to
hydrophilic phosphate heads on lipid bilayers which caused plugging of the micropore. Thus
thinner oxide membrane (200 nm) not only ensured single cell confinement but also removed
the possibility for the micropore to get clogged/blocked while providing enough mechanical

strength to be used for multiple runs of the experiment.

4.3.4 Cell Concentration and Reliability

Different concentrations of bladder cancer cells were used to get the electronic
fingerprint of each single cell in the sample. Figure 4.7 represents the electrical signal for a high
concentration (20000 cells per ml) and a very low concentration (100 cells per ml). The
translocation profile was found to be steady throughout the measurements regardless of the cell
suspension concentration. It demonstrates that the frequency of pulses reflects the
concentration and can be used for cell enumeration. Figure 4.8 shows the electrical signal
profile at different time points (1, 10 and 30 minutes) after the initial detection of a cell which is
indicated by pulses in the electrical signal. Similar translocation profile throughout the
experiment showed that the micropore stayed open and viable for the measurements. Hence,

our micropore device is highly dependable for electrophysiological analysis of cells.
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Figure 4.7 Electrical signals from a high and low concentration cell suspension reveal that
number of pulses can be used for cell counting.
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Figure 4.8 Comparison of pulse signals at different time points demonstrate that translocation
profile for each of the two cell types remains stable throughout the experiment.

4.3.5 Biomechanical Discrimination of Cancer Cells
The goal of the presented study was to distinctively identify and quantify the bladder

cancer cells from ionic current fluctuations through the micropore based upon dissimilar
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biomechanical properties of the two cell types. Equal concentrations (20000 per ml) of bladder
cancer cells and normal urothelium cells were suspended in separate solutions which were
processed for 30 minutes. Bothe the cell types were processed with our micropore system
under exactly similar conditions to eliminate the effect of background noise. The measuring
setup was set to the optimized parameters (micropore size, flow rate, sampling frequency and
membrane thickness) while processing each of the two cell types. The experiments were
repeated at least three times and similar results were observed for a particular cell type.

The data showed characteristically different translocation profiles for the two types of
cell suspensions. The cells suspended in NaCl solution gave distinctive current blockage pulses
due to physical blockage of the micropore. Figure 4.9 (a-b) shows characteristic pulse signals
for bladder cancer cells and normal urothelial cells. Though cell strainer was employed to
remove cell clots but still a few of the cells were seen clumped together which were easily
recognized from their current blockage pulse shape as demonstrated by Figure 4.9(c).

More than 90% of bladder cancer cells were distinctively identifiable from normal
urothelial cells by their pulse characteristics (width, amplitude, pulse shape). When the
cancerous cells passed through the micropore, these squeezed due to their deformable nature
and translocated through the 20 ym micropore in much smaller time as compared to their
counterpart. Though both the cell types were not much different in size yet normal urothelial
cells showed one order of magnitude increase in translocation time owing to their stiffer nature.

The pulse shape can explicitly describe the orientation of the translocating entity [36,
183]. The ionic current through the micropore corresponded to a cross-sectional circular contour
which portrayed the particular physical dimension of the confined cell. The outline of
translocated cell predominately defined the pulse shape whereas cell's biomechanical
properties characterize its translocation profile. Figure 4.10 shows the scatter plot to
demonstrate the distribution of pulses for both the cell types processed separately under similar

conditions.
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Figure 4.9 Translocation profile (translocation time, current peak amplitude) of the cell passing
through the micropore. Characteristic pulse signals form (a) Bladder cancer cell (b) Normal
urothelial cell (c) cell cluster which would be ignored during data analysis.
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Figure 4.10 Scatter plot shows the distribution of pulses for both the cell types

The pulse statistics (average translocation time and peak amplitude) for the two cell
types are shown in Table 4.1. Statistical analysis based on translocation time and the peak
amplitude was performed using one-way ANOVA and it demonstrated that the two types were
significantly different from each other (p-value < 0.001). The normal human urothelium cells
showed a greater spread of data because plugging effect of the stiffer cells gave jolted and
fluctuated pulses. The reported method not only discriminated the cancerous cells but also

provided adequate information to exactly trail the 3D profile of the translocated cell.

Table 4.1 Translocation Summary of pulse statistics for both cell types through 20 ym

micropore
Cell Types 2 Bladder Cancer Cells Normal Urothelial Cells
Measurement (Units) W
Average Translocation Time (usec) 8.48+3.45 107+89.06
Average Peak Amplitude (uA) 3.11+£1.04 5.64 £2.15
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4.3.6 Identification of Cancer Cells from Mixed Cell Suspension

After defining the pulse characteristics (pulse duration, peak amplitude, pulse shape) for
each cell type, the bladder cancer cells were mixed with normal urothelial cells using different
concentration ratios (1:1, 1:10, 1:100, 1:1000) to detect the presence of cancerous cells out of a
mixture. The data was recorded at optimized flow rate (20 pl min'1) and sampling interval (5
psec). Density plots were drawn to analyze the data distribution as shown in Figure 4.11. The
data showed that the device could identify the cancerous cells with a detection efficiency of
more than 75% which elucidated our device as a simple, cheap, faster and reliable electronic

biosensor for early diagnosis of cancer.
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Figure 4.11 Data density plots for cell suspension with increasing relative concentration of
normal urothelial (healthy) cells (a) 1:1 (b) 1:10 (c¢) 1:100 (d) 1:1000. The cancer cells can be
identified out of a mixed cell suspension as pointed out by the dashed ovals. The color map
assigns the relative data density distribution of cells.
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Though biopsy samples are very important sources for diagnosing cancer but
conventional pathology is limited by high clinical turnaround time, high cost, need of an
experienced pathologist, probability of erroneous results and lack of statistical behavior from
single cells. Our device has the potential to overcome all these shortcomings by detecting
cancer cells without relying on biomarkers, cell staining or experience. Moreover, the approach
is also capable to diagnose cancer at earlier stage by screening each single cell of biopsied
sample which is almost impossible in recent pathological testing. The recording of cell
translocation pulses provides information about cell properties and analysis gives an affirmative
determination of cancer cells. One order of magnitude difference in translocation time dictates
the capability of our device to undertake the highly intrinsic biomechanical properties of a cell as
a robust discriminating factor for early detection of cancer. The device can also be used for cell

enumeration and phenotype characterization of investigated cells.

4.4 Conclusion

We offer a novel approach to identify bladder cancer cells using solid-state micropores
as the biological transducer. Biophysical properties (cellular functions, physical dimensions,
rigidity, growth rate, cytoskeleton) of cancer cells significantly vary from normal cells. PDMS
microchannels demonstrated significant difference in viscoelastic nature of bladder cancer cells
and normal urothelial cells. The micropore device records the current blockage pulse for the
translocated cell. The data not only discriminates the cancer cells but also provides statistical
analysis of every cell in the investigated sample. High throughput, efficient detection, low price,
statistical analysis of each cell, reliability, no cell staining and utility of an inherent cell marker
make our device a better alternative for early cancer diagnosis and offers new investigations

into other cellular processes that involve the mechanical properties of cytoskeleton.
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CHAPTER 5
PARALLEL RECOGNITION OF CANCER CELLS USING MICROPORE ARRAY ASSEMBLY
5.1 Introduction

Circulating tumor cells (CTCs) are believed to detach from the primary tumor and spread
through blood circulation to secondary tissues [184]. The shredding and accumulation of these
CTCs through peripheral blood to build up a secondary tumor was initially reported in 1989
[185]. Patients with various types of cancers (breast, bladder, renal etc) have been diagnosed
with CTCs in their peripheral blood [61, 186-189]. Premature recognition and accurate
enumeration of CTCs in the peripheral blood cannot only help early diagnosis but also indicate
the therapeutic efficiency. Reports show that number of CTCs can rise to 5000 CTCs per ml of
blood in prostate cancer patients [190]. But generally, CTCs are exceedingly low in number (1-
200 cells per ml) which makes it very difficult to identify and quantify them from the whole blood
at an earlier stage [95, 191-193].

