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ABSTRACT

ELECTRONIC BIOSENSORS FOR EARLY CANCER DETECTION

Wagas Ali, PhD
University of Texas at Arlington, 2016
Supervising Professor: Dr. Samir M. Igbal
Nanotechnology is an emerging field that holds promise to improved disease
diagnosis and better health care. It has revolutionized the medical industry and is
continuing to mesmerize in other research areas as well. Even after tremendous
advancements in disease detection and treatment techniques, high mortality rate due to

cancer necessitates the need for new sensing platforms for early cancer detection.

The focus of this dissertation is development of new sensing platforms that are
highly sensitive and selective and are able to detect the tumor at an early stage i.e.
cellular or molecular level. We demonstrated that breast cancer tumor cells and lung
cancer tumor cells could be successfully differentiated with the micropore biosensor.
This biosensor was fabricated using standard device fabrication technology. Micropore
sensor differentiated tumor cells using the difference in their cell properties. Since the
cell properties of tumor cells are different than the normal cells, this property was used
as an inherent cell marker alleviating the need of any external cell markers that are
conventionally being used for tumor detection. With micropore sensor tumor can be
detected even before it gets metastasized: a primary requirement for early cancer
detection. With nanopore sensor epidermal growth factor receptor (EGFR) was detected

with high sensitivity and selectivity. Selectivity was imparted using the anti-EGFR



aptamer. These devices are easy to use, require minimal processing of the sample and

can potentially be used at point-of-care.
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CHAPTER 1

INTRODUCTION

1.1 Background

Nanotechnology is an interdisciplinary field that has undergone tremendous growth
and development in the last couple of decades. It has evolved as a disruptive
technology that has impacted almost every scientific area. It holds promise to change
the paradigms of current scientific knowledge especially in the field of biology and
medicine. The intersection of nanotechnology and biology is referred as Bio-
Nanotechnology and based on that new diagnostic and treatment methods are evolving.
Further advancement in this area will change the way diseases are being diagnosed

and treated.

In the last decade, one of the biggest focus of researchers has been to develop
new drug delivery methods to treat cancer and devise new mechanisms to detect
cancer during its inception. Due to the advancement in technology, disease diagnosis
and treatment has improved a lot. Over the past few decades mortality rate due to all
major life threatening diseases like heart diseases, cardiovascular diseases and
pneumonia etc. have reduced significantly but cancer is a disease for which mortality
rate has not changed as can be seen in Figure 1.1. Cancer is the 2" most common

disease and it claims 1 out of every 4 deaths in the world. Every year, $250 billion is the



cost of the diagnosis and treatment of this disease and the figures are continuously
increasing. This is a huge burden on the world economy. According to the American
Cancer Society, 1.68 million new cancer cases have been reported so far in U.S. in
2016. Despite a massive investment in the treatment and prevention of cancer the
mortality rate for this disease has fallen a meager 8% since 1975 among people under
age of 85 years in the US. Among people of age more than 85 years, mortality rate has

actually increased rather than decreasing.
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Figure 1.1: Comparison of Improvement in the Mortality Rate for Heart Disease and Cancer among
people of age (a) Younger than 85 Years (b) 85 Years and Older [1].

The main reasons for this failure are our inability to provide low cost and rapid
diagnostic platforms that can detect the cancer at its early stage. The current diagnostic
tools lack the sensitivity and selectivity for early cancer detection. Early detection is the

key to successful treatment of cancer [2,3]. As can be seen in figure 1.2 that the survival



rate for cancer is highest at early stages that decreases gradually as the disease

matures.
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Figure 1.2: 5-Year Survival Rate for Various Types of Cancer [3].

From Figure 1.2 one can also see the cumulative percentage of people who are
being diagnosed at each cancer stage. At stage 1 of the disease, the disease detection
rate is 0% whereas at stage 4, its 100%. At stage 1, cancer is curable but not detectable
and at stage 4, cancer is easily detectable but not curable. At one end, there is need for
better cancer treatment and on the other end better diagnostic platforms are required

that can detect the disease as soon as it starts.

An unprecedented growth in the field of nanotechnology has led researchers and
scientists to fabricate devices at the scales that were just impossible few decades ago.

Now it has become possible to self-assemble the atoms to make useful structures



(bottom-up fabrication) or to fabricate thin films of few nanometer thickness (top-down
fabrication). Such well-controlled and precise fabrication has led to the use of
nanowires, nanotubes and quantum dots etc. in real world applications. The use of
nanoparticles for controlled and targeted dose delivery is one such application where
nanotechnology has revolutionized the medical industry [4-6]. Some of these new

applications and the scale at which they are useful are mentioned in Figure 1.3.
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Figure 1.3: Cancer Detection Stage — Early Detection is the key to successful cancer treatment
and it is possible only when cancer is detected at molecular or cellular level. Survival rate is
too low once cancer enters into its advanced stages.

One of the major advancement in cancer diagnosis was detection of circulating
tumor cells (CTCs) in human blood. Ashworth was the first one to find CTCs in the

blood stream in 1869 [7]. Around 10 years ago, Cristofanilli et. al. elaborated the



prognostic value of CTCs in metastatic breast cancer patients for the first time [8].
Since then a lot of progress has been made for the detection of CTCs and various

methods have been developed.

Immunomagnetic systems, reverse transcription polymerase chain reaction
system (RT-PCR), CellSearch™ assay and isolation by size of epithelial tumor cells
(ISET) are more common. Immunomagnetic detection methods require mixing of whole
blood with magnetic particles-bound antibodies [9,10]. Due to antibody interactions,

cells attach to beads/particles and are separated by the magnetic force.
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Figure 1.4: CTCs Isolation Techniques [11-14]



CellSearch™ assay uses beads coated with epithelial cell adhesion molecule
(EpCAM) antibody to immunomagnetically capture epithelial cells followed by
fluorescent labeling of cells. ISET is a method based on cell filtering. Diluted blood is
filtered with polycarbonate membrane with the mean diameter of 8 ym. Due to their
comparatively larger size epithelial cells remain on the membrane [11]. Then cells are
fluorescently tagged and a laser cytometer is used to scan them. This method has been
utilized to successfully isolate breast tumor cells [12]. RT-PCR method uses gel
electrophoresis to investigate specific genes from CTCs. This method is sensitive
enough to detect 1 cancer cell from 10" normal cells. Even though it has highest

sensitivity, this method has limited usage because of high false positive rate [13].

More recently, microfluidics and microchips have been used as well for the
detection of CTCs. In this regard, microchip platform developed by Nagrath et al. and
micropore biosensor developed by Asghar et al. looked very promising. The first one
utilized EpCAM antibody to functionalize the microposts to selectively attach CTCs

whereas later one did size based filtering to separate CTCs from the blood [14,15].

Though CTC detection and quantification can provide cancer progression
information and better monitoring of cancer therapy but presence of CTCs in the blood
itself is an indication of an advanced stage of cancer. At the most, it can indicate the
start of metastatic stage if CTCs are detected early. It will be more important to detect
the tumor even before it has reached its metastatic stage since the survival rate for
patients who has not reached metastatic stage is very high whereas once tumor
become metastatic, survival rate goes down drastically [1,2,15]. For example, in the

case of breast tumor, survival rate goes down to only 22% once it reaches its metastatic



stage [7,16]. Analysis of tumor cells from the biopsy sample or a lesion can lead us to
detect the tumor even before it reaches its metastatic stage. Those tumor cells can be
analyzed to check their tendency to become metastatic. That will be a big breakthrough

towards early cancer detection.
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Figure 1.5: Methods to probe cell properties [17]

There are several methods to investigate cell properties from the biopsy sample.
Previously, micropipette aspiration (MA), microneedle probes, atomic force microscopy
(AFM), microplate manipulation and optical tweezers etc. have been used to investigate
cell mechanical properties [18-22]. Lekka et al. probed the mechanical properties of
normal and cancerous cells with AFM and found an order of magnitude difference in the

cell rigidity [23]. Ward et al. have reported 50% difference in elasticity of malignant and



normal cells using MA. All these methods have their limitations [24,25]. They all require
labor-intensive pre-processing of the samples, specialized equipment and very well
trained manpower to get the results. The results can’t be obtained quickly. Probing the
cell cytoskeleton directly requires fluorescent tagging [26]. There are no convenient
methods to investigate mechanical properties of cells and to differentiate them on that

basis.

1.2 Overview of Research Work

The research presented in this dissertation focuses on the development of highly
sensitive and selective molecular & cellular platforms for early cancer detection. There
are peculiar differences in the cell properties of normal and tumor cells. The cell
attributes of one type of tumor cells are also different from the other types of tumor [22].
Malignant transformations in cells go side by side with very specific changes in cell
mechanical properties. One most pronounced change is in their cell deformability.
Malignant cells become more compliant in the sense that they loose their stiffness and it
is easier to deform them as compared to normal or benign tumor cells [27]. Cell
deformability has become an inherent cell marker to check the malignancy and
metastatic potential of tumor cells where higher cell deformability corresponds to higher
malignancy and metastatic potential [23,27]. This important property can be used to
differentiate tumor cells. We used mechanophysical properties of tumor cells to

differentiate breast cancer cells and lung cancer cells.

First two projects were to develop micropore biosensors for detection and

differentiation of tumor cells. First project aimed at discriminating between metastatic



and non-metastatic tumor cells, and second one aimed at detecting between three types
of non-small cell lung cancer cells (NSCLC). The third project was on nanopore
biosensor for the detection of epidermal growth factor receptor (EGFR) overexpression
from patients sample. Micropore biosensors are suitable for cellular level detection

whereas nanopore biosensors are ideal for molecular level detection.

1.2.1 Differentiating Metastatic and Non-metastatic Tumor Cells from their Translocation

Profile through Solid-state Micropores

Metastatic and Non-metastatic tumor cells of breast cancer (MB-231 and MCF7)
were translocated through a micropore, the size (diameter) of which was kept smaller
than the cell size of these tumor cells. Since metastatic tumor cells are more elastic and
pliable than their non-metastatic counterpart, the former were able to squeeze through
the micropore easily whereas the non-metastatic cells faced much more steric hindrance
during their translocation due to their rigidness and less pliable cell characteristics. The
electrical pulses registered due to the translocation of metastatic tumor cells were
shallow and narrower whereas those registered by non-metastatic tumor cells were
much deeper and wider. These pulses were analyzed to quantify the two types of tumor

cells present in the sample. This information was pivotal in determining the cancer stage.

1.2.2 Discriminating between Lung Cancer Cell Sub-types

Non-small cell lung cancer cells (H1155, A549 and H460) were translocated
through the micropore to differentiate them from their translocation profile. Two cell
types had size larger than the pore diameter whereas the cell diameter for third one was

smaller than the pore diameter. It was observed that the three cell types were
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differentiable on the basis of their translocation profiles through the micropore. The
difference in translocation profile stemmed from the difference in the mechanophysical
properties of the three cell types. It was observed that the cell size was a dominant cell
property in dictating the translocation characteristics of the cells and other mechanical
properties of cell like elasticity, rigidity and shape become important only when the cells
had same size. The cell differentiation was useful to prescribe the right treatment for the

disease.

1.2.3 Solid-State Nanopore for Label Free Detection of EGFR

Nanopore biosensor was used to detect EGFR. Anti-EGFR aptamer was used as
the targeting agent. Sample was translocated through a 40 nm nanopore before and
after incubation with anti-EGFR aptamer. There was a shift in the event population
(translocation time vs peak amplitude scatter plot) between the two types of
translocations when there was EGFR present in the sample. Thrombin was used to
check the specificity of this assay. This is a simple but very efficient, low cost and rapid

assay to check the presence of EGFR in a sample.
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CHAPTER 2

DIFFERENTIATING METASTATIC AND NON-METASTATIC TUMOR CELLS FROM THEIR
TRANSLOCATION PROFILE THROUGH SOLID-STATE MICROPORES

Reprinted (adapted) with permission from (Ali, W., llyas, A., Bui, L., Sayles, B., Hur, Y., Kim, Y.
T., and Igbal, S. M. Differentiating Metastatic and Non-metastatic Tumor Cells from their
Translocation Profile through Solid-state Micropores. Langmuir, 2016. Just Accepted
Manuscript, DOI: 10.1021/acs.langmuir.6b00016).

