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ABSTRAK

Ciri morfologi sel memainkan peranan yang penting dalam penyelidikan sel,
penyampaian ubat, diagnostik, terapeutik dan aplikasi-aplikasi lain. Cetakan-bio adalah
teknik litografi lembut digunakan untuk mendapatkan replika bentuk morfologi sel.
Pendekatan proses baru pengekstrakan ciri morfologi daripada teknik replika cetakan
dilaporkan. Ciri morfologi seperti bentuk dan saiz sel serta nukleus, liang dalam membran
sel boleh diimejkan dan bentuk yang sama boleh dikesan. Teknik ini membantu untuk
menyiasat bentuk alur, liang atau mikrovilus di permukaan sel dan membantu dalam
diagnosis yang lebih baik serta analisa di peringkat sel tunggal. Walau bagaimanapun
teknik penetapan konvensional, pemotongan dan observasi di bawah mikroskop imbasan
elektron (sem) atau mikroskop transmisi elektron (tem) memberikan pandangan lebih
terperinci kerana proses tersebut memperkenalkan variasi dalam sampel disebabkan
proses yang kompleks dan rumit yang terlibat. Cetakan-bio berdasarkan mikrofluidic juga
memainkan peranan yang penting dalam aplikasi penyelidikan sel tunggal. Pengendalian
dan penetapan kedudukan sel-sel tunggal di peringkat skala mikro merupakan keperluan
penting untuk pelbagai aplikasi termasuk genomik, proteomik, secretomik, dan analisa
disintegrasi sel. Saluran mikrofluidic (saluran lurus, saluran bercabang, dan saluran ular)
dengan orientasi pelbagai perigi-mikro dikesan kebolehannya dalam memerangkap sel
tunggal. Biochip berdasarkan mikrofluidic mampu memerangkap sel dalam keadaan
menegak dengan susunan perigi-mikro heksagon. Perigi-mikro yang berdiameter 35
mikron adalah saiz yang mencukupi untuk membenarkan sel ditangkap melekat pada
permukaan untuk kajian jangka masa pendek. Aliran proses untuk fabrikasi biochip
diperjelaskan. Untuk penangkap sel tunggal (PST) keupayaan biochip mikrofluidic
didapati bertambah baik dari saluran yang lurus, ke saluran bercabang, dan saluran ular.
Untuk penangkap sel yang banyak (PSB) adalah dari susunan berkurangan daripada
saluran yang lurus, ke saluran cawangan, dan saluran ular. Diantara tiga reka bentuk,
saluran ular cetakan-bio menawarkan PST yang tinggi dengan mengurangkan PSB. Sel-
sel kanser paru-paru manusia digunakan dalam uji kaji ini. Dapatan kajian menunjukkan
pembangunan pendekatan karbon polimer-nanopartikel komposit untuk teknik
pengimejan untuk sel-sel, yang boleh memberikan maklumat morfologi pada skala
organel sel sub tunggal dalam terperinci adalah novel. Mikroskop elektron digunakan
untuk imej replika. Teknik ini menekap imej sel bersama-sama dengan sub selnya secara
lengkap dan terperinci morfologi sel. Had teknik ini ialah, ia hanya menyediakan
maklumat morfologi. Maka morfologi abnormal yang tidak dapat ditekap tidak boleh
dianalisa. Teknik ini didapati dapat menganalisa sel-sel tunggal untuk dikaji berdasarkan
morfologi, terutama untuk aplikasi penghantaran ubat dan untuk siasatan laluan molekul.
Untuk prospektif masa depan, ciri-ciri morfologi yang diperoleh melalui teknik ini juga
boleh digunakan untuk melatih rangkaian neural buatan untuk membuat keputusan
sepenuhnya berdasarkan teknik ini.



ABSTRACT

Morphological features of cells play a vital role in cell research, drug delivery, diagnostic,
therapeutic and many other applications. Bioimprint is a soft lithography technique used
to obtain the imprint replica of cell morphology. Herein report a new process approach
of morphology feature extraction from the imprint replica technique. Morphological
features like shape and size of cell, shape and size of nucleus, pores in the cell membrane
can be imaged comparatively and the same can be detected. This technique helps to
investigate the shape of grooves, pores, blebs or microvillus on the cellular surface and
helps in better diagnosis and analysis at single cell level. However conventional method
involving fixation, sectioning and viewing under scanning electron microscope (SEM) or
transmission electron microscope (TEM) can provide cell’s inside anatomy details,
although the process introduces variations in samples due to complex and tedious process
involved. Also microfluidics-based biochip plays a vital role in single cell research
applications. Handling and positioning of single cells at the microscale level is an
essential need for quite various applications including genomics, proteomics,
secretomics, and lysis analysis. Characterized the effect of microfluidic channel (straight
channel, branched channel, and serpent channel) with a microwell array orientation for
single cell trapping. Demonstrated microfluidic-based biochips capable of vertical cell
trapping with a hexagonal array of microwells. Microwells were of 35 pm in diameter, a
size sufficient to allow attachment of captured cells for short term study. Explained the
process flow for the fabrication of the biochip. Single cell capture (SCC) capabilities of
the microfluidic-biochips were found to be improving from the straight channel, branched
channel, and serpent channel accordingly. Multiple cell capture (MCC) were in the order
of decreasing from the straight channel, branch channel, and serpent channel. Among
three designs investigated, serpent channel biochip offers high SCC with reduced MCC.
Human lung cancer cells were used for characterization. The findings of this research is
that developed a novel approach of carbon nanoparticle-polymer composite (CPC) for
imaging technique for the cells, which can provide morphology information on single
cell sub organelle scale in much detail. It is observed that 0.3 wt. % of load carbon
nanoparticle (CNP) in carbon polymer mixture (CPM) were optimal for cell-imprint
replica fabrication. The electrical resistance of the 3-CPC (0.3 wt. %) were reduced by
68 % when compared to N-CPC (0 wt. %). Electron microscopes were used to image the
replica. Technique delivers cell image along with its complete sub cell scale level
morphological details. The limitation of this technique is that, it only provides the
morphology information. Thus abnormalities which do not designate on morphology
cannot be diagnosed. This technique finds its application where single cells are to be
analyzed and diagnosis for study based on morphology, especially for drug delivery
applications and for investigations based on molecular pathways. As a future prospective,
morphology features obtained through this technique can also be used to train the
artificial neural network for decision making completely based on this technique.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Cells are the smallest and fundamental unit of life. Cells replicate independently.
Cells can be broadly classified in to prokaryotes (single cellular) and eukaryotes
(multicellular), the former do not contain a nucleus. Prokaryotes include bacteria and
archaea. Eukaryotes include fungi, plant and animal. A eukaryote cell consists of a
nucleus and other organelles. Cell organelles include mitochondria, nucleotides,
endoplasmic reticulum, golgi apparatus nucleus which consists of chromatin, DNA and
nucleolus enclosed by the nuclear envelope (Orgel, 1998, Maton et al., 1997, Becker et
al., 2003). Any abnormalities can reveal more insights when investigated and studied at

cellular scale level. This helps in better disease diagnosis and to provide correct treatment.

Cancer is a group of diseases in which cell growth is unregulated. Division and
growth of cancer cells are uncontrollable which ultimately leads to tumors. Cancer cells
may spread and affect other organs too. Cancers are of several types like adrenal cancer,
anal cancer, bone cancer, breast cancer, cervical cancer, colon/rectum cancer,
endometrial cancer, esophagus cancer, eye cancer, gallbladder cancer, Kidney cancer,
leukemia, liver cancer, lung cancer, lymphoma, nasopharyngeal cancer, non-hodgkin
lymphoma, oral cavity and oropharyngeal cancer, osteosarcoma, ovarian cancer,
pancreatic cancer, prostate cancer, salivary gland cancer, skin cancer, small intestine
cancer, stomach cancer, testicular cancer, thymus cancer, thyroid cancer, vaginal cancer
and vulvar cancer (American Cancer Society, 2015). From statistics shown in Figure 1.1,
cancer and cancer related deaths are increasing day by day, though researcher and doctors
are actively working on the solution for it (Zainal Ariffin and Nor Saleha, 2011, Ferlay
et al., 2015, Bray et al., 2013).



Various Cancer Deaths Worldwide

Lung
Liver
Stomach
Others

Figure 1.1 Deaths due to various cancers
Adapted from source: Zainal Ariffin and Nor Saleha (2011), Bray et al., (2013),
Ferlay et al., (2015)

Based on world cancer report from the World Health Organization (WHO)
(Stewart and Wild, 2016), it is clear that cancer is a leading cause of death worldwide,
accounting for 8.2 million deaths in 2012. The most common causes of cancer death are
cancers of lung (1.59 million deaths), liver (745 000 deaths), stomach (723 000 deaths),
colorectal (694 000 deaths), breast (521 000 deaths) and esophageal cancer (400 000
deaths) (Stewart and Wild, 2016, Torre et al., 2015, Siegel et al., 2015, Siegel et al.,
2016).

Report from National Cancer Registry Malaysia (Zainal Ariffin and Nor Saleha,
2011) mentioned that the cumulative cancer risks in peninsular Malaysia were up to 18%
of 26,089 cancer patients, in which 54.7% were females and 45.3% were males. The
statistics showed that the risk of getting cancer is very high that 1 in 4 Malaysian will

have the potential of getting cancer in their lifetime.



1.2 Motivation and problem statement

The recent trend is to diagnose and analyze the high resolution single cell scale
level for better investigations and treatments (Heath et al., 2016, Darmanis et al., 2016,
Van Loo and Voet, 2014). Several researchers are working towards this perspective.
Micro fluidics and lab on chips based techniques have also been designed, developed and
reported for these purposes (Nock et al., 2010, Nock et al., 2011, Alkaisi et al., 2007,
Wang and Bodovitz, 2010). Most of the conventional imaging techniques used to image
cells involved light microscope, in which imaging source is light. Recently electron
microscopes have been used to image cells in more detail, whose imaging source is an
electron beam. The former has a higher wavelength when compared to the latter. Thus

the latter method can provide high-resolution cell imaging (Williams and Carter, 1996).

Cells are composed of water, inorganic ions, and carbon-containing (organic)
molecules. Water is the most abundant molecule in cells, accounting for 70% or more of
the total cell mass. Also, cells are very delicate, thus pre-processing method are involved
for electron microscope imaging. The traditional methods involved in imaging the cells
include several tedious processes like its preparation, which involves fixation, processing
(dehydration, clearing, and infiltration), embedding, sectioning, and staining (Bozzola
and Russell, 1999). It was reported that this technique lacks precise and accurate
morphological details due to artefacts introduced by tissue processing which leads to
changes like shrinkage, washing out of particular cellular components, and alterations of

the structures in the tissue (Kellenberger et al., 1992, Logman et al., 2010).

Cell imprint replica using the imprinting technique can be done to lock the
molecular process and can be imaged using high resolution imaging systems.
Investigations on the surface morphologies of cancer cell at high resolution can reveal
more information. High resolution topography images of cell membrane can provide
some important features involving exosomes, micro vesicles, apoptotic bodies and many
others. These minute features and pores, play major role in cell diagnosis, drug delivery,
therapy and many more. These can be associated and also be correlated with many cell
signaling events. High resolution cell topography images, when interpreted and compared
along with the conventional analysis, can help in understanding the cell signaling in more

detailed and precise manner than before.



1.3 Objectives

Broad objective of this research is to develop a nanoparticle photopolymer
composite for cell imprint lithography assisted by passive microfluidic platforms for
biomedical applications. For achieving this broad objective, following specific objectives
have been conceived.

1. Todevelop and optimize the process of carbon polymer composite imprinting

supporting cancer cell feature detection for diagnosis.

2. Todesign and develop passive microfluidic biochip to facilitate the single cell
research investigation and for the fabrication of single cell imprint replica.

3. In-vitro evaluation of fabricated polymer for its use in tissue engineering

applications.

1.4 Scope of research

In order to meet the outlined objective, the following scopes of research have been
identified. Briefly research flow is shown in Figure 1.2. Research activities under first
objectives are:

e Optimization of carbon polymer composite imprinting.

e High resolution imaging techniques to obtain the high resolution replica

images.

e Cancer cell imprinting with and without stimulations.

e Cell imprint replicas consisting cell morphology for diagnosis.

e Replica images are analyzed for any abnormalities and its corresponding

features detected.



As for second objective:

e Design, develop and fabrication of biochips at NFM, USM.

e Experimental evaluation of microfluidic biochip for single cell trapping.

As for third objective:

e In-vitro evaluation of the fabricated carbon polymer composites for enabling
its use in tissue engineering applications.

e Cytotoxicity and cyto-compatibility test for its In-Vitro characterization.

1.5 Thesis outline

Thesis outline is as follows,

Chapter 1 describes about the recent statistics of cancer along with the current
limitations of diagnosis and research investigations. This has brought the author to arrive
at the objectives along with scopes for addressing the issues.

Chapter 2 provides the literatures about the cellular diagnosis based on morphology.
Summarizing the issues associated with conventional approach, thereby how fabrication
of cell imprint replica address the problem providing the solutions. Described the past
literatures for the imprinting approaches involved.

Chapter 3 presents the past literatures on microfluidic techniques and the passive
hydrodynamic based microfluidics for single cell trapping. For single cell replica
fabrications, single cells need to be trapped initially for investigations.

Chapter 4 describes in detail about the methodologies involved in this study.
Chapter 5 presents the results and discussions of the study conducted.

Chapter 6 presents the conclusions of the study with future scope and directions of
this research.
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CHAPTER 2

CELL MORPHOLOGY AND IMPRINT FABRICATION

2.1 Current scenario

Various researches are going on throughout the world for better cancer diagnosis
and treatment. Recent direction is to diagnose and analyze the cancer cells at the single
cell scale level for better understanding of cell signaling at extracellular and for several
applications like drug delivery, diagnosis, cancer research investigations and therapy.

2.2 Cell morphology for cancer diagnosis

In cytology, the cell morphological features help to distinguish any abnormality in
the cell, as there would be changes in morphology between normal cell and in the affected
cell region (Rello et al., 2005). The diagnosis of a cell using morphological features and
statistical features acts as the prominent method for the clinical applications. Cell
morphological image processing method is a well suited approach to analyze a cell in
much detail. Cell morphology features involved can be broadly classified into
morphometric, densitometric, textural and structural features (Rodenacker and
Bengtsson, 2003). Based on these features, cell morphology deviations that have occurred

between normal and abnormal cell can be determined.