Various detection schemes have been employed for the isolation and quantification of
CTCs including microfluidic flow cytometry, polycarbonate membrane filtration (size based
separation), chromatographic isolation and use of immunomagnetic systems (magnetic
dynabeads) [92, 95, 194, 195]. These techniques are mainly limited by either low throughput or
use of fluorescent tags for cell quantification. Some of these strategies require expensive
equipment and cannot be used in a point-of-care module [92, 196]. Immunomagnetic systems
involve surface fucntionalization while other optical detection schemes require cell staining [69,
197, 198]. Size based isolation provides higher throughput but entails with laser scanning
cytometry for cell enumeration which gets complicated due to retained leukocytes on the

membranes [92]. Ultra-low concentration of CTCs in peripheral blood essentially calls for a
97



faster and efficient processing of blood sample. Fiber optic array scanning technology (FAST)
has been reported as a high speed detection scheme but requires immunofluorescently labeled
rare cell for scanning [199]. Electrical systems offer label-free detection of pathogens. The
electrical microflow cytometers are extensively used in research and do not need fluorescent
labels for cell enumeration [200]. For single cell analysis, these electrical microfluidic systems
need the flow of cells in a single line fashion, which makes it a low throughput strategy.
Solid-state micropores have been deployed in a wide range of applications owing to their
mechanical strength and thermal/chemical stability. Previously, Nanopores have been
extensively used for biophysical analysis of DNA, proteins and other pathogens [178, 179, 201,
202]. Recently, an array of nanopores has been employed for parallel analysis of DNA to get
high throughput [199]. Similarly, solid-state micropores have been reported for their use in patch
clamp measurements, electroporation, cell deformability examination and size based
discrimination of cells [34, 203, 204]. In our previous work, we developed a single solid-state
micropore device for electrical detection of CTCs from whole blood [36]. Single channel
detection faced a major challenge of high processing time. Here, we present a multi-channel
device that utilizes multiple micropores for parallel recognition of tumor cells. As a model, an
assay of two parallel micropores was deployed in a Teflon device assembly for simultaneous
recording of ionic current passing across each of the two micropores. Figure 5.1 shows a
schematic representation of the overall detection scheme for parallel processing of cells. The
device was able to detect CTCs from the blood sample with 70% detection efficiency. The
reported scheme distinguishes the cancer cells through a simple, inexpensive and speedy
process that doesn’t require any cell staining, surface functionalization or expensive equipment.
The CTCs are larger in size as compared to other blood based cells and have different
mechanical properties [194]. Metastasis formulates them to be even more elastic since they

need to squeeze through the surrounding tissues and enter the circulatory system [30, 173].
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Different morphology and biomechanical properties of CTCs discriminate them from leukocytes

and give a distinctive electrical pulse signal while passing through the micropore.

Figure 5.1 Schematic sketch to represent the overall systems with two parallel micropore
channels for simultaneous recognition of tumor cells

We offer a high speed and reliable method to identify CTCs from blood. Electrophysiological
DNA analysis systems make use of the charge on target molecule for translocation across the
nanopore but larger mass of cells inhibits them to move under negative charge on their
membrane when externally biased. Therefore, the cells were suspended in Sodium chloride
(0.85% NaCl) solution and pushed under fluidic pressure. Separate Ag/AgCI electrodes were
used to measure the ionic current across each micropore. Physical blockage of the micropore
due to cell translocating through the micropore causes a drop in ionic current flow and an
electrical pulse signal is recorded. The system is optimized for parallel recognition of CTCs and

simultaneous recording of data without missing any translocation event. Tumor cells are
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identified by their characteristic pulse signal. Pulse magnitude, pulse duration and pulse shape
are analyzed to recognize the cancer cells. Our system can be applied to an automated and
high throughput cellular analysis.

5.2 Materials and Methods

5.2.1 Fabrication of Solid-state Micropores

All the chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless stated
otherwise. The micropore fabrication process started with thermal oxidation of a double side
polished silicon wafer (100 orientation). The wafer was placed in the oxidation furnace to grow a
200 nm thick oxide layer on both sides of the wafer as explained in Figure 5.2. After piranha
cleaning, positive photoresist (Shipley S1813) was spin coated on one side of the Si wafer and
conventional g-line photolightography was used to open square windows. Photoresist layer was
manually applied to the other side (bottom one) of the wafer to protect the oxide layer against
buffered hydrofluoric (BHF) acid. The square window pattern was transferred to the underside
oxide layer using BHF etching followed by removing all the remaining photoresist in acetone.
Anisotropic etching of silicon was performed using diluted (25%) tetramethylammonium
hydroxide (TMAH) which was maintained at 90 °C during the etching process. The silicon wafer
was etched through the whole wafer thickness until it reached the other side oxide layer and
gave 200 nm thick free-standing SiO, membranes as shown in Fig 5.2(e). Focused ion beam
(FIB) was deployed to drill 20 um sized micropore in each of the membranes. The diameter of
the drilled micropore was controlled by the FIB dose (milling current, drilling time). Membrane
material and the thickness of the membrane also affect the diameter of the micropore [178,
179]. Higher dose gave a larger pore for oxide membranes of similar thickness. The scanning
electron microscope (SEM) analysis showed that inner periphery of the micropore was not
smooth and could rupture the cell membrane while translocating through the micropore.

Secondly, crimped topography of membrane confirmed the residual stress in the oxide
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membrane. Therefore, the SiO, membranes were annealed at 1050 °C for 5 minutes. Thermal

treatment made the inner walls of the micropore smoother and reduced the residual stress in

the membrane. Figure 5.2(f) shows SEM micrograph of a micropore after thermal treatment.

(d)

Iy

. Silicon . Silicon Dioxide . Photoresist

Figure 5.2 Process flow for solid-state micropores fabrication (a) 200 nm thick oxide layer grown
on both sides of double side polished silicon wafer (b) Photolithography to open square
windows in the spin casted photoresist layer (c) Transfer of square window pattern to the
underlying oxide layer by using BHF etching (d) Anisotropic etching of Si using TMAH which
performs V-groove etching to get oxide membrane on the other side of the wafer (bottom side).
FIB is used to drill micropore in the membrane diaphragm (e) SEM micrograph shows slanted
sidewalls of Si ending at oxide membrane resulted from TMAH etching (f) SEM micrograph of a
thermally annealed micropore drilled in the oxide membrane

5.2.2 Multichannel Micropore Device Assembly

The multichannel micropore device was carefully designed for parallel processing of
investigated sample. Two Teflon blocks (inlet, outlet) were used to sandwitch the micropore
array. The inlet block had two channels ending in 1mm hole where as the outlet block also had

two 1mm openings which come together to form a single outlet chamber. The openings
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perfectly aligned together when the two blocks were assembled together. Figure 5.3 illustrates

the design for multichannel micropore Teflon device assembly.