Copyright (2016) American Chemical Society.
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Abstract

Cancer treatment, care and outcomes are much more effective if started at early
stages of the disease. The presence of malignant cancer cells in human samples such
as blood or biopsied tissue can be used to reduce over-treatment, under-diagnosis as
well as for prognosis monitoring. Reliable quantification of metastatic tumor cells
(MTCs) and non-metastatic tumor cells (NMTCs) from human samples can help in
cancer staging as well. We report a simple, fast and reliable approach to identify and
quantify metastatic and non-metastatic cancer cells from whole biological samples in a
point-of-care manner. The metastatic (MDA MB-231) and non-metastatic (MCF7)
breast cancer cells were pushed through solid-state micropore made in 200 nm thin
SiO2 membrane while measuring current across the micropore. The cells generated
very distinctive translocation profiles. The translocation differences stemmed from their
peculiar mechanophysical properties. The detection efficiency of the device for each
type of tumor cells was ~75%. Metastatic cells showed faster translocation (36%) and
34% less pore blockage as compared to non-metastatic tumor cells. The micropore
approach is simple, exact and quantitative for metastatic cell detection in a lab-on-a chip

setting, without the need for any pre-processing of the sample.

Keywords: Solid-state micropores; Metastasis; Cell Mechanics; Early cancer treatment;

Breast cancer; Cancer prognosis; Tumor staging.
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Introduction

Metastatic tumor cells (MTCs) and non-metastatic tumor cells (NMTCs) are both
cancer derivatives of normal cells, but there are significant differences between the
two"2. These are different in their mechanophysical behavior, in their cytoskeleton
structure and the way they operate in human body>’. At the early stages of cancer, only
NMTCs are dominant in a lesion but with time these cells start transforming into
MTCs®*®. As the disease matures, the number of MTCs surpasses the number of
NMTCs. Hence the advanced stages of cancer are marked by the abundant number of
MTCs'®. At any time, during the course of the disease, exact quantification of MTCs
and NMTCs present in a human body can give a precise measure for cancer stage and

can indicate the maturity level of the disease.

It is important to determine the stage and monitor the progress for suitable
therapy for all diseases. For cancer, this is of utmost importance. At early stages,
many cancer types are dormant and curable. On the other hand, at the advanced
stages, the disease is easily detectable but the chances of complete recovery are
drastically reduced®®. For instance, in the case of breast cancer, 5-year relative survival
rate after breast cancer diagnosis and treatment is 93-100% for stage 0-2, but it
significantly decreases to 22% for stage 4. Similarly, in the case of lung cancer, 5-year
relative survival rate is 31% for stage 1, but it drops to 2% at stage 4. Therefore, it is
very important to reliably and precisely detect any type of cancer in early stages (stage
1-2)'°. MTCs are much more dangerous and pose a greater health risk than NMTCs.
11,12

These cells are the primary cause of 90% of the deaths of breast cancer patients

Determining the exact ratio of MTCs and NMTCs present in cancer patients can be vital
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in prescribing the right cancer treatment. Though it is advantageous to quantify these
two types of tumor cells from entire biological samples, at the same time, it is very
challenging because there is no suitable technique to completely discriminate these
cells in a point-of-care manner. All the existing methods to investigate cell properties
require labor intensive pre-processing of the biological samples'®. For example,
magnetic twisting cytometry, atomic force microscopy and micropipette aspiration have
been shown to mechanically probe the cell surface, whereas microplate stretcher and
laser/optical tweezers approaches do the same but optically’>'®. All these assays
require labor intensive sample preparation, and none of these can claim assessment of

every cell in the biological sample*'"1°

. In a recent development engineered microbes
have also been used to detect metastasis in liver™. It required oral delivery of the
engineered probiotic to the patient followed by the analysis of patient’s urine sample.
Bacterial diagnostic techniques like this are still in their in fancy and there are several
challenges like selective trafficking of programmable probiotic and interaction of
bacterial species etc. that must be addressed before the clinical trail can be made
possible. We report a simple and efficient electrical detection approach to distinguish
MTCs and NMTCs directly from the blood/tissue sample based on their translocation
profile through a solid-state micropore. A single micropore device is a resistive pulse
sensor that works on the principle of a coulter counter, in which any particle while
translocating through the micropore causes a physical blockage which shows as a dip in

the ionic current?’

. The travel of different species with different shapes, physical,
mechanical and chemical properties through the solid-state micropores causes unique

electrical pulses in the ionic current??°. Previously, a similar device was used to detect
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circulating tumor cells (CTCs) from the whole blood of a cancer patient?®. That was
primarily a size based detection scheme. Adamo et al. used a microfluidic device to
relate the translocation time of cells through narrow constrictions with the cell stiffness
and found that stiffer cells took longer to pass through when compared to less stiff ones,
through same diameter constriction?’. They used Foster Shawn theory and an analogy
with Coulter principle to infer that the cell diameter can be determined by measuring the
cell travel time through the constriction until a certain threshold. When the cell size
increases that threshold value (i.e. when constriction is filled by the cell) the cell travel
time becomes independent of cell size. At this point device becomes more sensitive to
cell deformability?’. Though there is not too much difference between the cells’ size as
well as the size of the nuclei for MTCs and NMTCs, as shown in Figure 1, it has been
reported that the two types of tumor cells differ significantly from each other in behavior

2,5,28

and other cell properties . NMTCs exhibit cell qualities similar to normal cells,

whereas MTCs are more robust, dynamic, elastically deformable and flexible?'6:282°,
Due to these differences, both types of cells give characteristic electrical signals while
translocating through a micropore. NMTCs pass through the micropore slowly and
cause much more ionic charge blockage whereas MTCs translocate much faster and
exhibit less micropore blockage as indicated by their shorter dwell times and smaller
peak amplitudes of the current pulses. This method provides a convenient and
inexpensive way of differentiating MTCs and NMTCs in a lab-on-a-chip setting. It can be

very useful for proper diagnosis of cancer and for prescribing the right treatment by

detecting the maturity level of the disease. This method is free from preprocessing
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requirements and does not need any particle/bead attachment, surface

functionalization, or fluorescent tagging.

25
T
T I !
]
215
[]
£
S
2 10
3
(V)
5
; 0
(A) (8) MDA MB-231 MCF-7
(MTC) (NMTC)
(©)
20
is I I
E | |
S0
o
v
3
2
S 5
2
0
MDA MB-231 MCF-7
(MTC) " (NMTC)

Fig. 1. Cell and nucleus size comparison of the suspended (A) NMTCs (MCF7) and (B)
MTCs (MDA MB-231). The cell diameter was measured from the optical images of cells
(N=30) of each tumor type and average cell size was calculated. (C) The average cell
size of MTCs and NMTCs was found to be very close. Average + S.D. Suspended MDA
MB-231 and MCF-7 were stained for nuclei by incubating with Hoechst 33342
(Invitrogen) for 15 minutes at 37°C. The florescence images of MTCs and NMTCs are
shown in (D) and (E) respectively. The nucleus diameter was measured based on the
fluorescence images using Image J, and quantitative analysis (N=30 per cell line)
provided the average and standard deviation of the nucleus size shown in (F).
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Experimental Section

All chemicals were obtained from Sigma-Aldrich unless otherwise noted. All processes

and methods were as per the approved institution policies.
Tumor Cell Interrogating Micropores

The micropores were fabricated with standard CMOS processing technology. A
4-inch double-side polished Si wafer of thickness 500 um and orientation (100) was first
oxidized to grow a thin silicon dioxide layer of 200 nm. The wafer was cleaned with
Piranha solution (H2SO4:H20,, 1:1) and spin-coated with positive photoresist (PR)
(Shipley S1813) on one side. After spin-coating the wafer was exposed to a UV source
to pattern square etch windows on the spin-coated PR. The wafer was then dipped in
developer solution (MF319) for a few seconds to remove the exposed PR. This step left
patterned square windows in PR through which the bare silicon dioxide was etched (Fig.
2). During this process, the other side of the oxidized wafer was kept masked with PR
layer. The wafer was immersed in buffered hydrofluoric acid (BHF) to etch away the
exposed silicon dioxide through the patterned PR window. At this point, the whole PR
pattern was transferred to the underlying layer of oxide. After thorough rinsing with
deionized (DI) water, the wafer was washed thoroughly with acetone to remove PR from

both sides.

The wafer was immersed in 25% tetramethylammonium hydroxide (TMAH) at 90
°C to anisotropically etch silicon. TMAH etches silicon at a rate of ~1 um/min®°. After
around 8 hours, all of the silicon was etched away from the exposed area and etching

ultimately stopped after reaching the oxide layer on the other side of the wafer. The
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whole wafer was then cut into 5x5 mm? chips. Each chip had a membrane of silicon
dioxide. Each chip was then drilled with Focused lon Beam (FIB) to make micropores of
20 ym diameter. Diameters of drilled micropores can be controlled from 1-50 ym by
adjusting exposure time, beam current and acceleration voltage®*?°. The micropores for
this work were drilled using acceleration voltage of 30 kV and beam current of 1 nA.
The complete drilling occurred in 300 sec for 200 nm thin oxide membranes. After
drilling, each chip was annealed by exposing to very high temperatures for a few

seconds to release mechanical stresses of the oxide membrane (Fig. 2B)?.
Measurement Setup & Data Analysis

The overall device assembly ensured that all paths for cell translocation were
aligned and no solution leakage occurred. The micropore chip was sandwiched
between two PDMS gaskets and these gaskets were further sandwiched between two
Teflon blocks (Fig. 2). PDMS gaskets properly sealed the micropore chip. The gaskets
and both blocks had 1 mm holes and the assembly was done in a way that the holes in
the gaskets and blocks remained in alignment with the membrane in the chip. Both of
the Teflon blocks had independent reservoirs that were connected to each other only
through the micropore. One reservoir was the inlet and the other was the outlet, and
both were filled with 0.85% (w/v) NaCl solution. Phosphate buffered saline (PBS) is a
better medium for ensuring cell morphology, which was very crucial for these
experiments. However NaCl was used because the electrical signals were less noisy
and conductivity change due to pore blockage was more prominent. The downside was

that one must run the experiments within 1 hour of suspending the cells in NaCl
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otherwise the cell activity would degrade and the cells might die or lose their

characteristics, causing them to become undistinguishable.
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Fig. 2. Device fabrication, assembly and cancer cell measurement setup. (A)
Fabrication of silicon dioxide membranes using UV-lithography followed by oxide and
silicon etching in BHF and TMAH respectively. The free-standing membrane of silicon
dioxide is drilled with FIB to fabricate the micropores of 20 ym diameter. (B) SEM
micrograph of a drilled micropore in the silicon dioxide membrane is shown in inset. (C)
Micropore chip is sandwiched between two PDMS gaskets and held between two Teflon
blocks. Each Teflon black has a reservoir, one is the inlet as shown and the other one is
the outlet. (D) The micropore device is connected in series with the voltage supply and
ammeter through Ag/AgCI electrodes. The Ag/AgCI electrodes are used to apply 5V
constant voltage and to measure the flow of ionic current through the micropore. (E)
Micropore system schematic.

To apply voltage bias and to measure resulting current, Ag/AgCI electrodes were
used. The electrodes were connected to the data acquisition cards (DAQ) and were
dipped in each reservoir. DAQ block included a digital multimeter (NI PXI-1033 & NI

PXI-4071) and a DC voltage supply (NI SCB-68A, NI PXle-6361 & NI SHC68-68-EPM).
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Cells were pushed into the inlet reservoir using a syringe pump (Harvard Apparatus).