Some of the literatures that used cell morphology and the parameters involved in
cancer cell diagnosis are presented below. By considering the morphological features, the
size and shape of the cell can be determined. The radius and area are used to estimate the
size of the cell and compactness, and smoothness is used to assess the shape of the cell
(Street et al., 1993). The statistical features or the statistics computed on smoothness,
major and minor axis and some other properties are used to detect the cell abnormality
(Thiran and Macq, 1996, Wolberg et al., 1995). The variation in size and shape of the

nuclei is considered as a major factor for the diagnosis of cancer (Thiran and Macq,



1996). Demonstrated that texture analysis techniques could provide valuable diagnostic
decision support in a complex domain, such as colorectal tissue (Atlamazoglou et al.,
2001). The Fourier transform analysis over the corneal endothelial cells to correlate the
cell structure with the patient’s age provided the cancer identification (Fitzke et al., 1997).
Due to the limitations of the manual diagnosis, the automated screening test based on the
computer aided visualization (Ageing, 2003) has been developed to increase the
performance of the diagnosis.

An automated computational tool to improve the diagnostic performance have been
developed and deployed to use in practice. Generally, the automated cell diagnosis
system consists of three components such as pre-processing, feature extraction and
classification of the state of the cancer cells. The pre-processing system mainly focuses
on the noise removal in the obtained images. Filtering process was used to reduce the
noise. Usually, the value of the pixel located in a selected neighborhood pixel is used to
remove the random noise in the images (Baheerathan et al., 1999). After the noise
removal task, segmentation of the nuclei and the cell boundary region were performed
using both the region based approach and the boundary based approach. Clustering
algorithm was dominantly used to segment the desired region in the image. To diagnose
the changes in the normal cells, the two types of deviations, one at the cellular level and

another at the tissue level were considered.

Wide ranges of researches were carried out in order to resolve the problems
identified in the diagnosis of cells and its abnormality. Traditionally, the cell diagnosis
based on morphology was performed by doing biopsy for the samples and followed by
observations under the microscope, the abnormal cells were determined (Andrion et al.,
1995, Ismail et al., 1989). Even though optical methods were adopted for the diagnosis
and acts as a clinical screening tool, it also has its own limitations of exploring insights
of the abnormality in much detail. But all these involve the study of cell at cluster level
with not much detail of the cell at single cell sub organelle level. Conventionally used
technique to visualize the insights of single cell sub organelle scale morphology details
are scanning electron microscope (SEM) or transmission electron microscope (TEM),
involving several tedious processes like fixation and processing. It was reported that
processes involving artifacts were introduced leading to changes like alterations of the
structure in the tissue and cell morphology shrinkage due to dehydration (Kellenberger

et al., 1992, Logman et al., 2010). Considering all the above discussed points and



drawbacks of the conventional methods, we investigated imprint lithography approach
for cell morphology diagnosis research. In below sections, discussed in detail are the
imprint lithography processes.

2.3 Recent approaches in imprint lithography

Nano patterning is more of great need nowadays. It is the process of patterning
the surface at nano scale. Nanoimprint lithography (NIL) is a process of fabricating
patterns of nanometer scales. NIL was successful because of its high resolution. It is a
simple process with low cost and high throughput. Imprint lithography is a nano-
patterning technique. This technique allows patterning features of size less than sub 100
nm. It facilitates various applications like bio molecule immobilisation at the nano-scale,
scaffold for cell culture, high resolution cell replica imaging and for various other
biomedical applications. (Truskett and Watts, 2006, Mendes et al., 2007, Lan and Ding,
2010, Gadegaard and McCloy, 2007, Li et al., 2011, Martino et al., 2012, Samsuri et al.,
2011, Nock et al., 2011, Muys et al., 2006)

2.3.1  Nanoimprint lithography methods

Nanoimprint lithography methods are broadly classified and described in the

following sections. Below in Figure 2.1 shows different approaches involved in NIL.

NANOIMPRINT LITHOGRAPHY
METHODS
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LASER ASSISTED
IMPRINTING

Figure 2.1 Different methods of NIL

Image source: Vigneswaran et al. (2014)
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2.3.1.1  Thermoplastic nanoimprint lithography (T-NIL)

Thermoplastic Nanoimprint lithography (T-NIL) is very old technique which is
even now practiced because of its simple process, low cost and high throughput.
Illustration of the system involved is showed in Figure 2.2. In this process a thermo cure
resist is spin coated on the substrate. The property of thermo cure resist is that once it is
heated above the glass transition, the polymer is of liquid state. After cooling it becomes
hardened by crosslinking. Using this property of the resist, the mold of specific feature is
pressed on to the resist upon heating above the glass transition temperature. After cooling,
the pattern gets transferred to the resist from the mold and is separated from the resist.
Features in the mold can be transferred to the substrate by using chemically reactive
plasma to selectively remove the deposited material. Though this has several applications,
but it cannot be used for the applications dealing with live cells. The process can damage
the cells because of heating. The drawback of this technique is that it cannot be performed
at room temperature and it requires high imprint pressures which cause inaccuracy in
alignment (Lan and Ding, 2010).

PRESSURE
CONTROL

| __O-RING
SEAL

= AIFOILS

_—
SPACER

STAGE
HEATING AND COOLING

WITH

Figure 2.2 System and image of T-NIL
Image source: Hu et al., (2005). Image shows (i) Configuration of nanoimprint
lithography system with tissue-culture polystyrene plates on top of the Si mold, (ii)
Nanoimprinted structure in thick tissue-culture polystyrene: (a) gratings with 0.5 um half-
pitch and 440 nm height and (b) gratings with 120 nm half-pitch and 290 nm height.
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2.3.1.2  UV-nanoimprint lithography (UV-NIL)

The process of UV-NIL is almost same as like T-NIL, but the resin used is UV
curable. The property of the UV curable resin is that initially it is in liquid state which is
then hardened and cross-linked by exposing it to UV radiation. In this process, the mold
is pressed onto the resin and then it is cured by UV radiation. Later mold is separated
from the resin leaving back the features onto the resin which is then cleaned to remove
any residuals. Positive aspects of this method are that it can be performed at room
temperature and with low imprint pressure, so the alignment accuracy is better. Below
Figure 2.3 shows the cancer cell replica obtained through the UV imprint technique
(Truskett and Watts, 2006, Vratzov et al., 2003, Wendel et al., 1994). Image showing the
AFM imprint images of Ishikawa endometrial cancer cells (Nock et al., 2010). Cell
morphology details are clearly visible and patterned. Features like nucleus and
cytoskeleton are visible. Cell morphology details at lower and higher magnification is

showed.

Figure 2.3 AFM imprint images

Image source: Nock et al., (2010)
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2.3.1.3 Step and flash imprint lithography (SFIL)

SFIL uses a low viscosity, photo-curable, organosilicon liquid. The template used
in this is transparent, rigid so that it allows layer-to-layer alignment. High throughput,
low cost, no projection optics and operation at room temperature is the main advantages
of the SFIL. Repeated use per wafer decreases stamp lifetime. In Figure 2.5 the process
is clearly explained. In this process, a template is created on a standard mask blank by
using the patterned chromium as an etch mask to produce high-resolution relief images
in the quartz. The etched template and a substrate that has been coated with an organic
planarization layer are brought into close proximity. A low-viscosity,
photopolymerizable formulation containing organosilicon precursors is introduced into
the gap between the two surfaces. The template is then brought into contact with the
substrate. The solution that is trapped in the relief structures of the template is photo
polymerized by exposure through the backside of the quartz template. The template is
separated from the substrate, leaving a UV-cured replica of the relief structure on the
planarization layer. Features smaller than 60 nm in size have been reliably produced using
this imprinting process. If the process is not carried out carefully, then it can produce
defects in a propagating manner as shown in Figure 2.5 (Bailey et al., 2001, Bailey et al.,
2002).

*— transfer layer
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Figure 2.4 Step and flash imprinting process
Image source: Bailey et al., (2001). Image showing Step and Flash

Imprinting Process,
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Figure 2.5 Step and flash imprinting process
Image source: Bailey et al., (2001). Image showing hypotheses for defect

generation and propagation in SFIL Process.

23.1.4 Step and stamp imprint lithography (SSIL)

In this technique, a stamp is pressed on to the polymer for creating the imprints.
The stamp is lifted and pressed next to create more imprints. And the process is repeated
to produce more of same imprints. Alignment of stamp to already existing features on the
substrate makes it possible to use SSIL together with UV lithography for mix and match
(Torres, 2003). Figure 2.6 shows the consecutive steps involved in the fabrication. The

image shows the step by step process involved in SSIL.
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Figure 2.6 Step and Stamp Imprinting Process
Image source: Torres, (2003)

2.3.1.5  Laser assisted direct imprinting

In this method, imprints are made directly with the use of lasers. Process
illustration of the method is shown in Figure 2.7. The quartz moulds were diced to fit
within the excimer laser beam area, ensuring that all the silicon beneath the mould melts
during (Laser Assisted Direct Imprinting) LADI. Then the pressure between the mould
and silicon wafer were applied by sandwiching them between two large press plates. The
mould is placed above the silicon wafer. Mould is made of fused quartz and hence
transparent to the laser beam. Based on the reflectivity of the silicon, the process
monitored. When silicon melts, it changes from a semiconductor to a metal, hence its
surface reflectivity to visible light increases (Chou et al., 2002, Janes et al., 2013, Kim et
al., 2012, Lee et al., 2012).

14
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Figure 2.7 LADI Process
Image source: Chou et al., (2002). Image showing the series of steps involved
in LADI process.

2.3.2  Approaches for the fabrication of cell imprint replica

When it comes to imprinting cells, the imprinting process should not damage the
cells, as cells are delicate and needs to be handled carefully. From the literature search,
material and method used for the fabrication of direct negative cell imprint replica are
summarized in Table 2.1. Generally for polymer composites, it can be clearly seen from
Figure 2.8, that after the percolation threshold (pc), resistivity dropped drastically.

Table 2.1 Material and process used for cell imprint fabrication
S.No. Material Process Ref.
1 PDMS Thermal Curing (Muys et al., 2006a)
2 Photopolymer UV curing (Samsuri et al., 2010)
4  Poly(urethane acrylate) (PUA) UV (Lee et al., 2014)
5 Methylsilane and peroxide CVD Process (Pfluger et al., 2012)
6 Parylene CVD Process (Koppes et al., 2016)
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Figure 2.8 Loading conductive filler wt. % vs conductivity
Image source: Khosla, (2012). Image shows the change in resistivity with respect
to the loading of the filler wt. %.

UV-NIL has established itself as a promising alternative for imprinting cell when
compared to other methods, as it can be performed at room temperature, rapid curing and

low pressure conditions with better feature transfer which adds to its merits.

2.4 Cell imprint lithography for cell diagnosis at sub single cell scale level

Subtle cell morphology features relating to cellular process are shown below in
Figure 2.9, Figure 2.10 and Figure 2.11 (Gyorgy et al., 2011). Some of the subtle cell
morphology features include micro-vesicles, blebs, and apoptotic bodies. Key features of
the membrane vesicle population are described with detail in Table 2.2 (Gyorgy et al.,
2011).
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Figure 2.9 Schematic representation of the extracellular vesicles

Image source: Gyorgy et al., (2011)
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Figure 2.10 Summary of some adaptive cellular responses

Image source: Gyorgy et al., (2011)
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Figure 2.11

Image source: Gyorgy et al., (2011)

Table 2.2
Source: Gyorgy et al., (2011)

apoptotic body

Size ranges of major types of membrane vesicles

Key features of membrane vesicle populations

Microvesicles Apoptotic bodies

Exosomes
Size range Approximately 50-100 nm
Mechanism of generation By exocytosis of MVBs
Isolation Differential centrifugation and sucrose
gradient ultracentrifugation
100,000-200,000g, vesicle
density is 1.13-1.19 g/mL
Detection TEM, western blotting, mass

spectrometry, flow
cytometry (bead coupled)
Best characterized cellular Immune cells and tumors
solrces

Markers Annexin V binding, CD63, CD81, CD9,

LAMPI and TSG101

100-1,000 nm (~ 100400 nm in  1-5 pm
blood plasma)

By budding/blebbing of the plasma By release from blebs of cells

membrane undergoing apoptosis
Differential centrifugation Established protocols are
18,000-20,000¢ essentially lacking; most

studies use co-culture with
apoptotic cells instead
of isolating apoptotic bodies

Flow cytometry, capture based ~ Flow cytometry
assays
Platelets, red blood cells and Cell lines

endothelial cells

Annexin V binding, tissue factor
and cell-specific markers

Annexin V binding, DNA content

For decades, many previous investigations had demonstrated many types of cell

death, including apoptosis, autophagy, paraptosis, oncosis or necrosis (Van Cruchten &

Van den Broeck, 2002). Ilustration of cell death process is showed in Figure 2.12 (Byrne

and Ojcius, 2004). Figure 2.13 (Neuman, 2003) shows phases of apoptosis from early to

18



late apoptosis. Thus, precise differentiation in identifying types of death involving cell

morphology is much needed for cancer therapy and drug delivery applications.

Infected cell

Nature Reviews | Microbiology

Figure 2.12 Morphology of necrosis and apoptosis

Image source: Byrne and Ojcius, (2004)
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Figure 2.13 Schematic representation of apoptosis process

Image source: Neuman, (2003)



When these cellular process and morphological features are correlated with high
resolution imaging along with conventional detection methods, they can pave way in

better understanding of the complex process.

25 Biomimetic smart culture substrates and microenvironments

Biomimetics and microenvironments are becoming famous these days. Below
shown Figure 2.14, Figure 2.15, Figure 2.16 and Figure 2.17 summarizes the factors and

properties involved in cell culture substrates.

Roughness

Elastici
Topography

Figure 2.14 Factors involved in cell culture substrates
Image source: Ross et al., (2012). Image showing some of the key factors which

play major roles in cell culture substrates.
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Figure 2.15 Cell culture scaffold properties

Image source: Martino et al., (2012). Image shows various properties of cell
culture scaffold, which plays significant role in biomaterial research field. a) Surface
properties. The surface topography could drive cell adhesion, proliferation, migration and
differentiation. b) Mechanical properties. Cells respond to the mechanical properties of
the substrate on which they are growing, thus changing their fate. ¢) Morphological
properties. Scaffold morphologies for cell biomaterial interaction may vary in terms of
interconnectivity, pore-size and shape. d) Electrical properties. Electrical properties of
the substrates are important issues in biomaterial-cell interaction. e) Polymeric

nanoparticles.
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Figure 2.16 Approaches in cell microenvironment
Image source: Brafman, (2013)

Image showing engineering approaches used to study the cell microenvironment.
Engineers are applying several novel approaches to dissect each of these components and

understand how each regulates the cell behavior.
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Figure 2.17 Matrix-cell interactons
Image source: Muller et al., (2013). Image showing the overview of material
parameters that allow the incorporation of dissipative contributions in matrix—cell

interactions leading to a distinct cell reaction.
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2.6 Chapter summary

From the literature study, it can be concluded that the investigation of nanoparticle
based composite cell imprint replica fabrication process was not reported. Herein the
author introduced a novel superconductive carbon photo polymer composite and process
technique capable of rapid curing at room temperature using UV radiation.
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CHAPTER 3

PASSIVE HYDRODYNAMIC MICROFLUIDIC BIOCHIP PLATFORM
FOR SINGLE CELL ANALYSIS

3.1 Overview

Recently researches are focused to and being carried out in the development of new
passive microfluidics and biochips for single cell analysis. Current direction is to analyze
and focus on each specific single cell for better understanding of its insights.