Inlets m

Figure 5.3 Schematics to represent the design of multichannel micropore Teflon device (a)
Before assembled together (b) After assembled together
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The device was designed to hold individual chip for each micropore in the array for two
key motives. First, aligning all the micropores against channel openings in the Teflon blocks
may get tedious unless special care is taken to drill the micropores at defined positions on the
membrane. Secondly, breakage/damage of a single micropore membrane will result in replacing
another chip with the entire micropores array on it. Therefore, one micropore on each chip
made the design more flexible and simple. The inlet compartments of the Teflon block assembly
were connected to the syringe pump (Harvard Apparatus) through tubing adapters. Cells were
suspended in sodium chloride (0.85% w/v) solution which was injected into the inlet
compartments at optimal flow rate using the syringe pump whereas the outlet compartment was
initially filled with simple sodium chloride (NaCl) solution. Polydimethylsiloxane (PDMS; Dow
Corning) gaskets were used on both sides of the chip in order to avoid any leakage of the
solution. Ag/AgCl electrodes were dipped in the NaCl solution to measure the ionic current flow
across the micropore. Data acquisition cards (National Instruments) were connected to these
electrodes for providing voltage bias and recording current measurements. Figure 5.4
demonstrates the actual experimental setup for parallel processing of cells. When a cell passed
through the micropore, physical blockage of the micropore increased the resistance and a drop
in ionic current flow was observed. The resistance to the flow of ionic current through the
micropore is given by R = plL/A where p is the resistivity of NaCl (0.85% wi/v) solution, L
corresponds to the thickness of oxide membrane (length of the micropore) and A represents the
effective area of the micropore. Physical blockage of the micropore during cell translocation
changed its effective area which subsequently altered the ionic current flow across the

micropore.
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Figure 5.4 Experimental setup (a) Entire system for multichannel micropore device
measurements (b) Inner view of Teflon blocks
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5.2.3 Culture of Human Derived Primary Renal Cancer Cells

Renal derived cancer cells found in human brain tissues were acquired from consenting
patients at the University of Texas Southwestern Medical Center at Dallas (TX, USA) with the
approval of Institutional Review Board (IRB). Ice-cold Hanks medium was used to collect the
brain tissues containing metastasized renal derived cancer cells which were chemically
dissociated with papain (2%) and dispase (2%) as reported previously [205]. The cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. The cultured cells were enzymatically dissociated with trypsin (0.25%)-EDTA

(0.03%) solution to obtain the cells for the experiments.

5.2.4 Red Blood Cell (RBC) Lysis using Lysis Buffer

1x red blood cells lysis buffer was purchased from eBioscience (CA, USA). A volume of
10 ml of the lysis buffer was added to 1 ml of whole blood and the solution was incubated for 10
minutes. Then, the lysis buffer was diluted by adding 20-30 ml of 1x PBS to stop the lysing
reaction. After that, the solution was centrifuged at 300-400 x g spin speed to collect the cells at
the bottom of the tube in the form of the pellet. The pellet is resuspended in the desired
electrolyte to process the cells with micropore device. A small volume is observed under
microscope to confirm that it contains no more RBCs. Standard cell counting with a
hemocytometer also confirmed about 1000 times reduction in cell density. Though the pellet
collected after lysis contained only white blood cells (WBCs) but a very few residual RBCs were
also observed. Since RBCs were even smaller than WBCs so these were not much significant
for cancer cell identification. However, if needed; a second round of lysis can be performed.
Polypropylene cell strainer (BD Falcon) with a nylon mesh (100 ym size) was deployed before
processing to remove any chunks or cell clumps and ensure single cell suspension in the

investigated sample.
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5.3 Results and Discussion

5.3.1 Size and Shape of Cells in Suspension

The cultured renal cancer cells were trypsinized and suspended in NaCl solution for
processing with our multi-channel micropore device. All the disaggregated cells held spherical
shape in suspension and were found healthy after disaggregation as shown in Figure 5.5.
Optical micrograph for the mixed cell suspension (Figure 5.6) provided a clear comparison of
cell sizes and revealed that human primary renal cancer cells (pointed by arrow) were much

larger (nearly 25 ym) in size as compared to the white blood cells (WBCs).

Figure 5.5 Optical micrographs of (a) renal cancer cells (b) White blood cells (WBCs). Both the
cell types hold spherical shape in suspension and look healthy under microscope.
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Figure 5.6 Optical micrograph of renal cancer cells and WBCs mixed cell suspension. The
micrograph illustrates that renal cancer cells are larger in size than WBCs

5.3.2 Why 0.85% NaCl Solution

Phosphate buffered saline (PBS) and 0.85% NaCl solution are well recognized
physiological solutions for cell suspension [36, 181, 182]. We used NaCl (0.85%) solution as the
medium for cell suspension because Ag/AgClI electrodes started losing their AgCl coating which
resulted in gradual drop of the baseline. NaCl solution provided enough CI-1 ions for Ag to
retain its AgCl coating and gave a much stable line. The loss of AgCl coating was evident from
the whitish end of the electrode dipped in PBS solution whereas same electrodes when dipped

in NaCl solution didn’t lose their AgCI coating.
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5.3.3 Multifaceted Optimization of Micropore-based Detection System

Multi-channel micropore device was assembled as explained in the Materials and
Methods sections. The device needed to be tuned as per investigated sample requirements
(cell size, cell concentration, viscoelastic behavior). Micropore diameter, membrane thickness,
flow rate and sampling frequency were the critical parameters that needed to be optimized for
finest results. Translocation profile of cells was significantly changed by varying any of these
parameters except membrane thickness. The thickness of oxide membrane corresponded to
the length of the micropore. Similar size micropores with varying membrane thickness (200, 330
and 450 nm) were used. We concluded that membrane thickness didn’t affect the translocation
profile much but thick membranes were more prone to micropore blockage/clogging. Thicker
membrane (i.e. longer micropore) offered more area for physical contact between the cell walls
and the inner hydrophilic periphery of the micropore. Probability for cell adhesion to the
micropore walls was higher for longer micropore due to hydrophilic phosphate heads of the lipid
bilayer. Moreover, thin membrane also ensured that only one cell would pass through the
micropore at a time. Therefore, 200 nm thin oxide membrane was deployed to minimize the
micropore clogging and single cell measurement at a time. The micropore diameter was also
optimized to come up with the most appropriate size. Micropores with diameter less than 10 ym
didn’t allow the cancer cells to pass through easily and were prone to blockage. On the other
hand, micropores with diameter greater than 25 um missed some cell translocation events. So,
optimal micropore diameter was investigated to be 20 ym which could record all the
translocation events without getting blocked. The flow rate at which the syringe pump would
inject the solution into both the parallel channels was also optimized. A flow rate greater than
30 pl/min failed to notice some cell translocation events and more than one cell attempted to
enter the micropore at a time. Conversely, a flow rate less than 10 pl/min would result in a very
low throughput. Therefore, the optimized flow rate was chosen to be 20 pl/min for two parallel

channels. Similarly, electrical signal sampling frequency was also optimized. A lower sampling
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frequency gave a stable baseline with less noise but resulted in missing some quickly passing
cell translocation events. Whereas, higher sampling frequency was able to record these fast
events but induced a lot of inherent noise which could suppress the desired pulse signals of
smaller amplitude. The optimal sampling interval was set to be 5 ysec which translates to a
sampling frequency of 0.4 MHz. At this frequency, the ionic current sample was collected after
every 5 usec. A voltage bias of 5 volts was applied across the micropore which resulted in 25
MV m™ transmembrane field across the 200 nm thick membrane. This field will rapidly drop to
zero within few nanometers of the membrane and would not build any gradient in the bulk
solution [180]. The cell’s microenvironment is also not affected by this electric field because the
translocation was too fast to cause any in-house damage to the cells. The cells were observed
under microscope after processing with our device and found no different from the unprocessed

ones.