2
Micropore conductivity is given by the relation, ¢ = %, where ‘0’ is the conductivity of

NaCl solution, ‘Y is micropore radius and ‘L’ is the channel length/membrane
thickness®®. When cells passed through the micropore, these caused physical blockage
of the micropore and reduced the effective radius that resulted in a decrease in
conductivity. A LabView program was used to collect and store ionic current data which
was further processed and analyzed with MATLAB scripts®'. For statistical analysis, the

average and the standard deviation were calculated and t-test was carried out.
Flow Rate and Sampling Frequency

Special care had to be taken in selecting the flow rate of cells and the sampling
frequency for micropore measurements. A very high flow rate would increase the device
throughput but would be prone to miss subtle differences in translocation events
between MTCs and NMTCs, hence causing the device to lose selectivity. A low flow
rate would increase the device selectivity as there would be pronounced differences
between the pulses from two types of cells, but the device throughput will deteriorate.
Also using a very high sampling frequency adds too much noise to the system,
decreasing the device sensitivity, but can potentially give higher resolution. A very
small sampling frequency would have less noise but it would result in missed
translocation events, again reducing the sensitivity”®. Taking these trade-offs into
consideration, experiments were performed at a flow rate of 1 ml/hour and sampling

was done at 0.2 MHz.
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Microchannel Device

The microchannels used in cell migration experiment had height and length of 5
um and 530 um, respectively. The microchannel widths decreased from 20 ym to 15,

10, 8, and finally became 5 pym just before the receiving reservoir (Figs. 3A and 3B).
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Fig. 3. Quantitative comparison of migration ability between (A) MTCs and (B)
NMTCs. Representative micrographs show migration through the tapered
microchannels. (C) Number of cells migrated from the seeding reservoir to the
receiving reservoir via tapered microchannels; results are average * standard
deviation (*P<0.01). (D) MDA MB-231 cells growing on a cultured petri dish were
first imaged prior to passing through the micropore device. (E) After passing
through the micropore, MDA MB-231 cells were collected, re-cultured on a petri
dish and then imaged after three hours. Comparison of the phenotype integrity was
performed based on the morphology of the cells before and three hours after
passing through the micropore device.
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All devices were coated with collagen type 1 in advance. Dulbecco’s modified eagle’s
medium/F-12 medium with 10% fetal bovine serum (FBS) was used and renewed as

necessary during cell culture.

The devices were incubated at 37 °C and in 5% CO, environment. The cells
were allowed to migrate via microchannels for 96 hours. After 96 hours, the cells were
fixed with 4% paraformaldehyde in 1X PBS and stained with DAPI. The cells that had
migrated from the microchannels into the receiving reservoirs were then counted with a
fluorescent microscope. For statistical analysis, the average and the standard deviation

were calculated and t-test was carried out.

Cell Culture

MDA MB-231 and MCF7 breast cancer cell lines and human fibroblast cell lines
were obtained from the University of Texas Southwestern Medical Center (Dallas, TX).
These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM/F-12,
Cellgro, Corning) with 10% heat inactivated fetal bovine serum. Gentamycin and L-
glutamine (Invitrogen) were also added to the cell culture medium. HUVEC were
purchased from Lonza and cultured in Medium 200 (Life Technologies) supplemented
with low serum growth supplement (LSGS, Life Technologies). The cells were cultured

under sterile, humidified, 95% air, 5% CO, and 37 °C environment.
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Results

Cell Detection Efficiency

The experiments were repeated multiple times for both NMTCs and MTCs with
known concentrations. Each peak in the data represented one cell. The number of

peaks were used to calculate the detection efficiency of the device as follows.

Cell Detection Effici _ No.of Cells Detected 4y o 1
ell Detection Ef ficiency (n) = Total No.of Cells ° )

The efficiency was always more than ~75% for both cell types. Cell detection
efficiency is strongly dependent on cell flow rate and sampling frequency and changing
any of these from their optimized value severely deteriorated the peak capture rate and

hence the efficiency.

Electrical Signatures of MTCs and NMTCs

Separate solutions were prepared for each tumor cell type by suspending 10,000
cells of each in 10 ml NaCl solution. Each mixture was processed for 15-20 minutes
through a 20 ym micropore (Fig. 2B) one after the other, and data was recorded at the
optimized settings. Both types of cells caused significant current blockage while
translocating through the micropore and a pulse was registered for almost each cell
without any missed events. The experiments were repeated thrice and every time more

than 75% cells were detected from the acquired pulses.

Analysis of the acquired data revealed that the distinguishing traits between the
electrical pulses from the two tumor cells were the pulse width and pulse peak

amplitude (Fig. 4). Pulse width depicted the cell dwell time in the micropore.



27

Avg. Translocation Time (us): 155.74 + 10.19* Avg. Translocation Time (ps): 99.2 + 14.31*
-400009 Avg. Peak Amplitude (pA): 5.85 + 0.57** -400004{ Avg. Peak Amplitude (pA): 3.83 + 0.58**
< <
£ £ m
- < 4 € c 4
§ -45000 § -45000
5 5
o o
@ g i @ .
5 50000 5 -50000
a Q.

Time (sec) Time (sec)
(A) (B)
160 psec
10 msec <> ‘ I ‘

iy - A

b
»n
o
=
>

10 msec

N
=
>

* P <0.0001 and N = 2000 (D)

**P < 0.0001 and N = 2000

Fig. 4. Temporal trace of ionic current showing pulses from the translocations of (A)
NMTCs only, and (B) MTCs only. (C) & (D) shows the ionic current profile of a
representative pulse for NMTCs translocation and MTCs translocation respectively. The
characteristic pulse for NMTCs is wider and deeper i.e. higher translocation time (~160
psec) and higher peak amplitude (~5.9 pA) whereas the characteristic pulse for MTCs is
thinner (translocation time ~100 psec) and shallow (peak amplitude ~3.8 pA).
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It was observed that the electrical pulses registered by NMTC translocations
were significantly wider and deeper in contrast to those obtained from MTC
translocations. NMTCs registered pulses had average peak amplitude of 5.85 pA (S.D.
0.57) and average pulse width of 155.74 us (S.D. 10.19). On the contrary, the average
peak amplitude and average width of the pulses obtained from MTCs translocation was
3.83 pA (S.D. 0.58) and 99.2 us (S.D. 14.31), respectively (Fig. 4). The 34% difference
in peak amplitude and 36% difference in widths of the pulses were sufficient enough to

uniquely identify these two tumor cell populations from their respective pulses.

Statistical data analysis was done by performing the t-test (unpaired). First, the
test was conducted to check how significantly different were the registered pulses of
NMTCs and MTCs in terms of their translocation times. The two populations (N=2000)
were found to be significantly different (p<0.0001). Similar test was conducted to check
the discrimination efficiency of the registered pulses of NMTCs and MTCs in terms of
their peak amplitude and again the two populations (N=2000) were found to be

significantly different with p<0.0001.

Reliability of Electrical Signatures from Micropore Device

The translocation profile was found to be steady throughout the measurements
without any cell blockage. Figure 5 shows the comparison of electrical signal profiles for
two cell types at three different time points (1, 10 and 30 minutes) of the recorded data.
These results clearly demonstrated that the unique electrical signature of each cell

reliably remained the same during entire analysis period.
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Fig. 5. The translocation profile for both tumor cells is stable throughout the
experiments. The current signals at 1, 10 and 30 minutes after initial cell detection for
each cell type are at same baseline indicating the reliable operation of the device.

Quantitative Cellular Discrimination from a Mixture of NMTCs and MTCs

The count of MTCs is expected to be too few at the outset of metastasis. For a
true application, this framework has to be able to distinguish relatively small
concentration of MTCs from NMTCs. It has been reported that on average as few as 5
CTCs are found in 7.5 ml blood sample of breast cancer patients®. It is still a question
of debate as to how many of these would go through mesenchymal—epithelial transition
and extravasate and start a new tumor. In nude mice, as fewer as 100 tumor cells have
been shown to start new tumors®. To this end, mixtures of NMTCs and MTCs with
known concentrations of each cell type were processed with the micropore device. Both
tumor cells were suspended in 10 ml NaCl solution at two different relative

concentrations (MTCs:NMTCs in 1:1 and 1:10). The solutions were mixed thoroughly to
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make homogenous mixtures and were processed with the micropore device at a flow
rate of 1 ml/hour. The pulse counts for separate suspensions and the two mixtures are
shown in Figure 6. The representative sample of 1 second for mixed suspension of
equal concentrations of MTCs and NMTCs (1:1) shows 4 pulses for MTCs and 7 pulses
for NMTCs (Fig. 6A) whereas the representative sample for mixed suspension of
unequal concentrations of MTCs and NMTCs (1:10) shows 1 pulse for MTCs and 10

pulses for NMTCs in 1 second time duration (Fig. 6B).
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Fig. 6. Temporal trace of the ionic current showing pulses from the translocations of
MTCs and NMTCs in (A) 1:1 ratio (Mixture 1) and (B) 1:10 ratio (Mixture 2). Arrow
indicates MTCs. (C) & (D) shows the data density scatter plot of pulse attributes from
mixed cell suspensions of MTCs:NMTCs in 1:1 ratio and 1:10 ratio respectively. In both
(C) & (D) population of MTCs and NMTCs obtained from pulse attributes is inline with
the actual ratio of MTCs and NMTCs in the mixed suspension. The distribution plots of
translocation time and peak amplitude for mixture 1 and mixture 2 are shown in (E), (F),
(G) and (H) respectively. From the distribution plots, it can be seen that the variables
(Translocation Time and Peak Amplitudes) are normally distributed.
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The detection efficiency for each cell type was again more than 75% and pulses
were clearly distinguishable. Further analysis of the electrical pulses also indicated the
presence of equal concentrations of both types of tumor cells for 1:1 mixture. The
second mixture contained 10,000 NMTCs and 1,000 MTCs (10:1). Again, the detection
efficiency for each cell type was more than 75% and the statistical analysis of the pulses
revealed the presence of NMTCs and MTCs in ~10:1 ratio. The density plots, shown in

Figure 6, indicate these results more clearly.

Statistical analysis was done by conducting the t-test. In Figure 6C, it can be
seen that there are two populations. The one closer to origin is of MTCs as these have
shorter translocation times and peak amplitudes and the one far from origin is of
NMTCs due to their longer translocation times and higher peak amplitudes. The t-test
analysis revealed that the two populations were statistically different with respect to
translocation times (p<0.0001) as well as in peak amplitudes (p<0.0001). Further, it can
be seen from the plot that the two distinct populations have almost same population
density, which indicates the presence of equal number of NMTCs and MTCs in the
mixture. In Figure 6D, there are two distinct populations. The population close to the
origin has much lower density as compared to the other one indicating presence of
fewer MTCs than NMTCs (1:10). The t-test analysis revealed that the two populations
were significantly different with respect to translocation times (p<0.0001) as well as
peak amplitudes (p<0.0001). These results indicate that precise quantification of
NMTCs and MTCs can be done in a mixture. All the experiments were done in

triplicate. The data shown here is representative of the trends of other runs.
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Detection Limit

To determine the limit of detection of the micropore device, a series of
translocation experiments were conducted. For these experiments, three mixtures of
MTCs and NMTCs were prepared in 10 ml NaCl solution each. The cell count of
NMTCs was kept fixed at 10,000 cells for all the three mixtures whereas the cell count
for MTCs was gradually reduced. First mixture had 400 MTCs, second had 200 and the
third mixture contained only 100 MTCs. The temporal traces of the ionic current and the
scatter plots for mixture 1, 2 and 3 are shown in Figures 7A, 7B, 7C, 7D, 7E and 7F,
respectively. In 1 hour, 1 ml solution translocated through the micropore for each
mixture and MTCs were detected reliably for each mixture. To check the discrimination
efficiency of the two populations i.e. one from NMTCs and one from MTCs, in terms of
their respective translocation times and peak amplitudes, the t-test was conducted. The

test results for the three mixtures are shown in Table 1.