3.2 Microfluidic biochip platforms for single cell trapping

In order to create an imprint replica of single cells for single cell morphology
analysis, researchers have incorporated a combined method of the imprint replica with
microfluidic biochip platform (Nock et al., 2011, Alkaisi et al., 2007). Single cell
investigation acts as the fuel to drive research in many spheres such as pharmaceutical,
biology, health-care, etc. (EI-Ali et al., 2006, Dittrich et al., 2006). The problems
associated with conventional techniques such as cell sampling from a cultured population
are multifold. The intricacies of these methods are the time involved to perform the
analysis, the accuracy of the results and the homogeneity of the samples selected are some
of the challenging that needs to be addressed. Certain solutions to bypass the above
mentioned problems themselves are complicated or are associated with a subset of
difficulties. For example, calculating mean responses from a population could lead to an
erroneous result, but analyzing a single cell could yield far better results. Previous studies
related to cell are conducted using large populations of cells and these measurements
reflect only the average values of the cell response. This approach can be a source of
misinterpretation as it ignores the statistical nature of many cellular events (Johann,
2006). Therefore, to overcome these drawbacks researchers are currently moving towards

single cell analysis (SCA) method for analyzing the cells individually. This would lead
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to a more accurate representation of cell-to-cell variations instead of the conventional
method where the average is masked by bulk measurements. Ascendancy of using SCA
is due to the fact that it will reduce biological noise from the target cell population, as
each and every cell has different protein level and gene expressions (Fan et al., 2010).
Moreover, each cell exhibits different cell cycle stages and therefore the cell metabolism
may respond to slight variations towards external chemical, physical, or mechanical
environments (Dittrich and Jakubowski, 2014). In addition to that SCA facilitates rare
cells or events, scarce, precious sample and single-cell precision in populations. Single
cells have been studied since the invention of the microscope. However, in recent years,
due to the development of sophisticated fabrication technologies, increase of the
sensitivity of many analytical instruments in the cell and fluid handling are attributed to
the microfluidics technology has pushed the field of SCA to an advanced level. Figure
3.1 shows the trends and statistics on SCA. Applications involved in the SCA are shown
in Figure 3.2.

Publications on Single Cell Analysis

M SCA (1980-2004) m SCA (2005-2016)

Figure 3.1 Publications trend on single cell analysis
A literature search was performed using Web of Science (provided by Thomson
Reuters) to determine the number of publications on single cell analysis. Topic search
was carried out for the term ‘‘single cell analysis*’’. To see the trends, search was made
during two sets of time span (1984-2004) and (2005-2016). Statistics show that the
number of publications was increased to several folds when compared to previous

decades.
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Figure 3.2 Applications of SCA

Word crowd shows some of the most common applications of single cell analysis.
Some of the current key players in the market, for SCA are 10X Genomics (US),
Accelerate Diagnostics, Inc. (US), Advanced Cell Diagnostics, Inc. (US), Affymetrix Inc
(US), Agilent Technologies Inc. (US), Amphasys AG (Switzerland), Angle Plc (UK),
Beckman Coulter, Inc. (US), Becton, Dickinson and Company (US), Bio-Rad
Laboratories, Inc. (US), Clontech Laboratories, Inc. (US), Celsee Diagnostics (US),
Enumeral (US), Epic Sciences (US), Fluidigm (US), Illumina, Inc. (US), Kellbenx Inc.
(US), Merck KGaA (Germany), NanoString technologies (US), Qiagen NV
(Netherlands), Sigma Aldrich (US), Thermo Fisher Scientific Inc. (US), Wafergen Bio-
Systems Inc. (US), Yikon Genomics (China) and Zephyrus Biosciences Inc. (US).

To carry out single cell investigations, first single cells are required to be trapped
and isolated. Some conventional methods such as usage of microscopes and patch-clamp

have disadvantages like inability for single cell assays and high skill level requirement.
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Even if the shortcomings are overcome the throughput of these methods are low.
Microfluidics has come out as a powerful tool to study the complexities of cells
(Whitesides, 2006). The micro level dimensions of flow channels used in biochips are the
size of cells (Whitesides, 2006). It caters to every need of research and delivers accurate
results. Apart from the quality of results, reduction in time, savings in space, reagents and
small sample volumes involved (order of micro litres) are some of the remarkable

discoveries made using microfluidics (Fan et al., 2010).
3.2.1  Techniques

Several approaches were applied in microfluidics facilitating single cell trapping
which can be broadly classified into contact based approach and contact less approach.
Different cell trapping methods are hydrodynamic trapping, dielectrophoresis trapping,
chemical trapping, gel trapping, magnetic trapping, acoustic trapping and laser trapping.
Each method has its own merits and demerits. Figure 3.3 shows the diverse approaches
involved in single cell trapping techniques and Table 3.1 (Lo and Yao, 2015) enlists each
methods pros and cons. Mostly the process requires auxiliary equipment/facilities like a
pump or a pressure-controlling system for fluid introduction and guidance, and some need
specialized electronic or optical equipment which are not generally in a common medical
or biological laboratory and induce extra obstacles for operation. The auxiliary parts
occupy much space and thereby greatly lower the area density of single-cell arrays.
Design structures of many microfluidic chips are complicated due to the need for multiple
layers, channels, and valves, which are difficult to be fabricated and/or manipulated
(Ferlay et al., 2015, Fujita et al., 2015, Eyer et al., 2012). Thus the practical applications
in clinics or general biological laboratories are limited due to these drawbacks. (Nilsson
et al., 2009) Increasing demand for trapping based on the design itself, involving
unsophisticated basic laboratory instruments for single cell measurements led to the
evolution of hydrodynamic trapping technique. This way, cells which may be affected
due to the presence of an external field/ force are preserved in an unaffected form. Apart
from the simplicity of the process, the natural state of the separated particles can be useful

in many researches.
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Figure 3.3 Diverse approaches for single cell trapping
Image source: Lo and Yao, (2015)
Table 3.1 Comparison of various microfluidic techniques for single-cell
trapping
Source: Lo and Yao, (2015)
Approachea Main Applications Major Advantage Major Disadvantage
* Single cell
izolation
Droplet-based High throughput screening for Challenge to encapsulate
microfluidics o Cell calture in specific single-cells single-cells in each droplet
droplet
* Single cell
izolation
Hydrodynamic trap MMultifuncton in one device Complicated fabricating
process
& Cell culture on
chip
. # Specific cell . ) Requires antibodies or primers
Magnetic trap trappi Efficient trapping of labeled cells for ic Libel
& Cell i
Acoustic trap manipulation Gaood for cell positioning :i[ij; have negative effect fo
& Cell
manipulation . . .
Dielectrophoretic trap Easily stelect target cells via Heat problem du.m.ng
altermating frequency of AC long-term manipulation
& Cell selection
s Cell
. mandpulation Applicable in many fields of Requires expensive optical
Optical trap
study system

» Cell mechanics
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3.2.2 Hydrodynamic trapping

Hydrodynamic trapping is a method which utilizes mechanical barriers or
obstructions to separate the target particle from the main flow. Once separated, the target
particles are retained in hydrodynamic trapping sites where it could be of for various
investigations. Typical particle screening structures include walls or pores. Arrays
consisting of the pattern of trapping site could be made to capture single cells. The
advances in research technologies during the past decade resulted in the development of
various microfluidics systems for single cell trapping and its applications.

Changging Yi et al. published a short review on the applications of microfluidic
devices for cell-based assays over the years (2002—2005) (Carpenter et al., 2006). Kim et
al., (Kim et al., 2008) has published a review with a focus on the microfluidic systems
that are combined with physical micro/nanostructures or a topographically patterned
substrate for cell research. Nilsson et al., presented a review article which focuses on the
different technical approaches for trapping of particles and cells in a microfluidic system
(Nilsson et al., 2009). Bhagat et al., has reviewed microfluidics-based cell separation
techniques (Bhagat et al., 2010). Burger et al., has summarized the significant progress
centrifugal microfluidic platforms for cell removal, filtering, lysis, separation, sorting,
encapsulation, trapping, assaying sensing, cytometry and detection (Burger and Ducrée,
2012). In 2013, Karimi et al., presented an overview of the cell/particle sorting techniques
using hydrodynamic effects in microchannels (Karimi et al., 2013). Barbaros et al.,
reviewed some of the manipulation techniques for bio-particles with a comparative study
and recent applications (Cetin et al., 2014). Alireza Valizadeh et al., published a review
of different approaches in single cell manipulation methods using fluidic systems
(Valizadeh and Khosroushahi, 2015). Past decade’s developments and updates on
microfluidic systems for single cell analysis with an exclusive focus on hydrodynamics

based approach are presented below.

In 2005, optimization of cell trapping in micro well for fibroblasts (as a model of
adherent cell) and rat basophilic leukemia cells (as a model of non-adherent cell) was
demonstrated. The results were able to derive a relation between well depth, well
diameter and settle time. Figure 3.4 shows the results for cell trapping correlation with
micro well diameter. For high SCC% required settle time was quite high. (Rettig and
Folch, 2005).
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Figure 3.4 Cell trapping correlation with micro well diameter

Image source: Rettig and Folch, (2005). Image showing (a-e) Schematics of the
fabrication and seeding procedure; (f) all the combinations of three different diameters
and three different depths (Note the increase in the total number of trapped single cells

as micro well gets deeper (left to right) and narrower (top to bottom)), Scale bar: 100 pm.

In 2006, an outstanding report was made where U-shaped microstructures were
utilized to trap single cells. These facilitate the lateral trapping of cells. Figure 3.5 shows

the cell trapping arrays and designs involved (Di Carlo et al., 2006).
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Figure 3.5 Cell trapping in array of traps

Image source: Di Carlo et al., (2006). (A) A photograph of the cell trapping device
with arrays of traps, scale bar: 500 mm; (B) A diagram of the device and the mechanism
of trapping presented, (C) A high resolution bright field micrograph of the trapping array

with trapped cells shown.

Hydrodynamic based tweezers for non-contact trapping of single cells using
steady streaming micro eddies was demonstrated in 2006. Figure 3.6 shows the non-

contact trapping of cells. It involves the steady streaming eddies created from audible
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frequency oscillations in the trapping process. Precise trapping of single cells were
uncertain (Lutz et al., 2006).

A

Figure 3.6 Non-contact trapping of cells using steady streaming micro eddies
Image source: Lutz et al., (2006). Steady streaming eddies created by audible
frequency oscillations collect objects from a channel and trap them at specific locations
in three dimensions, (A) Time-exposed image of flow tracer particles showing the
formation of four symmetric steady streaming eddies adjacent to the cylinder, (B) Capture
trajectories of four polystyrene microspheres. The initial location of each sphere were
shown by arrows and number labels, and circles represent their positions at 100 ms
intervals, (C) Time-exposed image showing the final trapping location of the four spheres

from part B, (Double headed arrows indicate oscillation direction) (Scale bars, 250 pm).

Microfluidics device that can be used to study the single cell gene expression
analysis in Saccharomyces cerevisiae was reported by Ryley and Smith (Ryley and
Pereira-Smith, 2006). "Jail Bars" were used to confine mother cell into the patterns, which
facilitates the escaping of daughter cell to be trapped into another "Jail Bars". Figure 3.7

shows the trap designs. Three different jail bar patterns were reported. This system
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requires a timing circuit for the media flow to be periodically reversed, as an aid to

dislodge the daughter cells (Ryley and Pereira-Smith, 2006).

Figure 3.7 Array of jail designs for cell trapping

Image source: Ryley and Pereira-Smith, (2006). Image shows i) Electron
micrograph of silicon master for PDMS devices showing various jail designs; ii) Image

series from HSP104-GFP heat shock time course (frames were taken 15 min apart).

In 2009, an array of lateral mechanical traps was demonstrated for single cell
tumour apoptosis analysis. Over 85% of the hydro-dynamically trapped cells retained
their positions during the course of the short-term experiments. Figure 3.8 shows the cell
trap array. Trapping efficiency was between 10-20%. System involves a negative

pressure driven flow which is controlled by syringe pump (Wlodkowic et al., 2009).
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Figure 3.8 Microfluidic cell array

Image source: Wlodkowic et al., (2009). Image shows microfluidic live-cell array
(A) Chip layout showing a triangular micro culture chamber, containing cell trapping
array, (B—C) SEM images of the array of PDMS cell.

In 2010, an automated particle trap based on a stagnation point flow generated in
a microfluidic device was reported. The hydrodynamic trap enables confinement and
manipulation of single particles in low viscosity (1-10cP) aqueous solution. The trapped
micro scale and nano scale particles were of the range (100 nm — 15 um). Since
hydrodynamic traps were created by a planar extensional flow field at the junction of two
perpendicular microchannels, damages may be caused to cells (Tanyeri et al., 2010). A
novel immuno-bio-sensing device for direct and rapid assessment of the antibody
production of each of thousands of living cells being captured in a single slide was
published. Each cell was trapped near a designated surface plasmon-resonant nano hole
array immuno-biosensor to detect the binding of the cell secreted antibodies to an

immobilized target antigen. Arrays of single-cell traps were consisting of concave
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hydrodynamic structures and inset micro wells. Functionality of micro well traps were
verified by testing, with 5-20 cells/well trapped following a 10 min settling time.
Untrapped cells beyond the micro wells are removed via peristaltic pumping, with the
minimal trade-off of trapped cell displacement. This system also involves multiple cell
trapping. Figure 3.9 shows the hydrodynamic trap (Romanuik et al., 2010).

Shelter

Partially X
Delaminated |

Trap

Figure 3.9 Hydrodynamic cell traps
Image source: Romanuik et al., 2010). Image showing (a) Hydrodynamic cell traps
and nano hole array shelters inset into a SU-8 based spiral, (b) Partial cell trap
delamination, due to poor SU-8 adhesion.