5.3.4 Detection Efficiency and Cell Counting

When a cell translocated through the micropore, a disturbance in the electrical signal
baseline was recorded in the form of pulse signal. Since the drop in current (amplitude) and the
time taken by the cell to pass through the micropore (pulse width) were strongly coupled with
the biomechanical (size, shape, stiffness) properties of the cell, a characteristic pulse signal was
observed for a cell type. Both the channels showed similar translocation profile for a particular
cell type as shown in Figure 5.7. A high concentration (10k cells per ml) and a super low
concentration (100 cells per ml) of human primary renal cancer cells were suspended
separately in NaCl solution. Figure 5.8 provides a comparison of the current signals for high
concentration and low concentration of cell suspension revealed that the number of pulses
reflected the cell concentration and can be used for cell enumeration. It also illustrated the
detection efficiency of our device that can detect a very concentration (100 cells per ml) of cells.

Renal cancer cells and WBCs were processed separately for 30 minutes using the multi-
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channel micropore device at optimized settings. The translocation profile was found be steady
regardless of the cell concentration or the time as shown in Figure 5.9. It revealed the viability

of our device for lengthy measurements.
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Figure 5.7 Comparison of electrical signal from (a) channel 1 and (b) channel 2 show similar
pulse signals and pulse frequency during parallel processing of cell samples
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Figure 5.8 Pulse signals from (a) high concentration and (b) low concentration demonstrate the
detection efficiency and capability of our device for cell counting
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Figure 5.9 Pulse signals at different time points show that electrical signature remain identical

throughout the experiment which indicates the reliability of our device.

5.3.5 Increased Throughput

The key objective of parallel recognition was to increase the throughput by rapid

processing of blood samples. The whole was lysed using red blood cell (RBC) lysis buffer which
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helped to get rid of RBCs. It reduced the cell concentration per ml of blood by three orders of
magnitude which eliminated any need of blood dilution. In our previous work, we had to dilute
the whole blood atleast 10 times to avoid blockage/clogging of micropore [36]. Dilution
increased the sample volume by 10 times and furthermore single micropore measurements
made it a very low throughput device. The presented scheme utilized an array of two
micropores which provided two parallel channels and simultaneous recording of current
measurements across each channel made it a rapid processing device. Moreover, cells
collected from 1 ml of blood were resuspended in 500 pl of NaCl solution which helped to
reduce the sample volume by 2 times while keeping the cell density still low enough to be
processed by our device without getting blocked. Thus, just by adding one extra channel, the
throughput was increased by 40 times. At optimized flow rate, it would take only 25 minutes to

process 1 ml of blood.

5.3.6 Characteristic Pulse Signal for Cancer Cells

Human primary renal cancer cells gave a distinctive current blockage pulse signal. As
already mentioned, WBCs were smaller in size so offered lesser physical blockage to the
micropore which showed different translocation profile. The experiments were repeated atleast
three times and similar results were observed. The pulse characteristics (pulse width, peak
amplitude) for renal cancer cells and WBCs plotted on a scatter plot showed that cancer cells
were easily identifiable as can be seen in Figure 5.10. More than 95% of cancer cells showed
distinctive translocation profile from WBCs owing to their different biomechanical properties.
The pulse signal from a cluster of cells could easily be identified from the pulse shape and was
ignored. The characteristic pulse signals are shown closely in Figure 5.11. The pulse statistics
(average translocation profile, peak amplitude) for both types of cells are shown in Table 5.1.

The analysis of data based on translocation time and peak amplitude was carried out using one-
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way ANOVA which showed that the two types were significantly different from each other (p-
value<0.001).

Table 10.1 Translocation Pulse statistics for both cell types through 20 ym micropore by
channel 1 and channel 2

Measurement Average Translocation Time Average Peak Amplitude (pA)
(Units)> (usec)
Cell Types ¥ Channel 1 Channel 2 Channel 1 Channel 2
Renal Cancer Cells 73.50 £ 18.13 78.37 £ 36.30 7.52 £ 3.44 7.69 £ 2.83
WBCs after RBC lysis 9.60 £ 6.02 9.18 £ 5.64 1.83+0.47 1.84 £ 0.40
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Figure 5.11 The distribution of pulses for both types of cells processed separately through the
multi-channel micropore device shows clear data clusters for cancer cells as compared to white
blood cells
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Figure 5.12 Characteristic translocation profile (translocation time, current peak amplitude) for
(a) renal cancer cells and (b) WBCs facilitate cancer cell identification
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The pulse shape also provided further information about the translocating cell. The
orientation of the cell and its biomechanical properties predominately defined the pulse
characteristics and pulse shape [36, 206]. The ionic current value corresponded to a cross
sectional circular contour which indicated the physical dimension of the translocating cell. Thus,
the data could be used to accurately track 3D electrical profile of the translocating cell at
optimized settings of the measuring system. Moreover, the slope of the pulse signal indicates
the stiffness of the translocating cell which can be used to study the biomechanical properties of

the investigated cells.

5.3.7 Recognition of Cancer Cells Mixed with Blood Samples

After defining the signature pulse signals from renal cancer cells and the WBCs, a
mixture of renal cancer cells and whole blood was investigated. We mixed 100 cells of renal
cancer cells in 1 ml of whole blood and lysed it to get rid of RBCs. The collected pellet was
resuspended in NaCl solution to get a mixed cell suspension. The RBC lysis didn’t affect the
cancer cells present in the blood sample and the cancerous cells were easily distinguished from
WBC with a detection efficiency of more than 70%. Human primary renal cancer cells were
processed in mixed suspension with freshly collected rat blood as well as human whole blood.
The data demonstrated that cancer cells were effortlessly identified from rat and human whole
blood even when they were mixed at a very low concentration (100 cells per ml) as shown in
Figure 5.12. It validated the efficacy and viability of our device for CTC detection at an earlier
stage. Our device provided parallel recognition of cancer cells, enumerated the number of cells

present and can potentially trail the 3D electrical profile of the translocating cells.
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Figure 5.13 Scatter plots for cancer cells mixed with freshly collected (a) rat blood and (b)
human whole blood demonstrate that characteristic current signal discriminates cancer cells
from WBCs and can be efficiently recognized out of a mixed cell suspension as pointed out by
the dashed ovals.
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5.4 Conclusion

A novel and fast processing detection scheme to identify cancer cells from whole blood
sample using solid-state micropore array is presented. An array of micropores with
simultaneous recording of data for parallel recognition of cancer cells resolved the key
challenge for single solid-state miropore devices. The throughput can be increased by adding
more micropores in the array to make the processing even faster. The cells were pushed under
optimized fluid pressure to record electronic signatures for one cell at a time. The biophysical
properties of cells gave a characteristic pulse signal which discriminated the cancer cells from
other cell types. Our multi-channel micropore device didn't need any cell staining, surface
functionalization or expensive equipment. It not only efficiently detected the cancer cells but
also provided statistical analysis of every single cell in a high throughput fashion. The system is
also capable to investigate other samples where biomechanical properties of cells can be used

as the discriminating factor to indicate the physiological state of the cells.
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CHAPTER 6
SYNTHESIS OF POROUS PLGA NANOPARTICLES FOR DRUG DELIVERY SYSTEMS
6.1 Introduction
Over the last few decades, there has been increased interest in developing
biodegradable micro/nanoparticles for drug delivery applications. Among the new drug delivery
systems, polymeric nanoparticles have emerged as promising carriers for sustained release of
bioactive agents. The increased surface area offered by small particles makes these
exceedingly effective for targeted drug delivery [207-209]. It has also been reported that
nanoparticles can offer elevated drug content inside the neoplastic cells by prevailing over the
multidrug resistance [210, 211]. The increased focus on deploying nanoparticles in drug delivery
systems is due to the ease of their preparation with well-defined biodegradable polymers (like
Poly(lactic-co-glycolic acid) (PLGA)), low cost and highly stable behavior in biological fluids
[212, 213]. The destiny of nanoparticles in any drug delivery system is also an important
concern during development process.