Table 1: t-test analysis results to discriminate MTCs and NMTCs population in a

limited range
t-test statistics to discriminate t-test statistics to discriminate
NMTCs and MTCs populations with NMTCs and MTCs populations with

respect to the Translocation Time respect to the Peak Amplitude

df t-value p-value df t-value p-value

Mixture 1 424 41.49 <0.0001 424 28.91 <0.0001
N: =400 & N2= 27

Mixture 2 410 30.25 <0.0001 410 21.51 <0.0001
N;:=400 & N2= 14

Mixture 3 406 25.55 <0.0001 406 16.28 <0.0001

N:1=400 & N:=9

N, = Sample size for NMTCs, N, = Sample size for MTCs
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From the test results it was inferred that the micropore device could easily detect
MTCs even if these were as low as 10 cells/ml. It is also possible to detect even a lower
concentration of MTCs than 10 cells/ml through this micropore device but then we
would need to make sure that no cells cluster together in the suspension. This would
require the addition of a chemical agent in the mixture that would break the EpCAM and
hence reduce the chances of cell agglomeration. This limit of detection is very much in
line with the real samples MTCs as few as 100 are known to develop tumors in

immunocompromised host mice®.
Cellular Discrimination from An Impure Sample

In the actual patient samples, there are many other cells than just MTCs and NMTCs.
White blood cells (WBCs), red blood cells (RBCs), endothelial cells and fibroblasts are
few of these. Since it has already been established that tumor cells can be differentiated
from the WBCs and RBCs through the micropore device?®, it was more important to
make sure that cells like endothelial and fibroblasts did not interfere with the detection of
MTCs and NMTCs through the micropore device. To check the viability of this device for
processing of actual patient samples, a mixture of human umbilical vein endothelial cells
(HUVEC), human fibroblasts, MTCs and NMTCs was prepared by mixing 5000 cells of
endothelial cells and fibroblasts each and 2000 cells of MTCs and NMTCs each, in 10
ml NaCl solution. The mixture was processed through the micropore for 1 hour. A
representative sample of the registered pulses is shown in figure 7G and the scatter plot

of the registered events is shown in Figure 7H.
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Fig. 7. Temporal trace of the ionic current showing pulses from the translocation of
three mixtures (10 ml each) containing fixed number of NMTC’s (10,000 cells) and
MTCs (A) 400 cells (1:25) (B) 200 cells (1:50) and (C) 100 cells (1:100) and their
corresponding scatter plots (D), (E) and (F) respectively. (G) and (H) shows the
temporal trace of the ionic current and scatter plot for the mixture of 5000 cells of
endothelial cells and stromal fibroblasts each and 2000 cells of NMTC’s and MTC’s
each.
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Quantitatively, there are no direct ways to compare number of rare subpopulations
within tumors that may form secondary tumors but a thousand of breast tumorigenic
cells have been known to form tumors when injected into the mammary fat pad of SCID

mice>3.

The sizes of endothelial cells and fibroblasts are around 13 um and 10-15 um,
respectively**>’. The translocation of these cells through a 20 um micropore caused
pulses that were very different from those of MTCs and NMTCs. The translocation time
of the pulses registered due to the translocation of endothelial cells and fibroblasts
ranged from around 15 usec up to 150 usec but majority of the population was centered
around 40 usec. The peak amplitude of the pulses was in the range of 0.7-2 pA. It can
be clearly seen from Figure 7H that MTCs and NMTCs can still be detected from the
sample and can be differentiated from each other without any problem since the pulses
associated with MTCs and NMTCs are significantly different than those of endothelial

cells and stromal fibroblasts.
Breast Cancer Cell Migration through Tightly Confined Microchannels

To further investigate the mechanical differences between two cell types, and to
see whether the translocation difference was indeed due to the difference in mechanical
natures of the two cell types, cell migration was also observed through tightly confined
microchannels. The MTCs and NMTCs were separately seeded (10,000 cells/device,
n=18 devices/each cell type) in a microchannel device as described elsewhere®®. The
device design had two reservoirs, one to seed the cells and another to receive them

through tapered microchannels.
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MTCs had an average of 542.3+168.8 cells that completely migrated to the
receiving reservoir in contrast to an average of 1.22+1.66 NMTCs (Figure 3). This
clearly showed that MTCs had the ability to quickly move through tightly confined
microchannels like micropores whereas NMTCs were challenged by the spatial

confinement.
Discussion

Elastic deformability differences between non-metastatic breast cancer cells and
metastatic breast cancer cells were exploited to electrically differentiate NMTCs and
MTCs with the use of micropores. Since the syringe pump pushed the sample from the
inlet towards the outlet at a stable rate of 1 ml/hour, both MTCs and NMTCs were
forced to pass through the micropore, the size of which was deliberately kept smaller
than both types of tumor cells. The reason is that, to investigate the elastic deformability
as discriminating factor between two types of tumor cells, they should deform to pass
through the micropore that is only possible when the micropore size is smaller than the
tumor cell size. Table 2 shows the calculated values of shear rate, shear stress and
velocity of cells inside and in the vicinity of the micropore and for comparison these
values for blood inside the arteries and veins of a human body have also been noted
here®®. For calculations, the liquid medium (NaCl) was assumed to be a Newtonian fluid.
Inside the micropore, the values are orders of magnitude higher than that of arteries and
veins as well as micropore vicinity that is primarily because of the size difference
between arteries (d ~4 mm), veins (d ~5 mm) and micropore (d ~20 ym). Shear stress
and shear rate are strong function of the size of the flow path. A very high value of

shear rate inside the micropore implies that very high degree of deformability is induced
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in cells while translocating through the micropore which is an indication that the

translocation profile is a true reflection of the deformability properties of the cells.

Cell deformability is directly linked to the elasticity of the cells. Staunton et al.
have reported a four-fold elasticity difference between the cellular deformability of
metastatic cells and their non-metastatic counterparts’. Byun et al. also demonstrated
the nexus between deformability of cells and their metastatic potential4°. They reported
the reduced friction of cancer cells as another factor for their enhanced metastatic
potential and demonstrated that cell entrance velocity into a narrow constriction is an
indicator of its deformability whereas cell transit velocity tells whether the cell offers
reduced friction or not while travelling through a narrow constriction. Metastatic cells are
known to be more elastically deformable and softer, and these are capable of exerting
increased force®*'**. While translocating through the micropore, both NMTCs and
MTCs deformed to adjust to the size of the micropore. A lower translocation time for
MTCs as compared to NMTCs stands to the reason. Since MTCs are known to depict
higher elastic deformability and are more pliable than the NMTCs they took lesser time
to deform and adjust according to the micropore size. On the other hand, NMTCs took
comparatively longer time to deform due to their lower elasticity and hence hindered the
ionic flow through the micropore for a longer time yielding a higher translocation time.
More time a cell takes to deform and adjust to the size of micropore, longer it will hinder
the ionic flow through the micropore and ultimately will result in a higher translocation
time and vice versa. So the cell translocation time is an indirect measure of the cell
elasticity. Due to higher cell elasticity, MTCs spent less time in the micropore because

these could squeeze through more easily than NMTCs, which were rigid. The two cell
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types are known to have different elastic moduli (341+41 Pa for MDA MB-231 MTC and
425+31 Pa for MCF-7 NMTC)* as well as drastically different levels of strain energy
when measured in an elastic matrix (~0.8 pJ for MTCs vs. ~0.4 pJ for NMTC)45. The two
tumor cell types are also known to have different properties of motility. Metastatic cells
are capable to travel farther and in a spontaneous manner whereas non-metastatic cells
are inclined to move in a non-linear manner*?®®. The fact that the nuclei are much
more stiffer and viscous than the surrounding cytoplasm, the nuclei are also possibly
contributing to the resulting differences in the behavior*®. These known cell traits of
MTCs and NMTCs are also inline to our experimental observations and support our

findings.

It is also important that experimental conditions don’t affect the phenotype of the
cells so that post-processing and standard cytometry can be done later on. In this
regard, one might think that very high values of shear rate and velocity of fluid inside the
micropore may jeopardize the phenotype of translocating cells, rendering them useless
for post-processing. Luckily this is not the case and such a high velocity and shear rate
in the micropore did not affect the cell microenvironment and the cells stayed in their
native state. Comparison of the phenotype integrity was performed based on the
morphology of the cells before and 3 hours after passing through the micropore device
(Fig. 3D & 3E). MDA MB-231 cells growing on a cultured Petri dish were first imaged
prior to passing through the micropore device. Then after passing through the
micropore, MDA MB-231 cells were collected, re-cultured on a Petri dish and then
imaged again after three hours. As can be seen in Figure 3E, the cells did not show any

change in their morphology. The rapid transaction through the micropore made the cell
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boundary squeeze only for so small a time that the internal rearrangement was for a
very short transient. For the rest of the time, when cells were not inside the micropore,
these experienced shear rate and velocity very close to what these would experience in
arteries and veins of the human body (Table 2). These cells thus did not undergo any
change in their phenotype and can be used for post-processing and standard
cytometry. Post-processing can tell us a lot about new genes and cellular pathways

that have been involved in the metastasis.

Table 2: Comparison of shear rate, shear stress and velocity of fluid inside and just
outside the micropore with that for blood in arteries and veins>®

Arteries Veins Micropore Micropore Vicinity
Shear Rate (sec'?) 900 160 3.53 x 108 353
Shear Stress (dyn/cm?2) 4-30 1-4 3.53 x 106 3.53
Velocity (m/sec) 0.45 0.1 882 0.088

Micropore devices have been used as a filter in the past for size based detection
of cells and their 3D profiling®® but in this work we have demonstrated its use as an
electromechanical transducer. Our micropore device works as a transducer that probes
the mechanophysical properties of the translocating cells and generates electrical
pulses based on those properties. These pulses can be analyzed then for cell
differentiation and quantification. This whole process i.e. from the time when patient
samples are collected till the analysis is completed using this device, takes not more
than 1-2 hours and that too without the aid of specialized equipment and well-trained
staff or physician. All that needed to get the timely results is a micropore device and the

accompanying data acquisition and analysis setup that can be used for patient’s
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diagnoses in an ambulance, in the physician’s office, home or in a hospital. The
presented scheme is not limited to breast cancer but is also suitable for differentiating
any types of cells which differ in their biomechanical properties like stiffness, viscosity,
elastic deformability, shape, etc. This approach has the potential to empower physicians
to make timely decisions at the “point-of-care” and will help fight cancer in a better way.
It can also be very useful in cancer therapy monitoring as cancer therapists almost
always need to stage the cancer to determine outcomes and prognosis. Presence of
more MTCs would indicate an advanced cancer stage. This device can conveniently be

used to get these results quickly and reliably in a lab-on-a chip setting.
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Abstract

Tumor cells are malignant derivatives of normal cells. There are characteristic
differences in the mechanophysical properties of normal and tumor cells, and these
differences stem from the changes that occur in the cell cytoskeleton during cancer
progression. There is need for viable whole blood processing techniques for rapid and
reliable tumor cell detection without need for tagging. Micropore biosensors have been
used earlier to differentiate tumor cells from the normal cells and we have used
micropore based electromechanical transducer to differentiate one type of tumor cells
from the other types. This device generated electrical signals, which were characteristic
of the cell properties. Three non-small cell lung cancer (NSCLC) cell lines NCI-H1155,
A549 and NCI-H460 were successfully differentiated. NCI-H1155, due to their
comparatively smaller size, were found quickest in translocating through the micropore.
Their translocation through a 15 ym micropore caused electrical pulses with average
translocation time of 101+9.4 uysec and average peak amplitude of 3.71+0.42 pA
whereas translocation of A549 and NCI-H460 caused pulses with average translocation
time of 126+£17.9 psec and 148+13.7 usec, respectively and average peak amplitude of
4.58+0.61 pA and 5.27+0.66 pA, respectively. This transformation of difference in cell
properties into difference in electrical profile (i.e. difference in peak amplitude and
translocation time) with this electromechanical transducer is a quantitative way to
differentiate these lung cancer cells. The solid-sate micropore device processed the
whole biological samples without any pre-processing requirements and is ideal for point-

of-care applications.
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Introduction