Single cell trapping and DNA damage analysis using micro well arrays were
developed and reported. This method suits for high throughput DNA damage
measurements providing information on multiple lesions and pathways. This method
utilizes single cells captured by gravity into a micro well array with DNA damage
revealed morphologically by gel electrophoresis. This platform enables high throughput
assessment of multiple DNA repair pathways and sub pathways in parallel (Wood et al.,
2010). Triangular micro well array capable of cell trapping was reported for short term
study and this process involves recirculation system (Park et al., 2010). A microfluidic

based single cell trapping for long-term on-chip culture was published. The investigated
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biochip facilitates lateral trapping and trapping results are showed in Figure 3.10 (Kobel
et al., 2010).

Percentage of cells

fmm 2mm dmm

Wain channel length

Figure 3.10 Cell trapping correlation with channel length
Image source: Kobel et al., (2010). Image showing (A) Overlay of a series of
images (taken at a 100 ms interval) of a 1 mm and a 4 mm trap design showing cells
missing the trap (1 mm design) and being trapped (4 mm design) (Scale bars are 100
mm), (B) Trapping yield for single traps with 1 mm, 2 mm and 4 mm long main channels
demonstrating that the trapping efficiency increases proportionally with main channel

length.

In 2011, a microfluidic device for high density hydrodynamic cell trapping,
growth and super-resolution imaging was reported. The fluidic design helps to trap the
cells in a high-density array of wells and holds them very still throughout the life cycle,
using hydrodynamic forces. The devices were compatible with the necessary criteria for
Fluorescent Photo-Activation Localisation Microscopy (FPALM) imaging of
Schizosaccharomyces pombe. A high trapping efficiency was observed in the first few
rows, as once these sites were filled further cells tended to settle into pre-occupied sites.
When too many cells were injected, crowding led to a pile-up and blocking of the main
channel (Bell et al., 2011). Single particles were trapped in a stagnation point flow at the
junction of two intersecting microchannels. The hydrodynamic trap was based on active

flow control at a fluid stagnation point using an integrated on-chip valve in a monolithic
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PDMS-based microfluidic device. Characterization of device design parameters,
enabling precise control of stagnation point position for efficient trap performance was
reported. Figure 3.11 shows hydrodynamic trap using stagnation point. Contactless
trapping is possible using this method. The stagnation point position was actively
controlled along the outflow direction via an integrated, on-chip valve by adjusting the
relative flow rates in the two outlet channels. Involves linear feedback controller for
particle trapping (Tanyeri et al., 2011).
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Figure 3.11 Hydrodynamic trap using stagnation point
Image source: Tanyeri et al., (2011). Image showing (a) Optical micrograph of a
microfluidic trapping device, (b) 3-D illustration of the microfluidic trapping device, ()
Schematic of the trapping region of two opposing laminar streams meet at the intersection
of two perpendicular microchannels, thereby creating a well-defined flow field

containing a stagnation point where an object will be trapped.

Microfluidic system consisting of the successive single-cell handlings of single-
cell isolation from a large number of cells in cell suspension, labelling each isolated single
cell and the lysate extraction from each labelled single cells were reported. Microfluidic
system was composed of main channels, cell-trapping pockets, drain channels, and
single-cell content collection channels which were fabricated by polydimethylsiloxane.
Demonstrated high-throughput and high-volume single cell isolation with 512 pocket
type device. Figure 3.12 shows cell capture using pockets. Stained cell contents were

extracted beside the cell membrane by cell lysis with a surfactant injected into the main
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channel. The cell contents extracted from each captured cell were individually collected
into each collection channel for analysis. This method can facilitate single cell analyte
based applications (Arakawa et al., 2011).

)

Captured Captured
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Figure 3.12 Cell capture using pockets
Image source: Arakawa et al., (2011). Image showing (a) cells captured in the
trapping pockets, (b) Magnification of captured cells and intrusion in to drain channel.

A new method combining a simple micro well-based cell docking process inside
a patterned microfluidic channel, with programmable time-course live-cell imaging and
software-aided fluorescent image processing was demonstrated. Budding yeast,
Saccharomyces cerevisiae (S. cerevisiae), cells were individually captured in micro wells
by multiple sweeping processes. The authors reported that the micro wells of 8 mm
diameter and 8 mm depth were suitable for an optimal docking efficiency (>90%) without
notable flooding issues. For quantitative SCA, time-course fluorescent images of the cells
stimulated by mating pheromone were captured using computerized fluorescence
microscope. Figure 3.13 shows cell trapping in different micro well size. This method
requires the optimization of cell-containing solution plug actively migrating back and
forth several times by a finger-pressure induced receding meniscus for efficient docking
process. As the meniscus recedes over the micro wells, the yeast cells were spontaneously
captured into the micro wells by lateral capillary force at the single-cell level. By

repeating these sweeping processes, the cell docking was completed (Jeon et al., 2011).
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initial state after seeding after washing
(x600) (600 or x1000%) (x1000)

Figure 3.13 Cell trapping correlation with different micro well diameter
Image source: Jeon et al., (2011). Image shows bright field images of various micro
wells at initial state, after cell seeding, and after washing step, respectively: (a) 4, (b) 8,
(c) 12, (d) 16, (e) 20, and (f) 24 mm (Scale bar: 40 mm).

In 2012, detailed numerical and experimental investigation into the optimisation
of hydrodynamic micro-trapping arrays for high-throughput capture of single polystyrene
micro particles and three different types of live cells at trapping times of 30 min or less

were reported. Figure 3.14 show trapping of micro particle in traps. Based on
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investigation with four different geometries concluded that, i) The calculated device
dimensions permitted partitioned flow between the main channel and the trap channel,
and further, preferential flow through the trap channel in the absence of any obstruction;
(ii) Different trap shapes, all having the same dimensional parameters in terms of depth,
trapping channel lengths and widths, main channel lengths and widths, produce
contrasting streamline plots and that the interaction of the fluid with the different
geometries can produce areas of stagnated flow or distorted field lines; (iii) Once trapped,
any motion of the trapped particle or cell or a shift in its configuration within the trap can
result in significant increases in pressures on the cell surface and variations in the shear
stress distribution across the cell’s surface. Also reported that a reduction of the average
carrier fluid velocity by 50% resulted in an increase from 80% to 92% occupancy of
single algae cells in traps. Reported article also act as a guideline for microfluidic design
considerations for better results (Lawrenz et al., 2012).

Figure 3.14 Single micro particle trapping using different trap designs
Image source: Lawrenz et al., (2012). Single micro particle capture in devices: (A)
triangular arrays, (B) elliptical arrays, (C) triangular arrays, (D) elliptical arrays, (E)

conical arrays, (F) square arrays, and (G) particle aggregation at square traps.

In 2012 (Kim et al., 2012), introduced a method for trapping and releasing micro
beads, using dual-function elastomeric valves. The fluid flow was controlled to ensure
that beads flowing in a main stream enter into a branch channel. Trapping and releasing
of single beads was successfully performed under an optimized pressure and flow rate
ratio. This technique utilized elastomeric valve as a dual-function removable trap instead

of a fixed trap and a separate component for releasing trapped particles. The process
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requires controlling of elastomeric valves driven by pneumatic pressure and a fluid flow
action (Kim et al., 2012a). Kumano et al., (Kumano et al., 2012) demonstrated the real-
time observation of cell division and phagocytic digestion. The conditions that enable
effective and long-term trapping of a prominent model ciliate (Tetrahymena thermophile)
within a hydrodynamic microfluidic device were discussed in much detail. This method
demands continuous pulling of a syringe containing cells at a slow rate to prevent cells
from entering the channel by swimming. Conflict requirements between cell retention
and trapping efficiency were discussed. Author also discussed that width and length of
trap need to be optimized according to the applications. Figure 3.15 shows trapping in
microchannels (Kumano et al., 2012). Cells were trapped on a stretchable micro well
array for SCA. System involves an optimized stretching using plastic tube for this process
(Subashini et al., 2012).

Cell trap

~Cell inlet Outlet

R2

Figure 3.15 Trapping using microchannel
Image source: Kumano et al., (2012). Schematic illustration of the micro channel
design for trapping (A) The whole structure of the micro channel, (B) A close-up of the
trap area, marked as the gray area in A, (C) A close-up of one trapping unit (left), marked
as the gray area in B, and the corresponding resistance circuit diagram (right), (D) A

conceptual scheme of cell trapping).

In 2013, deterministic high-density single-cell trap array were developed. In this
article lateral trapping of cells were involved (Chung et al., 2013). Microfluidic cell
trapping device to measure single cell exocytosis was reported. Quantal exocytosis
measurement was achieved by targeting single or small clumps of chromaffin cells on

top of the 10x10 pm indium tin oxide microelectrodes arrays with the developed micro
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device. About 72 % of the trapping sites were occupied by cells with the hydrodynamic
trapping method and the recorded amperometric signals are comparable to the results
with traditional carbon fibre microelectrodes. Precise amperometric measurements
require electrode surface areas small enough to minimize non-faradic information such
as electrical noise and capacitive currents, because larger electrodes cannot ensure all the
quantal release events be detected due to the high background noise, although, electrodes
need to remain large enough for allowing a quantitative collection of released molecules
from releasing point distributed on the surface of a single cell or from a collection of cells
depending on the scope of the measurements. Compromise between these conflicting
requirements was provided by using indium tin oxide planar microelectrodes with sizes
of 10 um by 10 pum and the amperometric detection system involves the fabrication of
microelectrodes (Gao et al., 2013).

Investigations on hydrodynamic trapping of microspheres in a microfluidic
particle-trap array device by finite element simulations were reported. The investigations
were based on the fluid velocity field, pressure field, and force and stress on the
microsphere in the device. They explored the trap array’s geometric parameters and
critical fluid velocity, which affected the microsphere’s hydrodynamic trapping. The
simulated hydrodynamics in the microfluidic channel impacting the moving microsphere
agree well with the experimental observation. The author concluded that the FEM
simulations provide a powerful explorative tool in designing and implementing
microfluidic devices. Lateral cell trapping were examined and reported. This article
provides a design guidelines for further improvements (Xu et al., 2013). Hydrodynamic
cell trapping for high throughput single-cell applications were developed. Reported
technique facilitates lateral trapping in to V-shaped pockets. Figure 3.16 shows cell
trapping in “V” shaped pockets. (i and ii) (Banaeiyan et al., 2013). 2-D
micromanipulation of single particles using fluid flow was published. Sample trajectory
of a single particle (2.2 um diameter fluorescent polystyrene bead) was manipulated in
two dimensions using the trap. A predetermined trajectory was programmed to spell the
letter “C” and "I". Figure 3.17 shows single particle trajectory manipulation (Tanyeri and
Schroeder, 2013).
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Figure 3.16 Cell trapping using V shaped pockets

Image source: Banaeiyan et al., (2013). Image shows i) (a) Overview of the
microfluidic device with inlets and outlets. Inlets “a”, “b” and “c” were connected to the
main channel and used to inject the cells and stress substances into the device. Inlets “d”
and “f” were used as the side inlets for hydrodynamic cell loading and reagent injection
into the side channels. Inlets “¢”” and “g” were sheath flow inlets, (b) Device dimensions
engineered for experiments with yeast cells; ii) (a) Trapping efficiency based on cell
density, (b) at lower cell density, single cells occupy 60% of the traps, and (c) in higher

cell concentration, multiple cells are trapped in 80% of the pockets (Scale bar: 10 pum).
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Figure 3.17 Single particle trajectory manipulation

Image source: Tanyeri and Schroeder, (2013). Image showing (a) Sample trajectory
of a single particle manipulated in two dimensions using the trap, (b) Sample trajectory
of an individual particle tracing the letter “I” using the flow-based trapping and

manipulation method (Scale bar: 10 pm).

Xu et al., reported a microfluidic microsphere-trap array device on a single
platform. Different types of targets were captured on the surfaces of microspheres of
different sizes. By optimizing the geometric parameters of the traps, the trap arrays in the
device can immobilize microspheres of different sizes at different regions with
microfluidic hydrodynamic trapping. The targets are thus detected according to the

microspheres’ positions (position-encoding). Figure 3.18 shows particle trapped in array
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of traps. Preliminary microsphere trapping experiments was performed on a fabricated
device using microspheres of one size. Device's single cell capture (SCC) efficiency was
around 99% and this process facilitates lateral trapping. Process was validated with the
microspheres (Xu et al., 2013).

Figure 3.18 Spheres being trapped in the array of traps

Image source: Xu et al., (2013). Image showing trapped spheres, single (red dashed

circle), multiple (yellow dashed circle), and empty (blue dashed circle).

In 2014, Kim et al., reported a hydrodynamic fluid flow through the sieve-like
microfluidic channel sequentially fills the trap positions with particles of the trap size,
and particles smaller than the trap size pass through the sieve and are trapped by smaller
traps downstream. Results showed that more than 85% of the polystyrene microspheres
(of sizes 15 pum, 6 um and 4 um) were sorted in the correct segment of the device that
targets their respective sizes. Trapping efficiency of the device was manipulated by
controlling the channel dimensions of the device. Size sorting was achieved through the
gaps in the trap positions. To enable both trapping and sorting to work at the same time,

side channels were added to isolate and decouple fluid flow between each stage in the
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device. Capture efficiency was high, although the SCC efficiency was minimal and
suitable for size-based sorting. Kim et al., commented that single trap occupancy can be
accomplished in future works by tapering the channel height to match with the zone's
target trapping size (Kim et al., 2014).

Microfluidic device was designed and developed specifically for the reversible
immobilisation of Schizosaccharomyces pombe cells to facilitate live cell super-
resolution microscopy. Photo-Activation Localisation Microscopy (PALM) was used to
create detailed super-resolution images. Technique was suitable for SCA when high-
throughput was not much of consideration and this process facilitates lateral trapping.
This process used flow system to control the fluid flow. Figure 3.19 (i) shows the cell
being trapped (Bell et al., 2014). In this work, a method for facile hydrodynamic trapping
and anchoring of bacterial cells using nano wire array with fishnet-like structure in
microfluidic channel was published. Vertically well-aligned ZnO nano wires were
directly synthesized onto the side walls of micro slit structures by hydrothermal method
to form mesh-like cage structures, which were effective in trapping and anchoring of
Escherichia coli cells as model bacteria. Two anchoring modes; impaling and wedging
were reported. This is suitable for multiple trapping of cells with certain damages to the
cells. This process requires complex fabrication steps and demands ZnO vertical nano
wire synthesis on walls. In this method, multiple cells were captured and impaling

anchors caused irreversible damages to cells (Kwon et al., 2014).