The controlled and targeted release coupled with therapeutic mechanisms significantly
impacts the quality of the drug by eliminating the potential of both under and overdosing. PLGA
offers many possibilities to accurately control the resulting drug release kinetics over periods of
days to months and easy administration using standard syringes and needles. But drug stability
and accelerated polymer degradation due to autocatalytic effects are the major concerns in non-
porous PLGA-based particles [118]. Porous drug delivery systems can overcome these
autocatalytic effects by increasing the diffusivity of the molecules [119]. Thus, PLGA based
porous particles can be very helpful to optimize the therapeutic efficiency of medical treatments

and to reduce serious side effects [122]. Porous nanoparticle systems exhibit much better flow
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and aerosolization efficiency during pulmonary administration when compared to non-porous
nanoparticles [120, 121]. For drug release study porous and non-porous PLGA nanoparticles
are widely studied. Pore characteristics have significant impact on drug release and by
controlling pore morphology, it is possible to design highly controlled drug release systems
[122]. Herein, we describe salt-leaching technique where trapped salts are extracted out at a
later stage to prepare porous polymeric drug delivery system with prolonged and controlled drug

release properties. Figure 6.1 shows a schematic drawing to represent the synthesis technique.

R

Figure 6.1 Graphical representation of the slat-leaching process to give porous features on the
surface of nanoparticles when the entrapped salts are eventually extracted out.

Poly(lactic-co-glycolic acid) (PLGA) is a biocompatible and biodegradable copolymer
which is synthesized by means of ring-opening copolymerization of two different monomers;
glycolic acid and lactic acid. The biodegradation, biocompatibility and tissue reaction of PLGA is
documented in different investigations [214, 215] and numerous polymeric devices like

microspheres, microcapsules, nanoparticles have been synthesized using PLGA to deliver
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variety of drugs [216]. These PLGA nanoparticles are prepared either by using single emulsion
or double emulsion methods. Single emulsion method is a straightforward process where only
one water phase solution is cross-linked with oil phase solution. Water-in-oil-in-water (w/o/w)
double emulsion method incorporates dispersed oil beads containing smaller aqueous globules.
The particles obtained by this technique provide a great opportunity for the controlled release of
chemical species initially entrapped in the internal globules [217, 218]. Such double
compartment structures can be considered as reservoirs of encapsulated materials to be
released under certain conditions. Double emulsion materials are generally prepared with two
surfactants of opposite solubility. In order to prepare a w/o/w emulsion, a hydrophilic surfactant
is first dissolved in oil and then water is added to form w/o emulsion. The solution is then
emulsified again in an aqueous solution to produce a w/o/w double emulsion.

Serum albumins are very significant water soluble protein constituents of the circulatory
system which perform many physiological functions [219]. Albumins are profusely found in body
fluids and tissues of mammals. Albumins mainly regulate the colloidal osmotic pressure of
blood. Though albumins are readily soluble in water yet high concentrations of neutral salts like
ammonium sulfate can help precipitation [220]. Bovine serum albumin (BSA) also known as
Fraction V, is one of these serum albumins which is a commonly known hydrophilic drug. BSA
finds its use in a wide range of applications due to its stability, low cost and no side effect in
most of the biochemical reactions.

Chloroform (CHCI;) is a colorless, sweet smelling but somewhat hazardous liquid which
is widely used as organic solvent in research because it is fairly unreactive, conveniently volatile
and effortlessly miscible with other organic solutions. Chloroform is also obtained from
seaweeds but commercially produced by heating a mixture of chlorine and methane. The
reaction occurs at 400-500 °C where progressively more chlorinated compounds are produced
due to free radical halogenations process as shown below

CH,+ Cl; ———» CH;Cl + HCI
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CH;Cl + Cl, —» CH,Cl, + HClI

CH)Cl, + Cl, — CHCI; + HCI

Nanoparticles have been identified as important drug carrier nanovehicles where
therapeutic and diagnostic agents are encapsulated, covalently attached, or adsorbed on to the
surface of such nanocarriers. Research into rational and controlled drug delivery has resulted
into hollow nanospheres and porous nanoparticles. Porous nanoparticle systems can be made
of various materials, prepared in a variety of different ways, and designed to deliver drugs to
specific parts of the body. Porous nanoparticles can vary from 25 nm to several hundred nm of
diameter [120]. Owing to high chemical and thermal stabilities, enhanced surface areas and fine
compatibilities with other materials, porous nanoparticles are widely used as inorganic carriers
for biological reagents [221]. Porous nanoparticles have proven to be robust drug delivery
systems that can facilitate a controlled release of encapsulated drugs of varying chemistry and
molecular weight into biodegradable nanoparticles.

Various approaches have been deployed to synthesize porous micro/nanoparticles
which incorporate the use of poly(acrylic acid), Pluronic F-127 or ammonium bicarbonate as the
porogen reagent [123, 125, 222]. These chemical species are either limited by their
physiochemical properties, high price or need for thermal curing. We offer a simple and
straightforward method which may empower us to use a wide range of cheap, easily obtainable
water-soluble salts as extractable porogens. Such a rapid, inexpensive and simple technique
with potential for a variety of alternative materials as porogen, can improve the controlled drug
delivery systems to a large extent.

In this study, porous and non-porous PLGA nanoparticles containing BSA were
prepared by water-in-oil-in-water (w/o/w) double emulsion method using sodium bicarbonate as
the extractable porogen. The porous nanoparticles showed increased and sustained drug

release than the non-porous ones. The particle size, size distribution, porosity, stability, drug
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loading efficiency and drug release behavior were characterized. BSA was used as a model
drug to study in vitro drug release behavior. The protein release studies were carried out using
bicinchoninic acid (BCA) protein assays. Standard curves were plotted to determine the amount
of the drug loading and release.

6.2 Materials and Methods

6.2.1 Chemicals

All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise mentioned. There were three major experimental goals achieved in succession. The
first section details the synthesis of drug loaded porous and non-porous nanoparticles. The
second step elucidates drug loading and loading efficiency. The third and most important part

demonstrates the drug release studies of the nanoparticles.