The efficacy of cancer treatment largely depends on the extent of tumor spread
[1, 2]. Detecting the tumor at early stages makes the treatment much easier and also
elevates the chances of recovery [3-5]. There are various transformations that happen
at molecular and cellular levels before cancer matures and appears at the tissue and
organ levels [2, 3]. It has been reported that cytoskeletons of cells characteristically alter
during cancer transformations [6-9]. Cell's cytoskeleton is a complex polymer network
that defines the molecular architecture of cells and is involved in many cellular
functions. It evolves during differentiation of cells [10, 11]. The mechanical properties
and morphology of cells depend on the cytoskeleton, and thus, any change in
cytoskeleton affects the mechanical properties of cells. The mechanical properties of
individual living cells are closely related to the health and function of the human body [3,
6, 12]. Cancer inception and progression can be related to the changes in cell
cytoskeleton. Continuous monitoring and tracking of cell cytoskeleton modifications can
give a better insight into understanding of this disease and can make timely detection
possible. During cancer progression, cytoskeleton transforms to a more compliant and
irregular state from an ordered and rigid structure [7, 12, 13]. This restructuring of the
cytoskeleton makes malignant cells more motile and pliable compared to normal cells
and also helps them in replicating themselves quickly [14, 15]. Owing to these well
known facts, cell elasticity, rigidity, size, shape irregularity and lower resistance to
deformation (i.e. softness) have emerged as new biological cell markers to differentiate
tumor cells from normal cells and also to distinguish one type of tumor cells from other

tumor types (e.g. metastatic vs. non-metastatic) [15-17].
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Previously micropipette aspiration (MA), microneedle probes, atomic force
microscopy (AFM), microplate manipulation and optical tweezers etc. have been used
to investigate cell mechanical properties [18-22]. Lekka et al. probed the mechanical
properties of normal and cancerous cells with AFM and found an order of magnitude
difference in the cell rigidity [14]. Ward et al. have reported 50% difference in elasticity
of malignant and normal cells using MA. All these methods have their limitations [13,
23]. They all require labor-intensive pre-processing of the samples, specialized
equipment and very well trained manpower to get the results. The results can’'t be
obtained quickly. Probing the cell cytoskeleton directly requires fluorescent tagging [7].
There are no convenient methods to investigate mechanical properties of cells and to
differentiate them on that basis. To address these challenges, we report an
electromechanical transduction approach that is capable of transforming these
mechanical properties of individual cells into electrical signals. The micropore
transducer generates unique electrical pulses for each cell type based on the
mechanical properties of individual cells. Distinct electrical pulses are obtained for cells
with different physical and mechanical properties (elasticity, motility, shape, size,
malignancy etc.). Where as similar electrical pulses are seen for cells with same

properties.

Micropore electromechanical transducer is a resistive-pulse sensor. The ionic
current through micropore changes as the cells pass through it under a mechanical
force. Smaller and more elastic and motile cells can squeeze through micropore easily
and quickly whereas cells with less elasticity, motility and larger size face more

resistance to their passage and as a result these spend more time in the micropore and
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are characterized by slow translocation. Narrow and shallower electrical pulses mark

fast translocation, whereas slow translocation is registered by deeper and wider pulses.

About 85-90% of lung cancers are NSCLCs [24]. There are three subtypes of
NSCLC cells that are squamous cell (epidermoid) carcinoma, adenocarcinoma and
large cell (undifferentiated) carcinoma [24-26]. About 25-30% of all lung cancers are
squamous cell carcinomas, 40% are adenocarcinomas and about 10-15% are large cell
carcinoma [24]. The cells in these subtypes differ in size, shape, and chemical make-up
when observed optically. Experiments with micropore translocation differentiated
NSCLC cell lines A549, NCI-H460 and NCI-H1155. NCI-H1155 and NCI-H460 are large
cell lung cancer subtypes and A549 is adenocarcinoma subtype of NSCLC [25]. The
device successfully enumerated more than 75% cells for each cell type and generated
unique electrical profiles for each of these based on their unique physic-mechanical

properties.

Materials and Methods

Micropore Device Fabrication

The micropore membrane that is the backbone of the device is fabricated using
MEMS fabrication techniques. A double side polished (DSP), silicon wafer of (100)
crystallographic orientation is used to create the device. The DSP wafer is first cleaned
in piranha solution (H2SO4:H202::1:1) and then oxidized in dry oxygen ambient in a
three zone furnace at 1100 °C. Exposing the wafer to such an ambient yields a 1 micron
thick oxide layer on both sides of the wafer. A reflectometer is used to determine the

exact thickness of the oxide layer.



52

After this, the wafer is prepared for photolithography by first cleaning it in piranha
solution for 10 minutes. Then the wafer is dried using dry nitrogen and dehydrated on a
hot plate at 150 °C. Shipley 1813 positive photoresist (PR) is then spin coated on both
sides of the DSP wafer. Then the wafer is processed under UV light with a dark field
mask which transfers the pattern of the etch windows on to the wafer. Then MF319
developer is used to develop the transferred pattern. Buffered hydrofluoric acid (BHF) is
used next to etch away the oxide and transfer the square window patterns in the oxide
and reveal the bare silicon underneath. After this, acetone is used to remove the

remaining resist from both sides of the wafer.

The wafer is then immersed in 25% tetramethylammonium hydroxide (TMAH)
solution at 90 °C with steady stirring at 200 rpm. TMAH is an anisotropic etchant of
silicon and etches with high selectivity into the (100) face of the silicon at etch rate of
about 1 pym/min [27]. As the wafer is 525 um thick, it takes about 10 hours for the
etching of the (100) layer to reach the backside and reveal the 1 ym thick silicon dioxide
membranes on other side of the wafer. The fabrication steps are shown in detail in Fig

1.

The wafer is then cut into 5x5 mm? individual chips, each of which has a SiO,
membrane. Each chip is then processed under a focused ion beam (FIB) to drill the
freestanding SiO, membrane that creates a single micropore of about 15 pum in
diameter in each chip. Acceleration voltage of 30 kV and beam current of 1 nA were
used for 200 sec to fabricate the 15 ym diameter micropore. By varying the exposure
time, beam current and acceleration voltage, micropores of 1-50 ym can be fabricated

[17, 28-30]. After drilling, each chip was annealed at high temperature for a few seconds
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to smoothen out the walls of the micropore and to relieve stresses in the oxide

membranes that could crack these during experiments [28].

(a) (b)
(c) (d)

E Silicon - Silicon Dioxide - Photomask

Fig. 1.Micropore device fabrication steps. A DSP silicon wafer is oxidized and one
side of the wafer is patterned with optical photolithography to open square etch
windows. Silicon is etched through these windows with TMAH to make thin suspended
silicon dioxide membranes.

Measurement Setup

Micropore chip was sandwiched between PDMS gaskets, which were further
sandwiched between two Teflon blocks. Teflon blocks contained the buffer solution
(0.85% (w/v) NaCl). The assembly ensured that during the experiments, the only
translocation path was through the micropore and the solution did not leak through or

around the assembly. The PDMS gaskets and the Teflon blocks had 1 mm holes.
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Micropore chip was placed inside the gaskets in such a way that all the holes of Teflon

blocks and gaskets were aligned with the micropore membrane (Fig. 2).

Inlet=--
v

Teflon
block

= Qutlet

- PDMS
------- - Chip

Fig. 2. Experiment setup for cancer cell discrimination. A 5x5 mm? micropore chip is
sandwiched between PDMS gaskets, which are further sandwiched between two Teflon
blocks. Teflon blocks contain the electrolyte solution and cells are inserted into one of
the blocks (i.e. inlet) with a syringe pump.

Voltage bias and ionic current recordings were done through Ag/AgCl electrode
pair. One electrode was dipped in each reservoir and these were connected to the data
acquisition cards in a computer. After this, the cells were pumped into the inlet reservoir
using a syringe pump. When a cell passed through the micropore, it physically blocked
the micropore for a certain period of time leading to a change in conductivity of the
micropore. This conductivity is measured by the relation, G = oar’/L , where ‘0’ is the

conductivity of NaCl solution, ‘r is micropore radius and ‘L’ is the channel
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length/membrane thickness. When the cell physically blocked the micropore, its
effective radius was reduced; leading to a reduction in the ionic current passing though
the micropore. The data acquisition relayed the information to a LabView program that
was used to collect and store the experimental data. Acquired data was analyzed with

MATLAB routines [31].

Lung Cancer Cell Line Culture

Three NSCLC cell lines (A549, NCI-H460 and NCI-H1155) were obtained from
the University of Texas Southwestern Medical Center at Dallas in Texas, USA. These
cells were maintained as per standard approved protocols. The cells were cultured in
RPMI-1640 Medium with 10% heat inactivated fetal bovine serum. Gentamycin and L-
glutamine (Invitrogen) were also added to the cell culture medium. The cells were

cultured under sterile, humidified, 95% air, 5% CO, and 37 °C environment.

Measurement of Lung Cancer Cell Diameter

Three lung cancer cell lines were dissociated with Trypsin-EDTA (0.05%) and
seeded on a hemocytometer to measure the cell diameters. The dissociated cancer
cells were imaged (n=30/cell line) and their diameters were measured by ImageJ
software.  For statistical analysis, the averages and the standard deviations were

calculated and ANOVA was carried out.

Lung Cancer Cell Migration through Tightly Confined Microchannels

To investigate the mechanical and elastic differences among three different lung

cancer cell types, cell migration via tightly confined microchannels was quantified. The
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lung cancer cells were separately seeded (10,000 cells/device, n=20/each cell type) in a
microchannel device described before [32]. The microchannel device had two
reservoirs, one to seed the cells and another to receive them through tapered
microchannels. The microchannels were 5 ym high and 530 ym long. Their widths
gradually decreased from 20 um to 15, 10, 8, and finally became 5 um just before the

receiving reservoir (Figs. 3(c—e)).
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Fig. 3. Quantitative comparison of cell size and migration ability. (a) The cell
diameter was measured from the optical images of cells (n=30) of each tumor type and
average cell size was calculated. The average cell sizes of A549 and NCI-H460 were
found to be very similar, whereas NCI-H1155 was found to be much smaller in size.
Average £ S.D. *p <0.01 between NCI-H1155 and others. (b) Number of cells migrated
from the seeding reservoir to the receiving reservoir via tapered microchannels.
Average = S.E.M. *p<0.05 between NCI-H1155 and others. n = 20 / each cell line.
Representative micrographs of (c) A549, (d) NCI-H460 and (e) NCI-H1155 traveling
through microchannels. Scale bar = 50 um. Migration experiments were repeated three
times.
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All devices were coated with Collagen type 1 overnight at 37 °C. The
microchannel devices were incubated at 37 °C and 5% CO,, and the cells were allowed
to migrate through microchannels for 7 days. After 7 days, the cells were fixed with 4%
paraformaldehyde in 1X PBS and stained with DAPI. The cells that had migrated from
the microchannels into the receiving reservoirs were then counted with a fluorescent
microscope. For statistical analysis, the average and the standard deviation were

calculated and t-test was carried out.
Results

Cell Detection Efficiency

For each lung cancer cell line, a sample with known concentration was
translocated through the micropore chip. The process was repeated twice. Each cell
registered one pulse when it translocated through. The efficiency of cell registration was

calculated from the recorded pulses as:

No.of Single Cell Pulses Detected

Cell Detection Ef fici = X 1009
ell Detection Ef ficiency (n) Total Number of Cells Introduced %

The detection efficiency for each cell type was more than ~75% for a flow rate of
1 ml/hour and 0.2 MHz sampling frequency. Cell detection efficiency is a strong function
of the sampling frequency and cell flow rate. This combination of flow rate and sampling
frequency was chosen after a series of experiments as this gave highest detection
efficiency. Using very high flow rate deteriorated device selectivity. On the other hand, if

the flow rate was too low or if the sampling frequency was too high or too small then the
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device lost sensitivity [33]. Tradeoffs between device sensitivity, selectivity and

throughput are essential to decide the flow rate and sampling frequency.

High detection efficiency is a much needed trait for this technology. At the initial
stages of cancer, number of tumor cells are extremely low in the lesion [25, 34, 35]. If
the device is not sensitive enough, detection efficiency will be low resulting in false
negatives. The detection efficiency of 75% indicates that there were 25% cells that were
either clumped together or too small for registration. Pulses with multiple spikes were
from cell clumps and were discarded during the analysis. This caused reduction in cell
detection efficiency. The device was thus sensitive enough to register all pulses for
almost all the cells that translocated through the micropore. Cell clumping is also a
property of metastatic cells. A single spike thus indicated the presence of a single cell
inside the micropore and multiple spikes showed that there were multiple cells

traversing the micropore simultaneously [17].