Lab-on-a-chip device with a knot shaped microfluidic network was presented
enabling trapping of single pollen grains at the entrances of a series of microchannels
(Ghanbari et al., 2014). The set-up serves to create identical growth conditions for serially
arranged tip growing plant cells such as pollen tubes. Microchannels were to harbour the
individual pollen tubes. Experimental results showed that the pollen tubes can be trapped
and start to grow inside the microfluidic chip 30 min after the injection of pollen
suspension. The application was regarding single pollen grain trapping (Ghanbari et al.,
2014). An article was published to address the compromise between cellular loading
efficiencies and trapped cell densities. The cell trapping efficiency of a microfluidic
device with two parallel micro channels interconnected with cellular trapping sites were
reported. The author mentioned that by using fine tuning parameters, more than 95% of
trapping sites were taken by individual cells. The article reported the optimized

Qtrap/Qmc (Qtrap: the flow at trap path and Qmc: the flow at main channel path) value
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for high efficiency trapping of SCC. The design patterns or parts used in the experiments
were much similar to previously reported articles (Deng et al., 2014).

Khalili et al., reported the optimisation of Qtrap/Qms for efficient trapping.
Appropriate Qtrap/Qmc ratio to perform cell trapping using the hydrodynamic resistance
concept was the ratio value above 1 (Khalili et al., 2014). A special article by Benavente
et al., demonstrating single-cell trapping and selective treatment via co-flow within a
microfluidic platform involving grooves was reported. Lateral trapping were possible and
involves optimizing of the co-flows (Benavente-Babace et al., 2014).

In 2015, a microfluidic chip with hydrodynamic traps for isolating single cells
was proposed (Kukhtevich et al., 2015). 2D motion analysis of particles in COMSOL
was used to determine the shape and size of hydrodynamic traps. Experimental
conformance of the MFC’s ability with semicircular traps was presented. A single trap
could arrest multiple cells if the diameter of the cells were very small or if a cell was
fractured and thus segregating individual cells were not always possible (Kukhtevich et
al., 2015). A microfluidic device enabling high-efficiency single cell trapping was
proposed based on least flow resistance path. T and inverse T junction structures formed
the hydrodynamic trapping sites with a view to optimize the existing channel shape and
size. Experimental results showed a 100% conformance to cell trapping and 90% single
cell trapping. It was rare, yet possible for the biggest cells to clog the main channel and
nullify the performance. Cell density plays an important role and higher density could
lead to a faster trapping, but should be regulated carefully to make sure that cluster of
cells does not fall into the same trap site. Figure 3.19 (ii) shows the micro array for cell
trapping (Jin et al., 2015).
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Figure 3.19 Microfluidic device showing cells being trapped

Image adapted from source i) Bell et al., (2014) and ii) Jin et al., (2015). Image
shows i) (A) Time montage of raw single image frames for a trapped S. pombe cell, (B)
A cell was immobilized and imaged with transmitted white light, (C) A zoomed image
where septum clearly visible, and the cell nearing fission, (D) Epifluorescence image of
the same cell showing the fluorophores clustered around the two separate centromeres,
(E) Corresponding PALM image of the fluorophore positions, (F) Increased resolution
image of the fluorophore centres showing the level of detail achieved; ii) (a) A picture of
the micro-fabricated PDMS micro-device, (b) Microscopic picture of the single cell
trapping array, (c) Zoom-in view of the microarray, (d) Bright-field microscopic image
of cells trapped in the constrictions, (e) Fluorescent microscopy image of the same cells

shown in (d), (f) Time elapsed view of trapping of a single cell.

A microfluidic digital single-cell assay for the evaluation of anticancer drugs was
proposed (Jin et al., 2015). A microfluidic hydrodynamic trapping chip was made for

digital single-cell assays with the ability to monitor the dynamics of cell over a period.
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90% single cell trapping efficiency was reported after numerically and experimentally
determining the right bypass structure. Inhomogeneity of the cell volumes had caused
reduction in efficiency of capturing single cells (Jin et al., 2015). Centrifugation-assisted
single-cell trapping in a truncated cone-shaped micro well array chip for the real-time
observation of cellular apoptosis was demonstrated. In this approach, the trapping process
required centrifugation. The process involved centrifugation with varying parameters like
size of the micro well, centrifugation rate, cell concentration, centrifugation duration, and
centrifugation cycles. Since these parameters vary for different cells and analysis, all
these parameters needed to be optimized according to each analysis. Figure 3.20 (i) shows
the truncated cone shaped micro well array (Huang et al., 2015).

Guan et al., reported the characterizing of the performance for the hydrodynamic
trap using a control-based approach. The performance of a hydrodynamic system
actuated by varying combinations of proportion-integral-derivative controllers were
investigated by implementing three types of controllers, P, Pl & PD. Proportional and
derivative controllers produced enhanced trap stability, quantified by the tightness of
confinement or the amount of cell oscillation around the set point. Due to the nature of
the process, integral control could not be proved to improve the trap stability. By adding
integral controller used to monitor the effect of integral gain Ki, no visible improvements
were seen in tightening the confinement. By adding a PD controller it was observed that
with high values of Kd fluctuations in the flow field, particle position jump were
increased (Guan et al., 2015).

Design and verification of a bi-layered microfluidic platform to capture single
cells, culture and followed by clonal proliferation were intended by the authors (Chen et
al., 2015). By using U-shaped hydrodynamic trapping sites and letting microfluidic to
flow into the downstream wall of each micro-well, single cells were trapped and
expanded over a period of time. For microspheres in the range of 20-25 pum when the Re
was increased from 1.4 to 2.8, the single cell trapping efficiency dropped, but
microspheres with 15 pum size experience increased trapping for the same Re range. Also,
when the microsphere diameter was very small compared to the well size, multiple cells
were collected in a single well. It was recorded that the first generation cell division time
was longer. For cells used in the study a delay of around 39 hours was reported before

cell divisions were initiated. Cell doubling time of cells used in the study was reported to
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be more than the time taken by culturing populations. Figure 3.20 (ii) shows the
serpentine channel with micro well array (Chen et al., 2015).
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Figure 3.20 Microfluidics with TCMA and different fluid channels
Image from source i) Huang et al., (2015) and ii) Chen et al., (2015). Image
showing i) (a) Cross-sectional view of micro wells and a representative number-coded
block on an addressable truncated cone-shaped microcell array (TCMA) chip (from left
to right), (b) Procedures for the preparation of a PDMS chip with a truncated cone-shaped
micro well array, (c) Steps for centrifugation-assisted single-cell trapping, (d) Schematic
illustration of the principles for the fabrication of inverse truncated cone-shaped micro
posts (left) and normal columnar micro posts (right); ii) (a) Design with a serpentine
channel on top of wells, (b) Design with a tree-pattern flow channel, (c) Cross section of

one well for both design.

Article by Guan et al., (Guan et al., 2015) described an analytical design guideline

for deterministic single cell hydrodynamic trapping by optimizing streamline
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distributions that fell under laminar flow with cell dimension as the key factor. By
carefully considering the target particle size, increased trapping efficiency could be
achieved as compared to optimizing flow rates alone. Factors like cell density, cell size
distribution, quantity of trap sites, and velocity of flow may have an impact on the
efficiency of trapping. For example, high cell density could lead to choking of channel,
non-uniform cell size could lead to loss of smaller cells if the traps were not designed to
trap them. Lower cell trapping sites may lead to overflow. If the flow regime was not
laminar or if flow pressure was too high, the cells could pinch through traps by deforming.
Figure 3.21 shows cell being trapped in fluidic trap (Guan et al., 2015). The authors
intended to develop a finite element simulation model (ABAQUS) of single-cell trapping
system that could trap any type of cells or particles based on the hydrodynamic trapping
in the main channel. Optimization of design was carried out by trapping out yeast cell
model. The effect of the hole position (trapping site), parameters involved in trapping
(back pressure etc.) and size were investigated. Cells with dimensions smaller than that
of the trapping site could collect multiple cells in a single site. Trapping greatly depended

on the geometric parameters of the channel (Khalili and Ahmad, 2015).

a)

Figure 3.21 Cell being trapped in a fluidic trap
Image source: Guan et al., (2015). Image showing (a) Superimposed time-lapse
image of white blood cell trapping and (b) close-up of captured white blood cell, white

arrow indicates the direction of flow.

3.3 Critical Review

Microfluidic devices are creating new breakthroughs in the field of SCA. These

devices are helping pharmaceutical industry, medical diagnosis, healthcare, life science
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research and many other different spheres in advancing to newer frontiers. In coming
years, this research will extend to cater its service in all aspects of single cell dynamics.
The industry trend and interest in this field have grown multifold in recent years and is
expected to proliferate further. Even though hydrodynamic microfluidic systems have
many advantages in single cell studies, several demerits such as time consumption for
optimizing fluidic device, fabrication reliability, and user interface need to be addressed
to advance the application of the systems further. Moreover, the integration of the
hydrodynamic microfluidic platform to omics technology and its standard
characterization needs to be addressed for SCA with a special focus. Literatures are
critically summarized in this section, based on the earlier presented literatures and Table
3.2 summarizes the single cell vertical trapping systems. Each method was critically

summarized highlighting their upside and downside.

The future devices will focus on overcoming some of the drawbacks of the current
microfluidic systems for single cell analysis, along with its adoption towards new
applications. Future systems can be further improved in many ways, as discussed below.
Passive systems: microfluidic system with non-auxiliary devices will be of interest, thus
leading to the reduction in cost and lab space. System complexity: complexity in
fabrication methods or process will be of least interest and considered demerits. Less
complex systems will be more preferred in the market. Handling: less expertise
requirement for handling will be the need of the market. High throughput: systems with
a high throughput of single cell analysis will be of interest. Cell trapping: high single cell
trapping will be of interest with least or no cell cluster trapping. Trapping resolution: the
focus will be on the improvement of the trapping resolution. Operation time: low
operation time is very much essential. Reduction of running and settling time will be the
crucial factors to focus. Compatibility: microfluidic systems that are compatible with the
existent modalities will be advantageous. Evaporation: the evaporation of reagents during

operation acts as a barrier for an efficient cell separation and manipulation.

With these focus areas, effective strategies need to be developed by utilizing the
full potential of microfluidics to address the issues. These directions facilitate further

exploration of growing demand for SCA.
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Table 3.2 Critical summary of contact-based hydrodynamic vertical trapping
Cell used Inlet cell Well / trap Flow Auxiliaries  Time Applications General Reference
density area rate involved taken practical
dimensions implications
/ downside
NIH3T3 2500- For - - 5-40  Single cell Microwell (Rettig and
fibroblasts 6200 fibroblasts min assay size needs to Folch,
or rat cells/fmm?  (Microwells be optimized 2005)
basophilic of D =25 um, for each
leukemia H = 27-um), specific cell
(RBL-1) for RBL-1
cells cells
(Microwells
of D =20 pm,
H =21-um)
Human PC3 1.5 x 10° Triangular 0.05 — Used a 20 Short term, Requires (Park et
prostate cellssrmL  microwells 0.15 syringe min single  cell fluid al., 2010)
cancer cells (side length mL/h pump analysis pumping
of 50 um with system,  for
depth of 20 providing

pm) varying flow
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Polystyrene
microsphere
s and 17/9
mouse B
cell

hybridoma
cells

TK6 human
lymphoblast
s; Human B-
lymphocyte
lines
GM15268,
GM15242,
and
GM15224
(Coriell
Institute);
and
OVCAR-8
human
ovarian
cancer cells

In the
order of
10°/mL

5 x 10
cellsymL

Microwells
(30-200 pm
diameters,
60-80 Hm
depths

Microwells
depth and
width  were
varied from
20-50 um

In the

order
tens

of
pL/min

of

Used a
peristaltic
pumping
Agarose-
PBS gel was
applied to
seal the cells
within  the
microwell

10
min

15
min

Immunobiose
nsing
applications

Single  cell
DNA damage
analysis
applications

rate  during
operation

Involves
peristaltic
pumping
system.
Suitable for
multiple cell
trapping
applications

Complex
process.
Custom
software were
used for
analysis

(Romanui
k et al,
2010)

(Wood et
al., 2010)
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S.
cerevisiae
(SH129)

Ba/F3 cells

HelLa cells

5.0 x 10°
cells/mL

1.25 x 108
cells/mL

2 x 10°
cells/mL

Microwells -
(4-24 pm
diameter and
8 um depth)

Microwells

diameter 12
pm (stretched
(20 pm),
height of 15

pum

Microwells
with diameter

sizes of

10—24 pm

Direct
Seeding

Direct
seeding

Manipulatio
n of solution
plug by
applying
hand
pressure
after closing
one side of
reservoir

Stretching
and
withdrawal
were
precisely
controlled
by a manual
micromanip
ulator

Centrifugati
on assisted
at rate of
1500 rpm
(4539).

5-10
min

5-10
min

Few
secon
ds

Single  cell
imaging and
quantification
applications

Single  cell
analysis

Drug
screening,
Cancer
diagnosis

Flooding (Park et
effect occurs al., 2011)
at cases.

Requires

manual

manipulation

of  solution

plug.

Involves (Wang et
precise al., 2012)
stretching and

withdrawal of

PDMS

microwell

array for cell

trapping.

Different cell

size requires

different

design

optimization

Requires (Huang et
centrifugatio  al., 2015)
n
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Microspher
es (25 um),
Human
dermal
fibroblasts
(HDFs,
CRL-2429)
and K562
cells
(human
immortalise
d
myelogenou
s leukaemia
Line)

5 x 10°
cells/mL

Microwell

diameter (0.5
-1 mm),
Trap width of
18 and 27 pm

10
min

Stem
research,

cell

Regenerative

medicine

(Chen et
al., 2015)




3.4 Chapter summary

To the best of the author’s knowledge, none of the studies in the literature have
investigated the relative efficiency of hydrodynamic-based fluid channel designs on SCC.
The effort of this work has been taken to investigate the effects of fluid channel design
and micro well array design orientation for single cell trapping efficiency.