6.2.2 Preparation of BSA Loaded Porous and Non-porous PLGA Nanoparticles

Porous and non-porous PLGA nanoparticles were synthesized by water-in-oil-in-water
(w/o/w) double emulsion technique. Twenty mg of the hydrophilic BSA was dissolved in 0.2 ml
of deionized (DI) water to make the water phase of the solution (w;). In parallel, 90 mg of PLGA
was dissolved in 3 ml of chloroform to make 3% PLGA solution, forming the oil phase solution
(0). Then 1 gm of polyvinyl alcohol (PVA) was dissolved in 20 ml of warm (50 °C) DI water to
make 5% aqueous PVA solution that formed the second water phase solution (w,). Each of the
solution was vortexed to ensure that the reagents were mixed well. Now, the BSA solution (w)
was added to the PLGA solution and vortexed for 30 seconds to make water-in-oil phase. In
order to prepare porous nanoparticles, 2 mg of sodium bicarbonate was mixed in 1 ml of DI
water to form the porogen solution. This solution was immediately added to the above water-in-
oil solution to introduce pores on the particles. These pores would be formed at a later stage
due to salt-leaching. This step of adding sodium bicarbonate solution was skipped for the

preparation of non-porous nanoparticles as shown by the schematic flowchart in Figure 6.2.
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Figure 6.2 Schematic flowchart demonstrates the step-by-step process to synthesize porous
and non-porous PLGA based nanopraticles.
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The solution was then sonicated for 1-2 minutes at 40 W. After that, the solution was
added drop-wise to the stirring beaker of aqueous PVA solution thus forming water-in-oil-in-
water phase. The resultant solution was then emulsified by sonication for 2 mins at 40 W. Next,
the mixture was gently stirred overnight in a chemical hood allowing the chloroform to
evaporate. Once the chloroform evaporated completely, the solution was transferred into a 50
ml tube and centrifuged at 4000 rpm for 15 min. The supernatant was collected and frozen for
calculating the loading efficiency at later stage. The pellet was resuspended in 5 ml PBS and
vortexed for 1 minute. The resulting solution was frozen at -80 °C and then freeze dried to get
the nanoparticles after recording the dynamic light scattering (DLS) readings to measure the
size and polydispersity of nanoparticles using a ZetaPALS DLS detector (Brookhaven
Instruments, Holtsville, NY). In order to get the porous nanoparticles, the freeze dried particles
(white in color) were taken in a plastic tube and 3 ml of DI water was added to perform salt
leaching. The tube was vortexed again and centrifuged at 4000 rpm for 15 min. This step was
repeated three times to ensure that no salt was left behind. The supernatant during salt-
leaching process was also collected and frozen to study the possible drug released during salt-

leaching process as the loaded drug (BSA) was hydrophilic.

6.2.3 Scanning Electron Microscope (SEM) Imaging of PLGA Nanoparticles

The freeze dried nanoparticles were suspended in DI water and diluted 10X to reduce
their density on the substrate surface used for imaging. DI water was used instead of PBS to
avoid any contamination from the salts present in PBS solution. The solution was then poured
on the top of autoclaved glass cover slips and was left overnight to dry in nitrogen ambient. The
samples were then sputter coated with 50 A thick gold to prevent the surface from getting
charged during electron microscopy. The thin layer of gold made cover slip surfaces conductive
enough to image with SEM. Figure 6.3 shows the SEM micrographs of porous and non-porous

nanoparticles.
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Figure 6.3 SEM micrographs for (a) non-porous and (b) porous nanoparticles. The insets show
the magnified view of the nanoparticles.
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6.2.4 Indirect Method for Drug Loading Efficiency

The drug loading efficiency was determined using the indirect method. The supernatant
collected and frozen in the previous steps were used to calculate the loading efficiency. Indirect
method relies on the protein present in the supernatant solution. Instead of direct investigation
of the amount of drug loaded in the nanoparticles, we calculated the amount of drug present in
the supernatant using the standard curve. The drug present in supernatant solution reflected the
amount of unloaded drug which was subsequently used to calculate the loaded drug using the

indirect method. Loading Efficiency was calculated using the formula given below:

x 100

Loading Efficiency (%) =

Where A represents the amount of original drug and B refers to the amount of drug present in

the supernatant.

6.2.5 Drug Release from BSA Loaded Nanoparticles

In order to monitor protein release from BSA loaded nanoparticles, these were placed in
a 100 kDa molecular weight cut-off dialysis bag (Spectrum Laboratories Inc., Rancho
Dominguez, CA). Porous and non-porous nanoparticles were separately mixed in 2 ml of PBS
and were put in different bags. Each dialysis bag was immersed in 10 ml of PBS solution which
was the dialysate. Three replicates for both types of particles were prepared to study the drug
release activities. Drug release studies were performed by measuring BSA release at
predefined time points: 1, 5, 7, 11, 14, 18, 22 and 30 days. At each time point, the PBS solution
was replaced by fresh PBS solution keeping the volume unchanged and the collected samples
were stored at -20 °C for further analysis.

At each time point, 3 samples (one from each replicate) were collected to get a more
reliable release data. After collecting all the samples for porous and non-porous PLGA
nanoparticles, Pierce BCA protein assay (Fisher Scientific, Hampton, NH) was used for

quantitative analysis of the drug release. The working reagent consisted of reagent A and
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reagent B at the ratio of 50:1 where BCA was used as reagent A and copper sulphate as
reagent B. A 200 pl volume of the working reagent and 25 ul of PBS (containing BSA obtained
from collected samples) were added to each well for respective measurements of porous and
non-porous nanoparticles drug release behavior. After adding all the stored samples collected
at predetermined time points to the BCA containing wells, standard solutions were also added
on the same well plate, with gradually reducing concentrations of BSA to determine the
standard curve. The well plate was then covered with the aluminum foil and kept in the
incubator at 37 °C for 30 minutes. In the presence of protein, the color of the solution changed
from blue to purple. Absorbance was recorded using spectrophotometry (Infinite M200 plate
reader, Tecan, Durham, NC) at wavelength of 562 nm. Absorbance values for the standard
concentration values provided a standard curve that was then used to calculate the
concentration of BSA protein released. The percentages of protein release was calculated using

the following equation

X
percentage of protein release = % x100

where X indicates the amount of released protein and Y represents the total amount of loaded
protein.

With the obtained values, percentage of cumulative protein release was calculated and
plotted against the administered time points. The standard deviations of the absorbance at each
time point were also plotted on the same graph to demonstrate the precision of the data.

6.3 Results and Discussion

6.3.1 Characterization of Synthesized Nanoparticles

After preparation of the nanoparicles, laser scattering measured by zeta potential
analyzer was used to determine the particle size distribution, polydispersity, zeta potential and

mean particle diameter. The average diameters for porous and non-porous PLGA nanoparticles
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were found to be 525.2 nm and 321.8 nm respectively (see Table 6.1). The morphology of
PLGA nanoparticles was found to be spherical from SEM micrographs. The size of the non-
porous nanoparticles was found to be smaller than the porous nanoparticles and the size

distribution was also observed to be more uniform in case of non-porous nanoparticles as

illustrated in Figure 6.4.

Ml - =
L
40
l
g l
& 20 |
|
10 l I
Ll [
0-250 251-350 351-450 >450
Diameter (nm)
NN -
60 -
50 l
g
o
&0 ]
il R
° 0-350 351-650 651-1000 >1000

Diameter (nm)
Figure 6.4 Size distributions of PLGA nanoparticles (a) BSA-loaded non-porous PLGA

nanoparticles with average diameter of 321.8 nm. (b) BSA-loaded porous PLGA nanoparticles
with average diameter of 525.2 nm
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The porous nanoparticles were expected to be larger than the non-porous nanoparticles
in line with previous reports [120]. The larger sizes of the porous particles were due to sodium
bicarbonate incorporation which later leached out, leaving porous features on the particle
surfaces. The porosity, pore sizes and distribution of pores on the porous PLGA nanoparticles
can be controlled by using different concentrations of the porogen [123]. Here a single
concentration of porogen was used because the main focus was to establish salt-leaching as a
novel technique to prepare the porous nanoparticles. The pore size was estimated to be 30-60

nm from SEM data.

Polydispersity index, a dimensionless number, is used to gauge the particle size
distribution. Its value may vary from 0.01 (monodispersed particles) to 0.7 (particles with
fluctuating size distribution) [211]. Particles with broadly varying size distribution indicate
polydispersity index >0.7 [223]. Polydispersity of both types of nanoparticles is summarized in
Table 6.1 which clearly shows that both types of nanoparticles had polydispersity index much
less than 0.7. Porous PLGA nanoparticles exhibited higher polydispersity index value which
might have stemmed from the uncontrolled vortexing of porogen solution in w/o phase solution

while synthesizing the nanoparticles.