Roughly in ten experiments, at least one clogging event occurs. In our case, it
required un-assembling the device and washing the micropore. Cell clumps have also
been observed and these are one of the major causes of device’ detection efficiency
reduction. To get rid of both of these issues i.e. cell clustering and pore clogging, a
chemical agents can be used to break the EpCAM. This would break clumps into single
cells and would avoid any cell clustering as well as pore clogging but that will add a
sample pre-processing requirement to the protocol. Even without adding this additional
sample pre-processing requirement, we are getting ~75% cell detection efficiency and
the pore clogging is not a very likely event and doesn’t happen often enough to

jeopardize the process.



59

Electrical Signatures of the Lung Cancer Cells

The cancer cells were suspended in NaCl buffer solution at concentration of
1000 cells/ml. Each vial was thoroughly shaken to suspend the cells homogenously in
the buffer. The three cell suspensions were then pumped through the micropore, one by
one, with the aid of a syringe pump for 40-60 minutes. While translocating through the
micropore, each type of cell caused significant blockage to the ionic current flow and
that reduction in ionic current was recorded as dips in the baseline current of the

micropore.
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Fig. 4. Scatter plot for NCI-H1155, A549 and NCI-H460. Data points for all three
NSCLC cell lines are plotted together for comparison. The density population for NCI-
H1155, A549 and NCI-H460 is confined in separate regions indicating that the electrical
pulses associated with them have different peak amplitude and pulse width
characteristics.
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After data acquisition for all three NSCLC cell lines, the recorded pulses were
analyzed. First, the pulse statistics (pulse width and amplitude values) were extracted
using a MATLAB routine and then statistical analysis of the data was done by ANOVA
test. The test confirmed that there were three different populations of data. Each data
cluster was associated with a particular cell type. These populations are plotted in Fig 4.
Each cell type shows a unique cluster that is different from the cluster recorded by other

two cell lines. The signature pulses of each cell type are shown in Fig 5.

The unique characteristics of the electrical pulses were their peak amplitude and
the pulse width (Table 1). Pulses registered by NCI-H1155 had average peak amplitude
of 3.71 pA (S.D. 0.42) and average pulse width of 101 ps (S.D. 9.4), for A549 the
average peak amplitude was 4.58 pA (S.D. 0.61) and average pulse width was 126 ps
(S.D. 17.9) and for NCI-H460 the average peak amplitude and the average pulse width

were 5.27 pA (S.D. 0.66) and 148 us (S.D. 13.7) respectively.

Table 1. Pulse statistics for NSCLC cells through micropore.

Cell Line Average Translocation Average Peak Amplitude
Time (psec) (HA)
NCI-H1155 101 £ 9.4* 3.71 £ 0.42*
A549 126 + 17.9* 4.58 + 0.61**
NCI-H460 148 + 13.7* 5.27 + 0.66™*

*P<0.0001 &N =1500
**P<0.0001 &N =1500

Cell Quantification from a Mixed Lung Cancer Cell Suspension

After identifying the electronic signatures of each lung cancer cell type, two
separate mixtures were prepared and processed through the micropore one by one. In

the first mixture, 5000 cells of each cell type were suspended in 10 ml NaCl solution
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(total 15000 cells). In the second mixture, different number of cells of each cell type

were suspended in 10 ml NaCl.
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Fig. 5. Signature pulses of 3 cancer cell types. lonic current through a 15 pm
micropore showing representative pulses from the translocation of (a) NCI-H1155, (b)
A549 and (c) NCI-H460 in a 1 second duration. Zoomed-in views of representative
pulses for NCI-H1155, A549 and NCI-H460 are shown in (d), (e) and (f), respectively.
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This mixture contained 1000 cells of NCI-H1155, 5000 cells of A549 and 10000
cells of NCI-H460. So the final mixture had total 16000 cells in 10 ml solution with NCI-
H1155, A549 and NCI-H460 in 1:5:10 ratio. Each mixture was processed through a 15
um micropore for 40-60 minutes. For each suspension, again, the cell detection
efficiency was >~75%. The registered pulses associated with a particular cell line were
counted to determine the number of cells of that cell line present in each mixture. The
pulse count obtained from the acquired data was found to be in close match to the
known numbers of the introduced cells in the suspension for each cell type. The
registered pulses for mixture 1 (1:1:1) and 2 (1:5:10) are shown in Figures 6(a) and 6(b)
respectively, for a period of 1 second. Three different types of pulses can be readily

identified in these representative samples.

For mixed suspension of equal concentration of three lung cancer cell types, the
representative sample of 1 second contained 8 pulses that had features of NCI-H1155
and 6 pulses each with the features of A549 and NCI-H460 (Fig. 6(a)). The similar
representative sample for the mixed suspension of unequal concentrations (NCI-
H1155:A549:NCI-H460:::1:5:10) shows 2 pulses with features of NCI-H1155. 6 pulses

characteristics of A549 and 13 pulses of NCI-H460 features (Fig. 6(b)).

The scatter plots in Figure 6(c) and 6(d) show the density population of
pulses obtained from the translocation of mixture 1 and mixture 2, respectively. In both
plots, there are three distinct populations that indicate the presence of three different
types of cells in each mixture. In the first scatter plot (Fig. 6(c)) three distinct populations
have similar densities which confirms that the three types of cells present in the mixture

have same concentration whereas the second scatter plot (Fig. 6(d)) shows that the



63

three types of cells present in the mixture are not in the same concentration, as

expected.
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Fig. 6. Signature pulses and scatter plots of mixed suspension of three lung
cancer cell lines. lonic current through a 15 ym micropore showing pulses from the
translocation of cell suspensions containing NCI-H1155, A549 and NCI-H460 at ratio
of (a) 1:1:1 and (b) 1:5:10 for 1 second duration and their respective scatter plots in
(c) & (d). The ratio of the number of pulses from each cell line closely represents the
ratio of the number of cells present in each mixture.
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These experiments clearly show that different types of NSCLC cells present in a
sample were detected as well as quantified with this technology. This differentiation
stemmed from their unique mechanophysical properties. The average cell diameters of
A549 and NCI-H460 are about the same, whereas NCI-H1155 is significantly smaller
than those two lung cancer cells (Fig. 3(a)).

To elucidate the elastic-deformability properties of these cells that transpired into
translocation differences, another set of experiments was done with tapered
microchannels. The microchannels provided gradually reducing constrictions to the
migration of cells. Significantly higher numbers of A549 and NCI-H460 cells completely
migrated to the receiving reservoir via the tightly confined microchannels as compared
to NCI-H1155 (Fig. 3(b—e)). Higher numbers of A549 cells migrated via the
microchannels as compared to NCI-H460 cells, but there was no statistical difference
between them. All three cell lines migrated toward the opening of the microchannels

(20x5 umz), but NCI-H1155 cells could not migrate via the ending of the tapered

microchannels (5x5 um?), despite these were smaller in diameter.

Discussion

To differentiate one type of tumor cells from the other using micropore
technology, it is necessary that both types of cells are different in their physical,
mechanical and molecular properties. This difference is inherent in tumor cells since the
cell cytoskeleton is affected during cancer and as a result the cell properties are
modified [3, 7, 20, 36, 37]. Depending on the stage and type of cancer, the

transformations are much more evident and ultimately the cell attributes are clearly
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different. The micropore does electromechanical transduction with high sensitivity to
these differences and hence quantifiably differentiates tumor cells. This can be thus
used to determine the cancer stage and cancer type, which is very important in cancer

diagnosis and treatment [5, 38].

The three subtypes of NSCLC are different from each other in their cell attributes
[39, 40]. Even though A549 and NCI-H460 have almost same cell size as shown in
Figure 4, but these differ in other cell characteristics like elasticity and flexibility. On the
other hand, small sized NCI-H1155 cells faced much less steric hindrance from the
micropore walls [33], and were able to translocate easily through the micropore.
Between A549 and NCI-H460, the longer translocation time and higher peak amplitude
of the pulses for the later indicates that it is less deformable and dynamic as compared
to the former and this is exactly what we observed from cell migration behavior of both
types of tumor cells through tapered microchannels (Fig 3). There were many more
A549 cells that migrated from one side of the microchannel to the other side than for
NCI-H460 cells. This directly supports the strength of micropore approach for cancer
sensing ability. Among the three tumor cell types, NCI-H1155 cells were the fewer most
that were able to migrate from one side of the tapered microchannel to the other. If we
relate the fast translocation of NCI-H1155 from the micropore device to their cell
migration behavior through tapered microchannel, at first they seem counter-intuitive.
But, it is not contradicting because among the three cell types NCI-H1155 is smallest in
size. Due to this, even though they are less dynamic and elastic, as seen in the tapered
channel migration experiment, they were able to translocate through the micropore

easily and quickly. So size is a dominant factor and a prime contributor to the
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translocation profile through micropore and cell elasticity, flexibility, cell shape and
motility etc. only become important when the cell size is same for the translocating

species.

A very important point to note here is that the cells must interact with the
micropore walls to discriminate cells on the basis of cell elasticity and flexibility. That is
why this device had the pore size close to the size of A549 and H460. For
discrimination between smaller cells we would need smaller pores. The system cannot
discriminate between cells that do not have to deform or squeeze through in order to
pass through the pore. This device cannot discriminate between cell types that have
different elasticity and flexibility but are of the same size unless the pore is comparative
in size to the cell size. Keeping micropore size comparable to the cell size is key to

discriminating cells based on their elasticity/flexibility.

Conclusions

This electromechanical approach to detect and quantify NSCLC cells from a
cancer patient sample using a micropore device is the simplest yet very efficient
technique. Discriminating different types of tumor cells is a major step in proper disease
diagnostic and treatment. The micropore approach can very efficiently translate the
difference in tumor cell properties into difference in electrical signals that can be readout
easily. Patient’'s sample can be analyzed with this device without any pre-processing
requirements or the need of fluorescent tagging, particle or bead attachment. The
required results can be obtained within few hours making it a suitable choice for point-

of-care diagnostic application.
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Abstract

Epidermal growth factor receptor (EGFR) is well known as an early biomarker for
many cancer types. The current methods for EGFR detection lack the sensitivity and
selectivity required to efficiently detect and differentiate EGFR from other proteins. We
demonstrate a nanopore-based resistive pulse-sensing technique to selectively detect
small amounts of EGFR from a mixture. An anti-EGFR aptamer is used to impart
selectivity in the sample solution. The shift in translocation dwell time of samples both
with and without a bound anti-EGFR aptamer is used to detect EGFR. EGFR with the
bound aptamer results in a translocation dwell time that is about 23% shorter than that
of EGFR alone, indicating a greater net charge for the complex. Thrombin is used as a
control to demonstrate that the high specificity of the aptamer for EGFR enables
differentiation of similar-sized proteins. The use of anti-EGFR aptamer as a targeting
agent makes the label free detection of EGFR possible without nanopore surface

modification or functionalization.



74

Introduction

EGFR detection and enumeration promises early cancer detection [1, 2] and the
ability to monitor therapy and prognosis [3-5]. Elevated levels of EGFR expression in
patients’ serum is a strong prognostic indicator for many tumor types [6-8]. For example,
Quaranta et al. reported the mean EGFR level in brain cancer patients’ sera to be
nearly twice than that of healthy subjects [9]. The total concentration of EGFR in patient
serum is very small (ng/ml) and can be easily obscured by the biological noise. These
facts highlight two major challenges in detection of EGFR expression levels in patients’
serum: first, a useful biosensor should have molecular level sensitivity and second, it
should have very high specificity. In last couple of decades, a variety of detection
assays for proteins have been developed using fluorescence, electrochemical,
colorimetric, chemiluminescence and surface plasmon resonance means [3, 10]. These
assays lack the sensitivity and specificity required for the efficient detection of
physiologically relevant EGFR levels.

Development of new approaches for point-of-care (POC) detection of protein
biomarkers is a pressing need in early cancer diagnosis. Devices for POC must be
ultrasensitive, fast, accurate, low priced and should be easy to use [11]. One candidate
technology that has recently emerged as a potent single molecule detector is the solid-
state nanopore [12-17] based on the resistive-pulse enumeration. When a molecule
hinders the ionic flow through the nanopore, it registers a unique electrical pulse in the
baseline ionic current trace. Analysis of these electrical pulses can be used to
determine size and charge of molecules [12], length of nucleic acids [14, 18], protein

size [19, 20], folding state [20, 21] and molecular agglomeration [22]. They can also be
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chemically modified [15, 23] for detection of specific biomarkers [17, 24] and toxic
agents [25, 26].