Thus, by considering all of the above mentioned points from literature study, it
demonstrated the need to investigate the passive microfluidic biochip platform for cell
morphology diagnosis research using cell imprint lithography technique.
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CHAPTER 4

CARBON NANO PARTICLE-POLYMER COMPOSITE CELL IMPRINT
LITHOGRAPHY

4.1 Organization of this chapter

This chapter describes in detail the methodologies. Methods involved in this

research can be broadly divided into four sections,
1) Carbon-polymer cell imprint lithography
2) Microfluidic biochip platform
3) Cell morphology feature detection
4) In-vitro evaluation of the fabricated polymer composites

Figure 4.1 shows the overall flow chart of the research. The flow chart shows the
directions of the research methods involved. In Figure 4.2, it illustrates the overall
methodology used in this study. Following sections present cell imprint lithography
polymer preparation and optimization study; cell imprint lithography with and without
stimulation for diagnosis; cell imprint lithography for drug therapy applications for
extracellular diagnosis; cell response study for polymer; polymer composites in-vitro
evaluation for biomedical applications; biochip fabrication and operational optimization
for achieving high single cell trapping; and detection of extracellular morphology features

obtained from cell imprint lithography.
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4.2 Cell culture and maintenance

Cells used in this study were human breast adenocarcinoma (MCF-7), human
cervical cancer cells (HeLa), human lung carcinoma (A549), colorectal adenocarcinoma
(HT-29), human gingival fibroblast (HGF-1), mouse fibroblast cells (3T3-L1) and mouse
connective fibroblast cells (L929). All cells were from American Type Culture
Collection, USA. A549, MCF-7, HGF-1, HT-29, HelLa and 3T3-L1 were cultured in
DMEM medium (Gibco, USA). The L929 cells were maintained in MEM supplemented
with 3% glutamine, 7.5% NaHCO3 and 10% FBS and 1X Antibiotics. The cells were
maintained at 37°C under humidified atmosphere, with 5% CO, and 95% air in the
incubator (Memmert, Germany). All procedures involving the cells were conducted
under biosafety cabinet (ESCO, Singapore) to maintain sterility and to avoid
contamination. Complete cell culturing methods and protocols used are described detail
in the Appendix A.

4.3 Carbon-polymer composite preparation and imprinting

This section describes in detail the methods involved in carbon-polymer

composite imprinting process.
4.3.1  Carbon nanoparticle characterization

Carbon-nano-particle (CNP) (Ketjenblack EC-600JD - AkzoNobel) was
characterized using SEM (Zeiss, EVO 50, Germany) and TEM (Zeiss, Libra 120,
Germany), in order to see the carbon particle shape, size and surface morphology at
different magnifications. The SEM samples were prepared by blowing CNP particles
over the carbon tape stuck to the stub. The TEM samples were prepared by depositing
two to three droplets of the nanoparticle suspension onto a grid, which was air dried prior
to the TEM analysis.

The chosen super conductive CNP is a very pure carbon black extremely suitable
for antistatic and electro conductive applications. Low loading is sufficient to achieve the
significant conductivity increase, due to its uniqgue morphology and the extremely high
surface area of approximately 1400 m2/g (BET), thereby minimizing loss in mechanical

and rheological properties. Because of these properties, many researchers have used and
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reported CNP (Carbon Black) composites for many applications (Kozlowski and
Kozlowska, 1996, Holade et al., 2014, Moss et al., 2011, Oki et al., 2013, Molaire, 2012).

4.3.2 Carbon-polymer mixture preparation and optimization:

Polymer preparation and optimization involved three stages, which are CNP-
triglyme ultrasonication, carbon-polymer mixture (CPM) and UV photo polymerization.
Figure 4.3 shows the process flow chart for the fabrication of carbon polymer composites
for cell imprint lithography.

Carbon nanoparticle and
triglyme mixture
ultrasonication (different
concentration)

Carbon polymer mixture
preparation

Carbon polymer composite
fabrication using photo
polymerization

Optimized until
max load wt %
with proper
peeling and curing

CPC curing and
peeling
properly?

Carbon polymer
composites for imprinting

Figure 4.3 Flow chart for carbon photopolymer fabrication

4.3.2.1  Carbon nanoparticle-triglyme ultrasonication

CNP-triglyme stock solutions with concentrations of 0 wt %, 0.14 wt%, 0.28 wt%,
0.42 wt%, 0.56 wt % and 0.70 wt % were prepared by ultrasonicating CNP in triglyme
(Sigma Aldrich). Ultrasonication was performed at room temperature for 90 min. While
performing ultrasonication, the glassware containing CNP-triglyme mixture was covered

with aluminium foil to protect it from light.
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4.3.2.2  Carbon-polymer mixture

CPM is prepared using the mixture of CNP-triglyme, ethylene glycol
dimethacrylate, methacrylic acid (Sigma Aldrich) and IRGA cure 2022 (CIBA Specialty
Chemicals) with proportions of 71.1%, 25.2%, 2.5% and 1.2% respectively. This yielded
CPM with final concentration of 0 wt%, 0.1 wt %, 0.2 wt%, 0.3 wt %, 0.4 wt% and 0.5
wt % through the respective CNP-triglyme stock solutions. CPM were vortexed for 5 min
by covering the container with aluminium foil to protect them from light. CPM was
prepared instantly.

4.3.2.3 UV photo polymerization

Prepared CPM was then applied over the glass slide (flat surface) and cured using
UV source (100W, 250-450 nm) for 7 min. Cured polymer was peeled off from the glass
slide and herein will be referred as non-carbon polymer composite (N-CPC), 1-CPC, 2-
CPC, 3-CPC, 4-CPC and 5-CPC for 0 wt %, 0.1 wt %, 0.2 wt %, 0.3 wt %, 0.4 wt % and
0.5 wt % respectively. For optimization, CPM was applied over the plain glass slide and
then cured. The obtained polymer will be termed in general as carbon polymer composite
(CPC). Optimization was performed based on two factors, which are CNP wt % and CPM
volume. Based on the optimization study, the 0.3 wt % CPM was able to rapidly cure and
peeled off without any damages or distortions on the bottom surface. Thus, this

composition was used for further studies.
4.3.3  Photopolymer effect and cell cytoskeleton study

In order to study the effect of the process to cells, two stages of experiment were

performed, cell reaction to photopolymer and bioimprinting process effect.
4.3.3.1  Polymer-cell response

The effects of the polymer to cell morphology were studied using 3T3-L1 and A549
cells. The fibroblast cell line was chosen as it met the requirements of international
standards (ISO 10993-5) (Wallin and Arscott, 1998). To investigate the effect on cancer
cells, A549 lung cancer cell line was considered. The 3T3-L1 fibroblast and A549 lung
cancer cells were seeded on a glass slide in a petri dish. After 24 hours, the glass slides
were washed with phosphate buffer solution (PBS) (Sigma-aldrich) thrice, then cells were

exposed to polymer mixture for 5 min. Polymer mixture exposure to cells were carried
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out in dark environment. Exposing time was chosen to be 5 min because during the
bioimprinting process the CPM would polymerized in less than 5 min. Thus, any change
in morphology within this time frame was crucial. Consequently the cells were washed
with PBS thrice and media (Sigma-aldrich) twice. Cells were observed and captured in
inverted microscope (EVOS). The exposed glass slides were incubated and after 24 hours
of incubation, the cells were washed with PBS and observed under an inverted
microscope (EVOS).

4.3.3.2  Bioimprinting effect to cells

To study the effect of bioimprinting process to cell morphology, 3T3-L1 fibroblast
and A549 lung cancer cells were seeded in 4 well glass slides (Nunc™ Lab-Tek™ II
Chamber Slide™, ThermoFischer Scientific). After 24 hours of incubation, the cells were
washed with PBS and bioimprint processes were performed as mentioned earlier. After
the curing and peeling processes, the glass slides were subsequently washed with PBS
thrice and with media twice, then observed under inverted microscope.

4.3.4  Carbon polymer composite (CPC) electrical resistance measurement

In order to investigate the changes in electrical properties of CPC due to doping of
CNP, a simple electrical resistance measurement was performed. Samples were prepared
with a CPM volume of 300 pl and cured blocks were sliced at the uneven surface to make
it as a rectangular cuboid block. Electrical resistance was measured by placing electrodes
at the two side surfaces which was separated by the long edges of the rectangular cuboid
block (2.7 x 1.0 x 0.3 cm). Electrical resistance was measured using a multi-meter in

resistance mode. Schematics of measurement is shown in Figure 4.4.
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— Multimeter

— — Rectangular cuboid block

Figure 4.4 Schematic illustration of resistivity measurement setup
This diagram describes the CPC resistivity measurement setup using multi-meter

4.4 Passive hydrodynamic microfluidic biochip platform

In order to capture and imprint the single cell, microfluidic biochip platform was
employed. Three designs namely straight channel, branched channel and serpent shaped
channel were considered. The effects of fluid channel design and microwell array design
orientation for single cell trapping efficiency were investigated. Demonstrated a micro
fluid dynamics based biochips, capable of vertical cell trapping with high SCC for short

term study.

4.4.1  Biochip design

Biochip designs with the straight channel, branched channel and serpent fluid
channel were designed, fabricated and investigated. Biochip consists of a fluid channel
of width 2 mm with a hexagonal microwell array of diameter around 35 pm and depth of
30 um. Straight channel design consists of ~3500 microwells, branched channel design
consists of ~5000 microwells and serpent shaped design consists of ~1100 microwells.
The cell suspension was pipetted out into the inlet well which flows through the channel
and to be collected at the outlet well. During the process, the cell gets captured in the
hexagonal array of the microwell. The microfluidic platform was tilted to an angle of
around 10-15° during the operation to assist the flow. This angle range was chosen so that
the flow was moderate for cell trapping, and if the angle was too high or too low, the cell

trapping would not be efficient. Figure 4.5 (a) shows the biochip illustration.

65



4.4.2  Biochip design simulation analysis

Comsol Multiphysics 4.3 was used for simulation, with no-slip boundary
conditions, and the simulation was done by specifying the cell (particle tracing) properties
like mass and size. Particles of mass (2e-12kg) and particle diameter (10e-6m) were
considered in this simulation study. Fluid properties were also mentioned. Fluids were
modeled with the density value of 999.97 kg/m?3 and dynamic viscosity value of 1.0016
m.Pa.s at 293.15 K. Inflow velocity of the fluid (0.1 mm/s) was mentioned and
corresponding boundary conditions were specified in the software. Drag force was also
considered in the simulation. Boundary conditions specified were shown below in Table
4.1.

Table 4.1 Boundary conditions of modelling

Initial Microchannel Inlet  Microchannel Microchannel
Values Wall Outlet
Ux=0m/s A constant velocity, The flow is Static pressure,
Uy=0m/s Uo = 0.0001 m/s assumed as no slip, 0 Pa, is imposed at
P=0Pa Uwan = 0 m/s. channel outlet.

Po =0 Pa

4.43  Biochip fabrication

Biochips were fabricated using emulsion mask grayscale photolithography
process (Lee and Mohamed, 2016). The biochip patterns were designed using CorelDraw
X7. Due to the 5:1 shrinking rate of the mask fabrication equipment, the designed pattern
was drawn 5 times larger than the original dimension. The percentage of grayscale
concentrations were used to control the height of developed photoresist obtained after the
UV exposure process. The designed grayscale mask was printed on a transparent
polyethylene terephthalate (PET) film by using image setter technique. The printed
transparent film was also known as master mask film. Then, a Simple Mask Fabrication
Machine MM605 (Nanometric Technology Inc.) was used to project the image from the
printed master mask film in a 5:1 reduction scale onto a High Precision Photo Plate
(Konica Minolta, Inc.), also known as emulsion mask. The emulsion mask was coated
with a light-sensitive silver halide. The entire mask exposure process was carried out in
a dark room condition due to the high light sensitivity of emulsion mask. Prior to the

emulsion mask exposure process, the silver halide coated surface was placed facing
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towards the light source with the exposure time adjusted to 8 seconds. After the exposure
process, the exposed emulsion mask was immersed into an emulsion mask developer at
room temperature for 2 min. The emulsion mask developer was a mixture of 1 part of
high-resolution plate developer (CDH-100) from Konica Minolta Opto, Inc. and 4 parts
of distilled water. The immersed emulsion mask was stirred continuously to ensure
uniform development process. During the development process, the previously exposed
silver halide had formed a high optical density metallic silver that could be functioned as
an excellent optical filter on the emulsion mask. Dark-field emulsion mask was created

during the development process.

The substrate used was (3x1)-inch size microscopic glass slides (DURAN
Group). Glass substrate was selected due to its transparent property in order to create 3D
relief surface structure by using the back UV exposure method. The glass slides were first
cleaned to remove surface contaminants by using an ultrasonic bath (GT sonic VGT-
1613QTD) with acetone for 5 min, followed by an ultrasonic bath with methanol and
isopropyl alcohol (IPA) each for 5 min before being rinsed with distilled water.
Immediately after the surface cleaning process, 2 ml of SU-8 2010 photoresist
(MicroChem) was dispensed and spread over the entire surface of the (3x1)-inch glass
substrate to produce a 700 um thick SU-8 film. During this process, the coated SU-8 film
was self-planarized. The resultants were a flat and uniform layer due to the surface
tension and high mobility. The SU-8 coated glass substrate was soft baked at the
temperature of 95 °C for 10 hours using a conventional oven. It was important to make
sure that all the SU-8 coated samples were placed flat in the conventional oven as the
gravity force may affect the flow of photoresist. The photoresist coated glass substrates
were then exposed using one side mask aligner LA4100 R1 (Sanei Electric Inc.) with
back exposure method. The power density of the i-line (365 nm) mercury lamp was set
to 180 W and the SU-8 coated glass substrates were exposed for 30 seconds. Post
exposure bake was performed right after the UV exposure process. The exposed samples
were first baked at a temperature of 65 °C for 2 min on a hot plate. Then the temperature
of hotplate was gradually ramped up to 95 °C for 10 min. After 10 min of baking, the hot
plate was switched off while the samples were still left on top. The samples were allowed
to cool down slowly to a room temperature. This slow cooling process reduced stress
built up in the cross-linked SU-8 and further avoiding cracking and deformation of

patterns during the development process. The developing process was carried out by
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immersing the exposed samples into SU-8 developer solution (MicroChem). An
ultrasonic cleaner was used to enhance the development process. With the help of
ultrasonic cleaning, the development process took only 2 min to completely dissolve all
unexposed SU-8 photoresist from the glass substrate. After the first development, the
developed samples were rinsed by using another batch of clean SU-8 developer solution,
then followed by the IPA and distilled water. Finally, the developed samples were blown
dry by using a stream of nitrogen gas. Fabricated biochips were shown in Figure 4.5 (b-
d).