The stability of the particles in solution is very important for biological applications that
incorporate colloidal suspensions. Particle composition and the medium in which these are
dispersed, determine the zeta potential () of the particles. High surface charges (¢ > £30 mV)
prevent particle aggregation and thus make the particles highly stable in the colloid suspension
[224]. Particles with surface charges (¢ > 10 mV) are also relatively stable whereas ({ < +10
mV) allows the particles to flocculate due to small repulsive effect [225]. In this work, we used
PLGA with carboxylic acid end groups (-COOH) on it and the presence of carboxyl groups on
the PLGA nanoparticles surface passed on negative charges which was confirmed by the {

values recorded for porous and non-porous PLGA nanoparticles. Though the zeta potential for
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the nanoparticles was less than —30 mV, but still it was high enough to give reasonably good
colloidal properties.

Table 6.1 Characteristics of BSA loaded porous and non-porous PLGA nanoparticles

Property Non-porous PLGA Porous PLGA Nanoparticles

Nanoparticles

Porogen concentration (% 0 0.2
wiv)
Average diameter (nm) 321874 525274
Polydispersity 0.132 £ 0.031 0.314 + 0.006
Zeta potential, { (mV) -17.09 £ 0.25 -21.67£1.5
% Loading efficiency 77.59 65.50
% Cumulative release 59.91 87.41

6.3.2 Drug Loading Efficiency

Drug loading efficiency was determined by using indirect method because BSA is
hydrophilic drug and can degrade in organic solvent. The loading efficiency was found to be
65.50% and 77.59% for BSA loaded porous and non-porous nanoparticles, respectively. The
drug loading efficiency was sufficiently high which show the viability of those nanoparticles in
controlled drug delivery systems. High loading efficiency is always wanted for an efficient drug
delivery system so that less quantity of the particles would be needed to administer a particular
dose. The non-porous nanoparticles had higher loading efficiency as compared to porous

nanoparticles. The porous structures on the surface of nanospheres allowed some drug to
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easily flow out whereas non-porous nanoparticles incorporated more drug [123]. The salt-
leaching process, on one hand, caused the formation of porous structures on the nanoparticles

surface but it also reduced the loading efficiency of the nanoparticles.

6.3.3 Drug Release Studies

To investigate the BSA drug release from porous and non-porous PLGA nanoparticles,
BCA protein assay was used. The % cumulative BSA release for porous and non-porous PLGA
nanoparticles was found to be 87.41% and 59.91% respectively, over a period of 30 days. For
the first few days, more than 30% of BSA was released while after that, relatively less amount of
BSA release was observed as shown in Figure 6.5. Release behavior of both types of

nanoparticles is plotted to show the comparison over the same period of time.

Comparison of BSA release from the porous and non-porous PLGA nanoparticles
showed a faster but sustained release from porous nanoparticles. Porous nanoparticles offered
better release behavior owing to their increased surface area and better flow of fluid through
leaky structures [226, 227]. Generally, reports show that larger particles show lower drug
release rate when compared to smaller particles because the length of diffusion pathway is
higher for larger particles and drug concentration gradient is smaller [122]. Here, porous
nanoparticles were larger in size but exhibited high release rate than smaller particles. This
clearly stemmed from the porosity. As the porosity increased, the % cumulative drug release
also increased [123]. Moreover drug release from porous particles would also depend on the
pore characteristics and the nature of host guest interactions [228]. Therefore, this approach
shows nanoparticles that are not only larger but also have higher release of drug. The rapid

and cost-effective synthesis can be easily applied to other drug models.
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Figure 6.5 Comparison of drug release for BSA loaded Porous and non-porous PLGA
nanoparticles demonstrate a better release behavior of porous nanoparticles. Error bars
represent the standard deviation in the percentage protein release (n=3)

The drug release studies showed a sustained release which was reflected by a good
amount of BSA up to 30 days. A burst release for the first few days was observed which
stemmed from the release of drug adsorbed on or near to the surface of nanospheres and thus
ensured immediate availability of therapeutic drug. Although the PLGA nanoparticles are
employed for oral and intravenous drug delivery systems but essentially, PLGA nanoparticles
are not selective to specific cells. These can be made more selective to certain cells using
different functional groups, antibodies and aptamers. The aptamers and antibodies specifically

bind the target cells and functionalized PLGA nanoparticles can be used for targeted drug
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delivery where probing aptamers immobilized on the nanoparticles make them selective to the
target cells [229, 230]. e-beam defined nanogaps.
6.4 Conclusion

This study demonstrates that BSA loaded porous PLGA nanoparticles provide
sustained and controlled drug release. The salt-leaching is a novel technique to synthesize
porous nanoparticles where sodium bicarbonate is used as the porogen. The physical
characterization shows that porous nanoparticles are larger in size compared to the non-porous
nanoparticles. Moreover, non-porous nanoparticles are very uniform in their size distribution but
porous nanoparticles show a larger distribution over a specific range, due to the trapped salts
that lead to the pore formation after salt-leaching. Drug loading efficiency of non-porous
nanoparticles is calculated to be higher than that of porous nanoparticles which is due to easy
release through the features on the porous nanoparticles. The drug release behavior of both
types of nanoparticles is monitored over a period of 30 days and porous nanoparticles, although
larger in sizes, show faster sustained release. Owing to the enhanced surface area, better
release behavior and their stability over varying temperatures, porous nanoparticles are thus

recognized as much better drug carriers.
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CHAPTER 7
FUTURE RESEARCH DIRECTIONS
7.1 Introduction
In this chapter, scope of future research that would complement/supplement the current
research work will be discussed. We will also incorporate the potential use of developed
biosensors for various other applications.

7.2 Diagnosis of Bladder Cancer from Human Urine Samples

Though biopsied samples provide the best samples for cancer diagnosis but open
surgical biopsy, image-guided biopsy or percutaneous biopsy all involve invasive approach for
sample collection. It also affects patient's compliance. We plan to collect bladder cancer cells
from the urine of bladder cancer patients. It is an absolutely non-invasive approach of collecting
samples and lack of markers in urine sample makes it very difficult to diagnose bladder cancer
by processing urine samples only. Since our device doesn’t depend upon any biomarker but the
purely intrinsic properties of a cell so can potentially be used to discriminate cancerous cells
based upon their biomechanical properties. The urine samples from patients with and without
bladder cancer will be evaluated with our device. The cells will be collected by centrifuging the
urine sample at 1200 rpm for 15 minutes and cells will isolated in the form of a pellet at the
bottom of the centrifuging tube. The cells will be resuspended in the NaCl solution (0.85% wi/v)
and will be processed with our micropore device as explained in Figure 7.1. Different types of
cells will give different pulse signals while translocating through the micropore. The cancer cells
will provide a distinctive pulse signal owing to its specific biomechanical composition. The
distribution of pulses on a scatter plot should show clear data clusters which should not found in

case of healthy patients. A representation of the prospective results is shown in Figure 7.2.
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Bladder Cancer
Diagnosis

Figure 7.1 Shows the schematic representation of bladder cancer diagnosis from urine samples
using our micropore based detection system

Amplitude

Translocation Time

Figure 7.2 demonstrates the schematic sketch of the pulse distribution to show data clusters for
different cells types. Cancer cells will give a characteristic pulse signal and particular data
cluster will represent cancerous cells.