Biological nanopores are unstable and their measurement setup is tedious due to
their small fixed diameter (1.5 — 3.6 nm); only polypeptides or denatured proteins are
able to translocate there [27, 28]. Moreover, preparation of large-scale protein nanopore
arrays faces technical challenges [12]. On the contrary, solid-state nanopores are
compatible with proteins of any conformation and size due to the tunable dimensions.
These have been successfully used to detect proteins of various sizes and stochastic
sensing of proteins [14]. The current approaches have some disadvantages. First,
single-ligands functionalized nanopore can only detect one type of target protein;
proteins not recognized by ligands are not detected at all. If several proteins need to be
simultaneously identified, different kinds of ligands should be respectively immobilized
on separate nanopores [29, 30]. This means multiple copies of samples and multiple
sets of nanopore frameworks need to be prepared for signal collection, analysis and
calibration. Although technically feasible, such strategies for multiplexed protein
detection require tremendous workload and would be unreliable from the noise and
system artifacts. In addition, due to different sizes of proteins, the nanopore diameter
would need to be precisely tuned in order to accommodate each analyte. If the proteins
of interest have broad ranges of size that would be another challenge to decide on
nanopores with suitable diameters. Another challenge is the immobilization of the
specific ligands onto the inner edge of the nanopore. Surface functionalization at such
small size scales is not trivial and is expected to result in insufficient immobilization sites

and heterogeneous grafting especially when irregular surfaces result into various
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charge distribution and variations in the nanopore stoichiometry [12, 29, 30]. An ideal
solid-state nanopore system should be able to simultaneously and quickly identify target
proteins in a multiplexed fashion from a single miniscule sample. Such detection should
be performed, from initial system setup to final data report, on one framework.

This letter reports solid-state nanopores as single-molecule sensors [31-33] for
detection and enumeration of EGFR in POC setting. To keep the process simple,
instead of using a functionalized nanopore [34], a bare nanopore was used and in-
solution binding of EGFR with anti-EGFR aptamer was used to impart selectivity [35].
Anti-EGFR aptamer has very high affinity for EGFR and it is very selective as well [36].
Aptamer binding to the protein altered the overall charge and mass of the complex as
compared to the unbound EGFR [37]. Since the speed of the translocating species
strongly depended upon its charge [38-40], attachment with aptamer tweaked the
translocation time for EGFR only. This change was readily identified from the analysis of
registered pulses. As a negative control, the experiments were done with human o-
thrombin protein. With thrombin, no change was observed in the translocation time after

incubating the protein with the aptamer.

Results and Discussion

Current-voltage (I-V) characteristics of the nanopore in 20 mM Tris-acetate pH
8.2 + 5 mM Mg-acetate + 1 mM K-acetate are shown in Figure 1(b). Conductance of the
nanopore was calculated to be 2.5 uS by a linear fit to the data. For the voltage range of
-100 mV to 100 mV, linear |-V characteristics were observed [41, 42]. Open pore current

for the nanopore at 50 mV applied bias is shown in Figure 2(a).
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EGFR was introduced into the cis (negative) side of the nanopore that resulted in
significant current blockage events. A snapshot of the nanopore current trace at 50 mV
is shown in Figure 2(c). These pulses are for EGFR translocation measured in 10sec.
Very uniform current pulses were observed in terms of translocation time and peak
amplitude. EGFR translocation through the nanopore registered characteristic current
pulses with average peak amplitude of 0.9 + 0.21 nA and average translocation time of
80 + 4.06 us (Table 1). Only one population of events was observed for the peak
amplitude versus the translocation time for EGFR translocation through nanopore at 50

mV as shown in Figure 2(d).

TABLE 1. Pulse Statistics for Unbound EGFR & EGFR-aptamer Complex

Translocating Species Translocation Time [ps] Peak Amplitude [nA]
EGFR (Unbound) 80 +4.06 0.9 +0.21
EGFR-aptamer Complex 62 +5.24 1.1 £0.18

In the next set of experiments, again EGFR was introduced into the cis side of
the nanopore for translocation but this time sample was incubated with anti-EGFR
aptamer for a certain period under conditions mentioned in the experimental section.
This time again significant current blockage events were observed. But, in contrast to
the previous observations, there were two distinct types of pulses (Figure 3(a)). The two
types of pulses were not very different in terms of their peak amplitudes but they were
remarkably different in terms of their translocation times. The two types were different
from each other by 22.5% with respect to their average translocation times and 18.2%

in terms of their average peak amplitudes.
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Figure 1. Nanopore for EGFR translocation experiments. (a) TEM image of a 40 nm
diameter solid-state nanopore fabricated in 40 nm thick freestanding SiN membrane
drilled with focused electron beam from TEM. (b) Linear |-V characteristics for the
nanopore show 2.5 uS conductivity. (c) Incubating EGFR with aptamer allows them to
bind with EGFR molecules and form the complex. Complex due to their higher charge
and slightly larger excluded volume than unbound EGFR cause electrical pulses that
are wider and deeper as compared to those registered by unbound EGFR.

One of the two types of pulses were exactly similar (i.e. same translocation time
and peak amplitude) to those that were observed for EGFR translocation without

incubation with the aptamer. The second type of pulses had shorter widths i.e. higher
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translocation speed, and larger peak amplitudes i.e. more pore blockage, when
compared to those for pulses associated with EGFR translocation without incubation
with the aptamer. The second type of pulses, characterized by faster translocation

speed and more pore blockage, stemmed from the translocation of the complex.
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Figure 2. Snapshots of the nanopore current for 10 seconds duration for (a) Baseline,
translocation of (b) Anti-EGFR aptamer (unbound only) (c) EGFR (unbound only) and
(d) Scatter plot of the translocation time versus peak amplitude of the registered pulses
for EGFR translocation through 40 nm nanopore at 50 mV. The registered pulses for
EGFR translocation are consistent and form only one cluster of event population on the

plot.

The complex translocation through a 40 nm wide and 40 nm thick solid-state
nanopore under an applied voltage of 50 mV registered pulses with average peak

amplitude of 1.1 = 0.18 nA and average translocation time of 62 = 5.24 us. The
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presence of two distinct types of populations can be clearly seen in Figure 3(d). Another
important point to notice from this scatter plot is that the events frequency is not the
same for the two types of pulses. There are much more events of EGFR translocation
as compared to that of complex translocation. One plausible reason for that could be
the abundance of unbound EGFR as compared to the EGFR-aptamer complex. To
systematically prove this hypothesis, a titration series was conducted in which the molar
concentration of EGFR was kept constant and the molar concentration of anti-EGFR
aptamer was gradually increased. Figures 3(b) and 3(c) show the 10 sec current traces
when EGFR was incubated with 4 uM and 10 uM anti-EGFR aptamer, respectively. For
each case, blockage events are plotted on a scatter plot of translocation time versus
peak amplitude (Figure 3(e) and 3(f)). A gradual increase in the event frequency for
complex translocation was observed as the molar concentration of aptamer increased.
The effect was opposite on the event frequency of EGFR translocation. It kept on
decreasing. This shifting signal from event population of EGFR to that of complex, with
the increase in aptamer concentration, indicates that more EGFR molecules were
binding to aptamer as the aptamer concentration increased. So for the first experiment
with the complex translocation, there were plenty of unbound EGFR molecules present
in the sample (Figure 3(d)) that reduced as the aptamer concentration increased and
ultimately very few unbound EGFR molecules were left (Figure 3(f)). This is when the

most of the EGFR molecules were bound to the aptamer forming the complex.
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Figure 3. Snapshots of the ionic current trace for 10 seconds of the EGFR (3 pM)
translocation when incubated with aptamer at (a) 0.5 uM (b) 4 uM and (c) 10 uM. The
scatter plots show the translocation behavior of EGFR (3 pM) when incubated with
aptamer at (d) 0.5 uM (e) 4 uM and (f) 10 uM. Two populations are visible: One with
higher dwell time corresponds to the translocation of unbound EGFR, and second with
shorter dwell time corresponds to complex’s translocation.
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One might think that the second type of events can be associated with the
translocation of free floating anti-EGFR aptamer in the solution. To rule this out, another
experiment was carried out to record pulses for the translocation of anti-EGFR aptamer
alone through the same nanopore. For this purpose, anti-EGFR aptamer was
introduced into the cis side of the nanopore and this time no current blockage events
were observed. There can be multiple reasons for that but one of the strongest reasons
is that a 40 nm nanopore is probably too large to detect the translocation of aptamer
(few nanometers in size [43, 44]) because for nanopore based detection scheme,
nanopore size should be close to the size of the target [12, 13, 15]. In that case, even if
aptamer would be indeed translocating through the nanopore but due to their much
smaller size than the pore they are unlikely to block current and hence not registering
any pulse, as was observed in these experiments. Another possibility can be that the
charge on the aptamer is much smaller than the overall charge of the protein. So even if
50 mV is enough to exert sufficient electrophoretic force on the protein to translocate
through the nanopore, it might not be sufficient to push aptamer alone through it due to
their small charge. In that case, aptamer will not even be going through the nanopore at
all and hence there will be no pulse. Though this is a less likely case but can’t be ruled
out completely. In any case, the point here is that, out of the two types of events that
were observed for the translocation of EGFR after incubating it with aptamer, one was
due to the translocation of EGFR alone and the other was due to the translocation of

complex and not the free floating aptamer.

Finally, to check the specificity of this assay, experiment was repeated with human a-

thrombin protein instead of EGFR. First, thrombin was translocated through a 40 nm
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wide and 40 nm thick nanopore at 50 mV. Figure 4(a) shows the current trace for
thrombin translocation for 10s duration. The average translocation time and average
peak amplitude of the registered pulses from thrombin translocation were determined to
be 68 + 3.17 us and 0.5 + 0.15 nA, respectively. Thrombin (8 ul, 50 ng/ul) was then
incubated with anti-EGFR aptamer (10 uM) and sample was run through the same
nanopore at 50 mV. This time again, only one type of pulses were observed that were
exact replica of those observed for thrombin without incubation with aptamer. The
nanopore current trace for thrombin translocation after incubation with aptamer is shown
in Figure 4(b). Figures 4(c) and 4(d) show the population regions of the events recorded
by the translocation of unbound thrombin and thrombin-aptamer complex (i.e. after

incubation with aptamer), respectively, on translocation time versus peak amplitude plot.
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Figure 4. Snapshots of the nanopore ionic current traces for 10 seconds for the
translocation of (a) Thrombin (b) Thrombin (11 pM) incubated with 10 pM of aptamer.
Scatter plots of the registered pulses for the translocation of (c) Thrombin (d) Thrombin
incubated with 10 pM aptamer.
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The two populations are exactly same indicating that thrombin translocation
profile remained same before and after incubation with aptamer. This is because no
aptamer attached to thrombin and the assay was highly selective for EGFR protein.
Incubating thrombin with aptamer did not affect their translocation profile since aptamer

did not attach to thrombin and no thrombin-aptamer complexes were formed.

The dynamics of protein translocation, in general, through bare as well as
chemically-modified solid-state nanopores and the forces involved in this process have
already been explored through simulations and experiments [14, 21, 34, 37, 45-48].
EGFR translocation through the nanopore is not different from other proteins. At a pH of
8.2, carboxylic groups in EGFR molecule have negative charge whereas amines are
protonated i.e. they attain positive charge. The isoelectric point (pl) for EGFR is 6.7 and
at our buffer solution’s pH the net charge on EGFR molecule is negative [49]. Due to
this charge, after applying biasing voltage, electrophoretic force (EP) pushes the EGFR
molecules towards the positive electrode in the frans compartment [50]. The velocity of

this moving molecule can be calculated using Smoluchowski’'s equation [51, 52]: vep =

(e/n)Coro-E  where ‘vep' is the electrophoretic velocity of EGFR molecule, ‘¢ is the

dielectric constant, ‘n’ is the solution viscosity, ‘G’ is the zeta potential for protein
molecule and ‘E’ is the electric field. Electroosmotic flow (EO) in the electrolyte also
affects the dynamics of the EGFR movement in nanopores. In some cases EO can also
cause a reverse flow of the proteins [47] i.e. negatively charged protein molecules will
start moving towards the cis side, opposite to the EP. Reverse flow of the EGFR

molecule was not observed in the experiments that meant that EO was either in the
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direction of EP or even if it was opposite to EP, it was not sufficient to counteract the EP

and EP solely was the dominant factor in governing EGFR direction of flow.