Figure 4.5 Fabricated biochip and its operation
Images showing (a) Illustration of biochip operation, where 8 corresponds to the
tilt angle; (b) Fabricated biochips; (c) Biochip scale with a Malaysian 50 sen coin used
as a reference and (d) Microwell array on fabricated biochip, images taken from

InfiniteFocus measurement system (ALICONA).
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4.4.4  Microfluidic biochip for single cell trapping and cell viability test

Prior to operation, the biochip was covered with a coverslip and sealed. Biochips
were sterilized with 70% ethanol and UV for a few min before using. Once cells (A549)
grown attained 80% confluency, they were trypsinized and centrifuged (Eppendorf 5810,
USA) at 700 rpm for 5 min. Cells pallet was resuspended in complete growth media. 100
ul cell suspension with a density of 3.5x10* -7.5x10* cells/ml were mixed with Trypan
Blue (Sigma-Aldrich, USA) and were pipetted down into the biochip, which was tilted at
an angle of around 10-15° (achieved by placing biochip edge with inlet, on the side wall
of the petri dish size brand) to enhance the fluid flow in the channel. Pipetting was done
gently and slowly. After the fluid was drained out from the outlet and the channels were
filled with fluid, the biochip was gently placed into a petri dish and incubated. During the
transfer to the petri dish, caution was taken not to shake the biochip, as it may result in
moving the cell out of the microwell before attachment. A hexagonal array of microwell
was observed under a microscope (Leica DM 2000 LED) for its trapping and viability.
Overall techniques were kept simple and not much complex process handling was done

on the cells.

4.45  Single cell fluorescent measurements

In order to confirm the cell morphology and attachment of cells in biochip,
fluorescent signals from single cells were captured. After loading cells, the biochip was
incubated at temperature of 37° C under humidified atmosphere, with 5% CO2 and 95%
air for 3 hours for cells attachment. Once attached, the biochip was washed with PBS to
fully remove remaining media. Cells were fixed with 4% paraformaldehyde (Sigma,
USA) for 30 min and subsequently washed with PBS. For 5 seconds, cells were
permeabilized using 0.1% Triton-X (Sigma, USA) prior to wash. Fixed A549 cells were
dyed with DAPI (Sigma, USA) and Rhodamine Phalloidin (Molecular Probe, USA) for
10 min, washed subsequently and mounted with glycerol (Sigma, USA) for fluorescence
imaging. Fluorescent images were taken by using a microscope (Nikon Eclipse TE 2000-

S Tokyo, Japan).

4.5 Fabrication of cell imprinted carbon polymer composite (CI-CPC)

In this section described in detail the process involved in the fabrication of
imprinted CPC.
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45.1  Fabrication of plain carbon polymer composite CPC

Plain CPC was prepared as described in section 4.3.2. This experiment was
conducted to test the capability of the CPC to peel off without any deformations at the

bottom surface.

45.2  Fabrication of cell imprinted carbon polymer composite (CI-CPC)

Monolayer cell culture was preferred and once the cells cultured in 4 well glass
slide (Nunc™ Lab-Tek™ II Chamber Slide™, ThermoFischer Scientific) attained a
confluent state, media were pipetted out. By placing absorbent paper at all the four
corners of each well, it was made sure that no solution was left at the glass slide. Then
the glass slides were air dried for 5 min. Prepared CPM were pipetted over the cells in
the glass slides. Based on the optimization, 250 pl of CPM with concentration of (0.3 wt
%) was applied and cured using UV light (100 W, 250-450 nm) for 7 min. Cured polymer
was peeled off from the glass slide and washed in DI water to remove any debris or cell
particles attached. The obtained polymer herein will be referred as cell imprint-carbon
polymer composite (CI-CPC). The imprinting process is shown in Figure 4.6.
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Developed Scaffold obtained negativereplica
6,200, ¢ Obtained Scaffold with
ng Cell Morphology features
Figure 4.6 Imprinting process

This diagram describes the sequential step by step process involved in

fabrication of cell imprinted carbon composite.
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To facilitate the single cell imprinting capability, developed microfluidic biochip
platforms were used. After 24 hours of incubation (time sufficient for cells (A549) to
attach and spread) of cells trapped in biochip, bioimprinting process was performed. This
process enabled the capture of single cells imprints.

45.3  Scanning electron microscope imaging

The fabricated polymer samples were imaged under SEM (Zeiss EVO 50,
Germany). In order to image in SEM, the samples were stuck to stub using double sided
carbon tape. Prior to imaging samples were stored in desiccator.

4.6 Cell imprinted carbon polymer composites (CI-CPC) for cell diagnosis

In order to evaluate the imprinting capabilities of the CPC for cell morphology
based diagnosis, experiments were conducted on two types of cells, namely A549 and
MCF-7.

4.6.1 Bezoar extract preparation

In preparing bezoar (BZ) extract stock solution, 100.0 mg of BZ powder were mix
with 50.0 ml of hot distilled water and placed on hot plate stirrer (Lab Tech Daihan
Labtech Co. Ltd, Japan) at speed of 1000 rpm, 60°C for 24 hours, until the solution colour
changed from transparent into dusky grey solution. Then, the BZ extract solution was
kept at room temperature for another 3 days before filtered with 0.22 um syringe filter
(Millipore, USA) to get a sterile stock solution which was kept in 4°C for storage.
Working solution of BZ extracts was prepared fresh by diluting the stock solution with

CGM prior being used.

4.6.2  Vincristine sulphate solution preparation

Vincristine sulphate (VC) powder (Sigma-Aldrich, USA) was dissolved in ultra-
pure water to yield 50 mg/ml clear and colourless solution of stock solution. Working

solution of VC was prepared fresh by diluting the stock solution with CGM prior use.

4.6.3  Experiments on A549

Two sets of experiments were performed on A549, one with the VC and another
with BZ. For A549 VC experiment, A549 cells were seeded with 1.0 X 10° cells/ml of
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cell density in four well chamber slides for 24 hours of incubation. After 24 hours of
seeding, cells were observed for their confluency, attachment to flask and morphology.
Media was discarded with pipette pump (Eppendorf, Germany), and cells were washed
with PBS twice, then 1 ml fresh CGM with 10 ng/ml of VC was added prior incubation
at 37 °C, 5% CO>. Once reached the incubation period of 24 hours, media was discarded
from the well and washed with PBS 3 times gently. Then CPC imprinting was performed

as mentioned in previous section to obtain CI-CPC replica which was imaged under SEM.

For A549 BZ experiment, A549 cells were seeded with 1.0 X 102 cells/ml of cell
density in four well chamber slides for 24 hours of incubation. After 24 hours of seeding,
cells were observed for their confluency, attachment to flask and morphology. Media was
discarded with pipette pump, and cells were washed with PBS twice, and then 1 ml of
fresh CGM with 20.0 pg/ml of BZ extract was added prior incubation at 37 °C, 5% CO..
Once reached the incubation period of 72 hours, media was discarded from the well and
washed with PBS 3 times gently. Then CPC imprinting was performed to obtain CI-CPC
replica which was imaged under SEM.

4.6.4  Experiments on MCF-7

For MCF-7 BZ experiment, MCF-7 cells were seeded with 1.0 X 10° cells/ml of
cell density in four well chamber slides for 24 hours of incubation. After 24 hours of
seeding, cells were observed for their confluency, attachment to flask and morphology.
Media was discarded, cells were washed with PBS twice, and then 1 ml of fresh CGM
with 20.0 pg/ml of BZ extract was added prior incubation at 37 °C, 5% CO,. Once
reached the incubation period of 72 hours, media was discarded from the well and washed
with PBS 3 times gently. Then CPC imprinting was performed to obtain CI-CPC replica

which was imaged under SEM.

4.6.5  Comparative interpretation on various imaging modalities

After cells were exposed to treatments, three set of observations were made using
three different imaging modalities known as optical observation, fluorescent imaging
observation and SEM replica observation. For optical microscope observation, after
treatment, the cells were observed under optical microscope. For fluorescent imaging
observation, after treatment, the cells were fixed and fluorescent stained as explained in
section 3.3. For SEM CI-CPC observation, after cell treatment CPC imprinting was

performed to obtain CI-CPC replica which was imaged under SEM. These experiments
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were performed to compare the information extraction through three modalities and to
correlate the data for further investigations.

4.7 Cell morphology feature detection

The cell-imprint replica images were further processed for feature detection. Image
processing algorithm were used with series operations like region of interest selection,
RGB to colour plane extraction, edge detection and feature detection, which is shown in
Figure 4.7. This diagram depicts the series of step by step process involved in the image
processing. Region of interest was used to specify the interested regions of the image. It
was then followed by colour plane extraction and in this process green plane was used as
it contained the needed information. Canny edge detection algorithm was used as it is one
of the methods that provide good and reliable detection. It becomes one of the most
popular algorithms for edge detection.(Chou et al., 2002) The program was designed in
National Instruments LabVIEW Vision 2014, which can autonomously detect the

features.
Col Pl Feat
Input Image ROI Selection olour .ane ea ure
Extraction Detection
Figure 4.7 Series of image processing steps for feature detection

A region of interest (ROI) is a selected subspace of the input sample image. In the
wide variety of applications the ROI selection plays a vital role such that, in medical
imaging the boundaries of the tissues and the tumour regions was segmented. Different
dimensions of the data sets can be viewed, for example the 2D dataset provides the
boundaries of the image, and 3D dataset provides the contours outlining the object. The
edges can be extracted by means of several algorithms in the image processing. The
algorithms may differ for both colour images and the gray scale images. In general, for
the colour images the geometrical clustering was used to extract the region of interest and
for the greyscale images, canny operator is the best technique for the extraction of edges.
The feature extraction from the raw image can be done by the colour plane extraction.
This can be done in two ways. One method converts the colour image to the greyscale

image and by using bit plane technique, the different intensities of the input image can
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be extracted. The other method considers the original colour image and by using different
colour models, the features were extracted. The number of planes may vary depend upon
the input and the application. The hierarchical models are used to extract the colour planes
in the previous works. Incorporating the images with the models and the gathered data
provides the plane extraction. In general the algorithms such as probabilistic models,

Expectation maximization can be used to extract the features.

To examine an image, the feature detection algorithm was adopted. The
geometrical features, textural features were considered in the feature detection. Some of
the features were edges, corners, ridges. The edges were the features which can describe
the structural properties. The local two dimensional structures were described by the
corners. A ridge descriptor computed from a grey-level image could be seen as a
generalization of a medial axis and a ridge can be thought of as a one-dimensional curve
that represented an axis of symmetry, and in addition has an attribute of local ridge width
associated with each ridge point. Blobs provided a complementary description of image
structures in terms of regions. The primary purpose of the edge detection was the
reduction of dataset in the input image and also the structural properties of the image
could be extracted. The edges characterized the boundaries of the image, as well as the
structural property or the boundaries as the important tool for the diagnosis of such
problems. Many algorithms such as sobel, prewitt, Robert algorithms are used for the
edge detection but this operator is the prominent operator for the edge detection and
known as optimal edge detector (Shrivakshan and Chandrasekar, 2012, Canny, 1983).
This algorithm consisted of the basic steps such as smoothing the image in order to
remove the noise, finding the gradients to highlight the regions with higher order
derivatives, and the pixels with minimum value was suppressed by non-maximum
suppression, double thresholding and the remaining pixels was tracked by the edge

tracking.

Gaussian filter equation kernel of size (2k+1)x(2k+1) is given by:

1 ( (i—k—1)2+(j—k—1)2> (4.1)
exp| —

Hyj = 2102 202
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The edge detection operator (Roberts, Prewitt, Sobel) returns a value for the first
derivative in the horizontal direction (Gx) and the vertical direction (Gy), which can be
used to determine the edge gradient and direction.

¢ =V(G,* +6,?) (42)

0 = atan2(G,, Gy) (4.3)

where G can be computed using the hypot function and atan2 is the arctangent

function with two arguments.

4.8 In-vitro study of polymer composites for biomedical applications

In-vitro methods for assessing cytotoxicity and cytocompatibility have become
popular due to its fast, reasonable result and low cost. Polymer was evaluated for
cytotoxicity and cytocompatibility by various methods as described below. Cytotoxicity
is the quality of being toxic to cells. Measurement of cytotoxicity assays was performed
to determine toxicity nature of the compounds. Assessing cell membrane integrity is one
of the most common ways to measure cell viability and cytotoxic effects. Compounds
that have cytotoxic effects often compromise cell membrane integrity (Riss and Moravec,
2004).

4.8.1  Sample preparation

Polymer composites after peeling out from glass slide were processed for
cytotoxicity analysis. Since the samples were acidic in nature, they were neutralized by
washing with 0.1N NaOH followed by thorough rinsing with PBS. Then samples were

sterilized by 70% ethanol and washed thrice with culture medium prior to test.
4.8.2  Cytotoxicity studies

Cytotoxicity of polymer was analyzed by direct contact and tested on extract

assays.
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48.2.1 Direct contact

L929 cells were harvested using trypsin—-EDTA solution and seeded in 24 well
plate at a cell density of 30,000 cells/well and maintained till confluenced. 4 mm piece
of polymer was placed carefully over the subconfluent monolayer of cells and incubated
for 24 hours. After 24 hours, cytotoxicity was evaluated as per 1ISO 10993-5 standard and
graded under inverted phase contrast microscope. In order to visualize viable cells the
monolayer was stained with neutral red solution (0.5% in physiological saline) for 15

min.
4.8.2.2 Test on extract

Polymer was extracted using culture media at 37°C for 24 hours at an
extraction ratio of 3 cm?/ml. Extraction at different concentration were placed on
subconfluent monolayer of cells seeded in 96 well plate. 100% extracts were diluted with
culture medium to get 50% and 25% concentrations. Diluted phenol and high density
polyethylene (HDPE) were considered as positive and negative control respectively.
Different dilutions of test sample extracts, positive control and 100% extracts of negative
control in triplicate were placed on subconfluent monolayer of L-929 cells. After
incubation of cells with extracts of test sample and controls at 37 £ 1°C for 24 to 96 hours,
cell cultures were examined microscopically for cellular response and graded as per
1SO10993-5 standard under inverted phase contrast microscope. MTT assay was also
done after cytotoxicity evaluation of test sample. Culture medium was removed and 50
pl (2 mg/ml in medium without supliments) was added and incubated for 2 hours. After
2 hours formazan crystals were solubilised using 100 pl of isopropanol and activity was

read at 570 nm using spectrophotometer (Biotek, USA)

4.8.3  Cytocompatibility studies

Cytocompatibility studies were evaluated using MTT assay, live dead analysis,
and actin-phalloidin staining.
4.8.3.1  Cell adhesion

1.929 cells were sub cultured and seeded at a density of 1x 10%/cm? on top of the

materials and incubated for 48 hours. The test materials after 48 hours of cell adhesion

were analyzed for live —dead staining. Percentage metabolic activity was quantified by
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MTT assay and samples were fixed in 4% paraformaldehyde for actin phalloidin staining.
Cells cultured in glass cover slip were considered as control.