7.3 Enhanced Selectivity of Tumor Cells by Functionalizing the Micropore Periphery

The translocation profile (residence time, peak amplitude) of the translocating cell provide
cell biophysical properties and is used for correlated determination of cancer cells. The
methodology for screening cancerous cells from mixed cell suspension doesn’t require chemical
or dye-based labeling. Instead, cell sorting between normal and diseased cell types is based on
the mechanical stiffness of the cells with the knowledge that the cancerous cells are more
flexible than normal, healthy cells. As mentioned above, bladder cancer cells show a huge

difference in their biophysical properties when compared to their normal counterpart so were
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easily identifiable from healthy cells. Yet, the pulse distributions for cancerous and healthy cells
may have some overlapped regions mainly due to size distribution of the cells. This may affect
the sensitivity of the device. Since the translocation profile of the cells squeezed through the
micropore varies significantly with the cell size so size variations among cells may lead to this
possible concern. A large and soft cell might have the same translocation time as a small and
rigid one. This scenario may lead to overlapped distributions, and result into wrong findings. To
enhance the discrimination of cancerous cells by reducing the probability of overlapped regions
in pulse distribution between cancerous and healthy cells, chemical modification of the
micropore walls can be a direction for future research. Specific ligands for the receptors that
over-express on cancer cell membranes (EGFR, prostate-specific membrane antigen,
Urokinase plasminogen activator, etc.) [231-234] can be anchored to the inner periphery of the
micropores for enhanced discrimination of cancerous cells from healthy ones as shown in

Figure 7.3.

Figure 7.3 Schematic representation for system modificaiotn where the micropore is chemically
activated with anti-EGFR aptamers for enhanced discrimination of cancer cells
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These ligands will selectively bind to the cancerous cells, and thus can specifically slow
down the passage of cells which exhibit overexpression. The retardations will lengthen
translocation times, and result in the shift of the data cluster for cancer cells to make it
completely isolated from other cell types. Thus, a combination of biomechanical and
immunological sensing with functionalized micropores will provide a highly sensitive and
selective system for electrophysiological analysis of cells for cancer diagnosis. The micropore
walls can be chemically modified by immobilization of anti-EGFR aptamers which will selectively
arrest the cells with EGFR overexpression on its membrane and will serve the purpose of
selectively retarding the cancerous cells. Figure 7.4 shows the anticipated effect of chemically
engineered micropore on cancer cell translocation behavior when compared to bare micropore.
It would consequently shift the distribution of pulses for cancer cells and diminish the
overlapped regions as illustrated in Figure 7.5. Hence, micropore functionalized with anti-EGFR
aptamers might improve the discrimination of cancerous cells by making our micropore-bases

biosensor selective to tumor cells.
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Figure 7.4 demonstrates the expected current-time trace comparison for cancer cells processed
through similar sized bared micropore and chemically modified micropore. The solid-state
micropore with anti-EGFR aptamers hold back the cancer cells and offer more hindrance to
passage.
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Figure 7.5 The distribution of pulses for normal cells and cancerous cells processed separately
have been shown for (a) bare micropore (b) functionalized micropore. Selective arrest of cancer
cells by anti-EGFR aptamers amplify the translocation time and shift the distribution of pulses
toward higher translocation region which alleviates the cancer cell identificaiton

7.4 Metastatic vs Non-metastatic Tumor Cell Analysis

Cancer cells are known for rapid cell proliferation, tumor formation and invasion to
surrounding cells. Cancer cells can migrate from the primary tumor to distant organs in the body
and form a secondary tumor. This process of spreading the cancer cells to other body parts to
grow a secondary tumor is called metastasis which is the major cause for deaths for cancer
patients. Figure 7.6 shows a schematic representation for metastasis where tumor cells detach

from primary tumor, enter the circulatory system and establish a metastatic colony.
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Figure 7.6 Schematics to represent the metastasis which involves shredding of primary tumor
cells and establishment of a secondary tumor in distant body organ

Metastasis doesn’t occur overnight but goes through a series of complex tumor-host
interactions. The metastatic cancer cells have to diffuse through the surrounding tissues in
order to enter the blood stream so that they move to other parts of the body to establish a
metastatic colony. For this, they undergo several transformations including epithelial to
mesenchymal cell transition (EMT). All these transformation make the metastatic tumor cells
soft and flexible in order to facilitate them easy diffusion through tissues. Different studies have
reported that metastatic cancer cells are much softer than primary (non-metastatic) cancer cells
[30, 173]. Our micropore base sensor can discriminate between two cell types with different
viscoelastic properties. Since metastatic cancer cells are more flexible so should offer much
less impediment while passing through the micropore as compared to non-metastatic ones.
Hence our solid-state based biosensor is potentially able to differentiate between metastatic and

non-metastatic cancer cells. As mentioned above, metastatic cancer cells gradually transform
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from stiffer to softer structure metastasis can be sensed beforehand by studying cell’s tendency
to get softer in nature by using our device. This would have a great impact in scientific
community and can dramatically reduce the causalities of cancer patients.

7.5 High Frequency Multiplexer for Micropore Array Assembly

We have developed a micropore based detection scheme for simultaneous fingerprinting
of cells passing through parallel micropores as explained in Chapter 5. The measuring setup
involves a Labview algorithm to collect current samples and record it on the computer. The
physical blockage of the micropore changes the ionic current flow across the micropore and
current values are read by the National Instrument’s data acquisition card (NI PXI 4071) which
is pretty expensive part of the electrical setup. The developed multichannel micropore device
has two channels where a dedicated data acquisition card (DAC) has been employed for each
of the two parallel channels. In order to increase the number of channels for higher throughput,
adding more cards would be much costly. We plan to develop a high frequency multiplexer
which can help to record data from multiple channels using a single data acquisition card.
Multiplexing is a method by which multiple analog or digital signals are combined into one signal
over a shared medium. This phenomenon is commonly used in telecommunications.

A multiplexer (sometimes referred to as a MUX) is an electronic device that has several
inputs and a single output. It selects the input signal at one of the input lines and transfers the
selected signal to the output. The multiplexers are categorized depending upon the number of
input lines like 2x1, 4x1, 8x1 and so on. A 4x1 multiplexer means it has four inputs and 1
output. The output from the multiplexer depends on the line that is selected. The
frequency/speed at which the multiplexer can switch from one input line to the next is called the
switching frequency/speed. Switching frequency, although neglected at times, plays an
important role in determining the efficiency of a design. The higher the switching frequency, the

faster the select line can switch from one input line to another.
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The high frequency multiplexer will be appended to data acquisition card to make up a
micropore array assembly. The information is collected in terms of rapidly changing electrical
signals. A high frequency multiplexer can switch the input signal from one channel to the next
and that particular selected channel information is collected and recorded at the output. In this
way, information for all parallel channels will be collected at the output after regular intervals
and will be recorded on computer in their respective files. Since the information is rapidly
changing, the multiplexer should be able to quickly switch from one channel to the other (ideally
2.5 psec) so that we do not miss any significant event. Such a high frequency multiplexer can
find its applications in many other systems where simultaneous recording of data from multiple
channels is desired. Figure 7.7 shows design of electrical setup that utilizes 4 x1 multiplexer to

increase the number of micropore channels quadruple.

Channel 1
Channel 2
Output to
Channel 3 DACH1
Channel 4
Multichannel
 ———_—
Micropore Device S, 5
g
Channel1
Cancer cells sample Channel 2
b q Output to
to be processe Channel 3 DAC 2
Channel 4

8 8

Figure 7.7 demonstrates the use of high speed multiplexer to increase the channels four times
in the micropore array assembly
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