The overall translocation process can be split into two stages; (1) Capture step,
and (2) Actual translocation through the nanopore. For a 40 nm pore, the capture of
EGFR molecule will be diffusion controlled as opposed to the barrier-limited case. The
dynamics of this diffusion controlled capture step can be calculated with the
Smoluchowski’s diffusion equation [40, 51-53]: J = 2rcDr, , where *J' is the rate at which
the EGFR arrives at the nanopore entrance, ‘c’ is the bulk analyte concentration, ‘D’ is
the diffusion constant and ‘r,’ is the nanopore radius. Once EGFR has entered the
nanopore, the translocation depends upon the zeta potential of the EGFR molecule and
of the nanopore [50]. Cressiot et al. simulated the interaction of proteins with nanopore
walls formed by FIB as well as TEM. They found that due to the absence of dangling
atoms [54] and rearrangement of silica in nanopores formed by TEM, the interaction
between proteins and nanopore walls is very weak [48]. Blockage time, &, = L/vep ('L’ is
nanopore channel length)is a function of the applied voltage [48] as well as the charge
of the translocating species [19, 47]. Increasing either of these would increase the EP
on the EGFR molecules and hence will decrease the blockage time and vice versa. At
fixed applied bias of 50 mV, the pulses were pretty consistent in their width i.e.
translocation time or blockage time for EGFR translocation. Coagulation of molecules, if
happened, would have either blocked the pore completely or much longer translocation
times would have been present [45]. However, none of such events were observed so it
can be concluded that no EGFR coagulation occurred under these experimental

conditions. Concurrent translocations of multiple EGFR molecules were observed
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though, but these events were very few and were discarded from the analysis. From
single EGFR translocation events, very consistent pulse depths were observed, that

was a clear indication of the uniform excluded volume of the EGFR molecules.

The specificity of anti-EGFR aptamer for EGFR and their attachment chemistry
is quite well established [35, 36, 55]. When EGFR is incubated with the aptamer, they
form a complex with 1:1 stoichiometry. It is just like aptamer, which has its own charge
and mass, riding on the EGFR molecule. Since the estimated pl for aptamer is 5.5, at
pH 8.2 it has almost the same charge as the EGFR. The attachment of EGFR with
aptamer enhances the overall charge of the complex as well as the complex has more
mass now than EGFR alone. These changes influence the overall dynamics of the
complex translocation through the nanopore and make the translocation profile of
complex different from that of EGFR. The additional charge of the complex very well
explains the faster translocation of the complex through the nanopore. One might argue
here that due to the additional mass it might be possible that the complex actually
moved slower than the EGFR. However this is not the dominant factor in determining
the translocation profile of the complex [37], since due to the binding of aptamer with
EGFR, the overall change in charge is much more than the overall change in mass.
That’'s why much more shift in the translocation time was observed rather than the peak

amplitudes between the pulses associated with complex and EGFR translocation.

The shifting of the EGFR translocation behavior, as the molar concentration of
aptamer increased, can be explained with Smoluchowski’s diffusion equation. According
to this equation, the capture rate ‘J’ increases by increasing the analyte concentration ‘¢’

in the solution. In Figure 3(d), the event rate is low for complex and higher for EGFR but
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as we increased the aptamer molar concentration, many more complexes were formed
causing the event rate for them to shoot up (Figure 3(e) & 3(f)). With thrombin, since
aptamer didn’'t bind to it, no complexes were formed and the translocation profile

remained the same as before when no aptamer was involved.

The nanopores depicted a very selective and sensitive framework for label-free
detection of EGFR from a sample. The use of bare nanopore made the process very
simple and provided much more flexibility in the choice of nanopore size, unlike
functionalized nanopore in which the ligand would be tethered inside the nanopore walls
and the target must interact with the nanopore walls [37]. A functionalized nanopore is
usable for one type of target and functionalization itself is a time consuming and labor
extensive process. The use of bare nanopore with ligands to bind specific targets in
solution increase the usability of the device since the same device can be used for

multiple targets. There are no stringent limitations on the size of the nanopore as well.

Materials and Methods

Materials: Recombinant Human EGFR/ErbB1 Fc Chimera, CF (EGFR ~134 KDa) was
purchased from R&D Systems and human a-thrombin (Thrombin ~37 KDa) was

purchased from Abcam, plc. Anti-EGFR aptamer (~10 KDa) had the sequence

GGGCGCUCCGACCUUAGUCUCUGUGCCGCUAUAAUGCACGGAUUUAAUCGCCG
UAGAAAAGCAUGUCAAAGCCGGAACCGUGUAGCACAGCAGAGAAUUAAAUGCCC
GCCAUGACCAG [36, 56]. All other chemicals were obtained from Sigma-Aldrich

unless specified otherwise.



88

Nanopore Fabrication and Electrical Measurements: A solid-state nanopore of 40
nm diameter and 40 nm length (Figure 1(a)) was used for all the translocation
experiments. The nanopore was drilled in a thin suspended silicon nitride membrane by
focusing an electron beam of a transmission electron microscope (TEM). Nanopore
diameter was controlled by the exposure time [57]. The detailed fabrication process for
membranes is reported elsewhere [58]. The nanopore chip was sandwiched between
two PDMS gaskets that were further sandwiched between two Teflon blocks that
contained the electrophoresis buffer solution (20 mM Tris-acetate pH 8.2 + 5 mM Mg-
acetate + 1 mM K-acetate). Protein unfolding has strong dependence on the applied
voltage [21, 48]. To keep proteins in their native states and to avoid any unfolding all the
translocation experiments were done at a very low voltage i.e. 50 mV. For current
measurement and to apply the voltage, Ag/AgCl electrodes were immersed in the buffer
solution and were connected to Axopatch 200B through the headstage. Figure 1(c)
shows the schematic of nanopore measurement system. Current recording was done at
a bandwidth of 250 kHz whereas filtering was done at 100 kHz with a lowpass Bessel
filter. A custom made MATLAB routine [59] was used for analysis of the data. The t-test

was done for statistical analysis.

In-solution Binding of Protein and Aptamer: For in-solution binding, EGFR protein
and anti-EGFR aptamer were mixed in the binding buffer (Figure 2c). The binding buffer
constituted of 1X PBS and 5 mM/L MgCl,. Three separate mixtures were prepared by
mixing EGFR and anti-EGFR aptamer in different concentrations. In mixture 1, 8 ul of
50 ng/ul (3 pM) EGFR was mixed with 0.5 uM aptamer. In mixture 2 and 3, EGFR

concentration was kept same as mixture 1 but aptamer concentration was 4 uM and 10
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uM, respectively. The mixtures were incubated at 37 °C for 10 minutes and then were
placed in freezer (0-4 °C) for 5 minutes. The details on binding dynamics have been
explained before [36]. For control experiments, 8 ul of human a-thrombin protein at 50
ng/ul (11 pM) concentration was also mixed with anti-EGFR aptamer (10 uM) and was

incubated first at 37 °C for 10 minutes and then at 0-4 °C for 5 minutes.

Conclusions

In summary, the use of nanopore based resistive-pulse sensors for rapid and
reliable detection of EGFR has been presented. Due to high single molecule sensitivity
of nanopore sensors, very small amount of EGFR has been detected. EGFR
overexpression, though an early biomarker for different types of cancers, have not yet
been utilized properly for early cancer detection because available methods are not
sensitive enough to detect very small changes in the quantities of EGFR. Besides high
sensitivity and rapid detection, the scheme of nanopore with complex detection does not
require pre-processing of the samples. The simplicity of this label-free detection
method can enable the use of the nanopore device in a POC setting for early cancer
diagnosis. The methodology can be further expanded for the detection of other
biomarkers as well if there are matching ligands available. Additionally this technique

can be used to determine the affinity of the aptamer-protein complex as well.
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CHAPTER 5

CONCLUSION & FUTURE DIRECTIONS

5.1 Future Directions

5.1.1 Early Detection of Leukemia from Blood Serum

Leukemia is a type of blood cancer. Such patients are at a higher risk of getting
infections. Most common way to diagnose leukemia is from the blood test but at early

stage of the disease, a blood test might not show that a person has leukemia.

A

Complex
| n

PDGF-BB

Amplitude

Translocation Time

Figure 5.1: Aptamer attachment with PDGF-BB will cause formation of complex.
Due to higher net charge complex will translocate faster than PDGF-BB.
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Elevated level of platelet derived growth factor receptor protein (PDGF-BB) has
been reported in the blood serum of leukemia patients and it's an early biomarker for
this disease. Nanopore sensor along with the aptamer that is specific for PDGF-BB can

be used to detect this disease at an early stage (Fig. 5.1).

5.1.2 Self-referenced Nanopore Array for Multiple Biomarker Detection

It is the need of the hour to develop a single test that can check the blood serum
of a potential cancer patient for all or most of the biomarkers of interest in a single run.
A nanopore array that will have several nanopores on a single membrane can be used

for this purpose.

Electrodes

Bare Nanopores ]
(Reference) < 6 é
~~~~~~~~~~~~~~~~~~~~ | Electrodes i Functionalized

Nanopores

v
Nanopore
Chip

Proteins v
PDMS

Blocks Gaskets Nanopore Array

Figure 5.2: System schematic for nanopore array. On the right is a nanopore array with
tegrated electrodes. Bare nanopore is for referencing whereas other nanopores are functionalized
with different aptamers.

Electrodes can be fabricated on the chip along with nanopores to measure the

current of individual nanopores. Each nanopore can be functionalized with a different
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aptamer to make it selective for a particular target protein (biomarker). Signals from
each nanopore can be analyzed to detect the presence of a biomarker. This way there
will be no need to check each protein individually with a specialized test rather a single
test will be sufficient to check all the important biomarkers present in the blood serum. A

system schematic for the device setup is shown in figure 5.2.

5.1.3 Spiral Microfluidics interfaced with Micropore — Lab on a Chip

Just like there is a need for single test to analyze blood serum, the same is
required for the whole blood. Whole blood contains several types of cells. A device that
can analyze the whole blood of a potential cancer patient, provide the information like
count of white blood cells (WBCs), red blood cells (RBCs) and can detect and

differentiate CTCs in a single test will make the diagnosis easy, quick and cheap.

BLOOD SERUM,
RBCs. WBCs.

BLOOD INLET PLATELETS,ETC

Figure 5.3: A system schematic for a spiral microfluidic device interfaced with micropore.
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Keeping that in perspective, a spiral microfluidic device can be combined with the
micropore for whole blood processing. There will be a size based filtering through the
microfluidic device that will allow us to separate WBCs, RBCs and platelets etc. from
the blood. CTCs and other types of cells will pass through the micropore and will be
detected and differentiated based on their mechanophysical properties. A general

schematic for such a system is shown in Figure 5.3.

5.2 Conclusions

Early detection of CTCs from the blood of a cancer patient is the fruit of
advancements in nanotechnology. CTC detection has improved the cancer diagnosis
and therapy monitoring but it is not the early detection of cancer since the presence of
CTCs in blood is an indication that cancer has metastasized and the only question we
can answer by detection and quantification of CTCs is whether it's the start of metastatic
stage or its mature state. We can’t detect cancer much before its metastatic stage with
CTCs detection. Cell deformability has evolved as an inherent cell marker that gives an
early indication of cell mutation. We have successfully demonstrated the use of
micropore biosensor to electrically differentiate breast cancer cells and lung cancer cells
from the difference in their cell deformability. Such differentiation can lead to the
detection of tumor at its much earlier stage and proper treatment at that point can
prevent cancer to reach its metastatic stage. Our detection efficiency was around 75%
that can be further improved by controlling cell clogging and cell agglomeration. We also

successfully detected EGFR using nanopore biosensor with detection limit close to that
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of ELISA that is the current standard method for detection of EGFR. In contrast to

ELISA, nanopore based detection is much simpler and does not require functionalization.
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