4.8.3.2  Live dead analysis

Briefly the medium was removed from cell culture plates and cell monolayer was
stained with fluroscien diacetate (FDA) from Sigma Aldrich (10 pg/ml) for 15 min and
subsequently by propidium iodide (PI) from (High Media) for 1 min and examined under

inverted fluorescence microscope immediately (exit/ emis 13/N21 in Leica DMI 6000E).

4.8.3.3  Cytoskeleton analysis

Cell cytoskeleton was observed using actin-phalloidin staining, and cell
monolayer after fixation was rinsed with PBS thrice and permeabilised cells using 0.1
% Triton X-100 (in PBS) (Sigma) for 1 min followed by washing with PBS thrice. Cells
were then stained with 1 : 100 diluted rhodamine conjugated phalloidin (Invitrogen)
staining for 15 min and nucleus was counter-stained with Hoechst 33428 (Sigma) for 1
min and visualized under inverted fluorescence microscope (exit/emis A/N21 in Leica
DMI 6000E)

4.8.3.4  Cell adhesion with MTT assay

Samples after cell adhesion were rinsed thrice with medium and 400 pl of MTT
solution (1 mg/ml MEM without serum) was added and incubated for 2 hours. After 2
hours the formazan crystals formed were solubilised by 800 pl of isopropanol and
transferred to a 96 well plate, absorbance was read at 570 nm using UV/visible
spectrophotometer (Biotek, US). The data were analyzed statistically. Cell activity was
determined by the below mentioned formula.

OD test cells (4.4)

o
Cell activity (%) 5D control cells * 100
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CHAPTER 5

RESULTS AND DISCUSSIONS

51 Carbon-polymer composite imprinting

In this section, the characterization and process optimization results of CPC

imprinting were provided.
5.1.1  Carbon nanoparticle characterization

Prepared carbon nanoparticle were investigated by SEM and TEM at different
magnifications to characterize the morphology of the CNP. Figure 5.1 presents the SEM
micrographs of CNP. Figure 5.2 presents the TEM micrographs of CNP at various
magnifications. Shape, size and surface morphology of CNP from observations revealed
the grape-like agglomerates. Each particle with average diameter size range of between
25-35 nm. Results matches with the earlier characterization report made by (Marinho et
al., 2012).

Figure 5.1 CNP SEM characterization
Pictograph showing CNP under SEM.
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Figure 5.2 CNP TEM Characterization
Pictograph showing CNP at various magnifications under TEM.

5.1.2 Carbon-polymer mixture preparation and optimization

From CNP characterization results, it is clear that the CNP were in agglomerates
form. Agglomerates are held by weak Vander-walls force, which can be easily separated
using ultrasonication. CNP was mixed initially with triglyme and ultrasonicated. Mixing
of CNP directly with the polymer mixture composition was avoided, as the solutions may
tend to react (during the ultrasonication and storage) and may produce different results.
CPM was prepared instantly for efficient polymerization and repeatability. As the CNP
loading wt % were increased gradually in CPM, at certain point the imprinting capability
of the polymer was lost which will be termed as Imprinting Threshold (IL). Figure 5.3
shows the relation between filler wt % and imprinting capability.
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Figure 5.3 Filler wt % vs imprinting capability of the polymer

It was observed that beyond 0.3 wt % CNP in CPM, imprinting capability of the
polymer was lost. This indicated that the IL of the CPM was 0.3 wt %. CPC’s were
observed to be more brittle as the CNP wt % increased. Optimization was performed by
considering two factors which were CNP wt % and CPM volume. Based on the
optimization study, among N-CPC, 1-CPC, 2-CPC, 3-CPC, 4-CPC and 5-CPC, 250 pl of
3-CPC (concentration 5.06 mg/ml of CNP in polymer mixture) in each chamber of 4
chamber slide produced best results in terms of proper polymerization, rapid curing time
and proper peeling off after curing for the minimal applied volume without any damage
or distortions at the bottom surface. After the polymerization, a small temperature rise
was observed which was felt by finger touch at bottom of the glass slide. This result

indicates the reaction to be exothermal.
5.1.3  Photopolymer effect and cell cytoskeleton study
5.1.3.1  Polymer-cell response

From the cell reaction to the photopolymer experiment, evidence reveal that there
were no sign of abnormal morphological changes nor sign of cell death, thus indicating
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that the cell morphology were preserved during the process. Figure 5.4 shows the images
of the cell reaction to photopolymer.

Control Treated

Figure 5.4 Polymer-Cell response
(@),(b) show the morphology of 3T3-L1 cells unexposed and exposed to polymer
respectively; (c),(d) show the morphology of A549 cells unexposed and exposed to
polymer respectively; it is evident that there was no significant change in morphology

due to polymer. Scale bar is 50 pm.
5.1.3.2  Bioimprinting effect to cells

Evaluation of cell morphology after the process of bioimprinting showed that the
cell morphology was still preserved. Figure 5.5 shows the comparative images of the cell

morphology after the bioimprinting process respectively. Figure 5.6 shows the effect of
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imprinting on cell morphology under fluorescence microscopy. It can be seen that the
extracellular morphology details of the cells were preserved.

Control Treated

Figure 5.5 Bioimprinting effect to cells
(@),(b) show the morphology of 3T3-L1 cells control and after bioimprint process
respectively; (c),(d) show the morphology of A549 cells control and after bioimprint
process respectively. Evidences show that there is no change in morphology after the

bioimprint process. Scale bar is 50 pm.
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Figure 5.6 Fluoroscent imaging of bioimprinting effect to cells morphology
Fluorescent pictograph shows the cell morphology of 3T3-L1 cells at the bottom
of the glass slide after peeling off from the composite when polymerized. This shows that
the morphology were unaffected and preserved during the process.

5.1.4  Carbon polymer composite (CPC) electrical resistivity measurement

Due to doping of CNP, the electrical resistivity of the CPC was changed. Changes
in electrical resistivity of the CPC were measured and presented. The resistivity of the
polymer was decreased as the CNP wt % was increased. As shown earlier (literature
review chapter) in Figure 2.8, it can be clearly seen that after the percolation threshold
(pc), resistivity dropped drastically. Addition of CNP can be tailored based on the
resistivity requirement of the polymer. Figure 5.7 shows the resistivity change for various
load of CNP wt % of CPC. It can be seen that resistance were significantly reduced when
compared to N-CPC.
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Figure 5.7 CNP load wt. % vs resistance of CPC
Figure shows CPC resistance for load CNP filler wt. %. Data represents means +
SD of the triplicates.

5.2 Passive hydrodynamic microfluidic biochip platform

To facilitate single cell replica fabrication, microfluidic biochip platforms were
designed and used. Results obtained for microfluidic biochip platform has been presented

below.

521 Microfluidic design simulation study

Serpent channel has better dispersed velocity profile when compared to other two
designs. Velocity was higher at the middle and slowed at the edges of the serpent channel.
The dispersed velocity profiles provided varying probability for a single cell to be trapped
while avoiding equal probability, thereby reducing multiple cell trapping. Figure 5.8

shows the simulation results of the biochip.
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Figure 5.8 Microfluidic design simulation study
(a, ¢, e) Velocity profile in three fluid channels, insets show the close-up view and

(b, d, f) Contour plot of pressure in three fluid channels.
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522 Microfluidic biochip for single cell trapping and design analysis

Observations from the three biochip designs revealed that the single cell trapping
was more in serpent shaped biochip followed by branched channel design and straight
channel design. In serpent design, SCC was higher and multiple cell capture (MCC) was

less when compared to other two designs (shown in Figure 5.9 and Figure 5.10).

ii) Branched section
b) Branched channel

c) Serpent channel

Figure 5.9 Single cell trapping in three biochips
Trapped A549 cells in (a) straight channel design, (b-i) straight section in the
branched channel design, (b-ii) side branched section in the branched channel design, and
(c) serpent channel design. The blue arrow points to no capture, green arrow points to
SCC, the yellow arrow points to dual cell capture and the red arrow points to three or
more cell capture. Dotted black circles were just for clear; it did not resemble the exact

scale with the biochip.
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Figure 5.10 Microfluidic biochip trapping capabilities
Cell trapping capabilities of three channel designs with comparison of no capture
(NC), SCC and MCC based on the study conducted. It can be seen that in serpent design
NC and MCC were least, SCC was maximum with comparison to others. Error bars show
the standard deviation.

5.2.3  Cell viability

It is evidenced by the results that viable A549 cells were trapped in microwells.
The cells observed were shining as the cells did not take up trypan blue (shown in Figure
5.11 (a-c)). If cells were dead it will take-up the trypan blue. Almost no dead cells were
observed.

5.2.4  Single cell fluorescent measurements

Single cell fluorescence signals were observed. Results revealed that the A549
cells were not damaged and had intact morphology. DAPI (blue) signal from the nucleus
and Rhodamine Phalloidin (red) signal from filament actin, which holds the cytoskeleton
of the cells were captured in the images. These results confirmed that the cells showed

attachment at the bottom of the microwell as shown in Figure 5.11 (d and e)).
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Figure 5.11 Cell viability and cytoskeleton study

(a-c) show cell viability test (cells did not take up the trypan blue) on straight
channel, branched channel, and serpent channel respectively; (d) fluorescence signal
from the nucleus (DAPI) of single cells being captured in serpent channel and (e) single
cell cytoskeleton (fluorescence image) after 3 hours of incubation for serpent channel

biochip, blue signal from nucleus (DAPI) and red from actin (Rhodamine Phalloidin).
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Conventional approaches to cell trapping involved auxiliary systems supported
microfluidic platforms which added to the complexity, lab space and cost. Mostly the
developed approaches involve experienced handling and others involved application and
exposure to electric fields and magnetic fields. The method which does not require
experienced handling is in great demand. These biochips can be used in the environment
where access to any external forces or electric source is absent. The system consisted of
four parts: inlet reservoir where the cell suspension was introduced, main channel,
microwells patterned on the bottom surface of the main channel, and the outlet reservoir.
As the system was not supported by any auxiliaries, the platform was tilted to an angle
of around 10-15° to assist the fluid flow. Furthermore, this biochip did not caused harm
to the cells which were proven through the viability tests. Comparative summarizations

of simulated and experimental results are shown in Table 5.1.

Table 5.1 Comparative interpretation of simulation and experimental results
S.No. Channel design  Simulation results Experimental results
1 Straight channel  No change in flow No change in trapping efficiency
trajectories throughout throughout the channel
the channel
2 Branched Change in flow SCC was improved at branched
channel trajectories at section.
branched section
curing
3 Serpentine Varying trajectories SCC was improved significantly
channel throughout channel

From the results, it was revealed that the geometry of fluid channels affected the
trapping rate and efficiency of SCC rate. There were more possibilities for trapping
multiple cells in the straight and branched channel. This was because when cells traveled
over any regions of the straight or branched channel they travel nearly the same distance,
speed, and trajectory profile to the well, providing high chances of multiple cells being
trapped anywhere in the channels. In the branched channel after the branch section, cell
trapping was found to be better. This is due to the varying trajectory profile at the

branched section of branched channel.
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On the contrary, the serpent channel with hexagonal microwell array provided
efficient single cell trapping possibilities. This was due to varying trajectories of the flow
in the channel. This enabled the cells to travel in the varying trajectory path with less
clumpy, thereby providing high SCC with least MCC. Achieving high SCC with no or
minimal MCC would be great if that demand could be achieved without involving
specialized and no auxiliary equipment would definitely add to the upside. Single cell
fluorescent images revealed that the cell morphology was intact, which would be suitable

for short-term investigation of a single cell.

Thus, these observations acted as design guidelines for the hydrodynamic-based
passive biochips to achieve higher SCC. Factors that most likely to affect the cell
occupancy were listed, (1) shape of the channel, (2) size, positioning, and orientation of
microwells, (3) size of the cells, (4) the cell concentration, (5) biochip tilt angle, (6)
pipetting out rate and pipette angle. These factors must be considered when designing
hydrodynamic-based microfluidic biochip for high SCC.

Apart from using this microfluidic biochip platform for cell imprinting, it has a
wide application in SCA which is also another popular research topic. Advantages of
using vertical cell trapping when compared to lateral trapping are that the cell analytes
can be treated or measured individually without clump analyte measurement. In a vertical
well, single cell analytes are preserved separately for analysis as an analogy to the
conventional 6 well or 96 well plate. This technique enables the real-time observation of

single cell measurements for analysis as well.

5.3 Fabricated carbon polymer composite (CPC)

The surface topography results of fabricated CPC are described below in detail.

5.3.1  Fabricated plain carbon polymer composite

Results from surface topography of plain CPC revealed that the CPC can be
peeled off without any distortions or damages at the bottom surface. If damages were
caused while peeling, it would affect the cell replica morphology imaging. Figure 5.12
shows the plain and smooth bottom surface after peeling off from the polymer

composites.
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Figure 5.12 CPC showing plain and smooth bottom surface after peeling off
This image shows that the CPC were peeled off without causing any distortions

at the bottom surface. Two images show bottom surface at various resolution scales.

Mag= 233X ] Mag= 353X
IProbs = 150 pA IProbe= 150 pA
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Figure 5.13 CPC replica of fungi
This image shows that the CPC was capable of replicating fine details of fungal
morphology. Yellow arrow points to the hypha and black arrow points to the
conidiophore. The obtained replica correlates with the drawing reported in (Ryley and
Pereira-Smith, 2006).
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5.3.2  Fabricated cell imprinted carbon polymer composite (CI-CPC)

CI-CPC replica was obtained with morphology features imprinted on it. Surface
topography imaging from SEM showed that the cell morphology features were
transferred to polymer. Cell surface topographies were clearly visible in the image. Subtle
features like filopodia, lamellopodia, fusion pores and extrusions were successfully
transferred and visible are shown in Figure 5.14, Figure 5.15 and Figure 5.16.

Mag= 116X EMT=1000kY  Signal A= VPSE G3 Data 10 Feb 2015
|Probe= 100 pA WD=100mm  Yacuum Mods = Variable Pressure Time :15:19:15

Figure 5.14 HelLa CI-CPC replica
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Figure 5.15 HGF-1 CI-CPC replica
This image shows the surface topography of HGF-1 CI-CPC at various
magnifications. Fine details of cell morphology were transferred to the CI-CPC imprint.
Red arrow pointing to each individual cell. Blue arrow pointing to cell nucleus. Yellow

arrow pointing to the subtle cell features like filopodia and lamellopodia.
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Figure 5.16 HT-29 CI-CPC replica

This image shows the fine details of cellular features which were transferred to

the CI-CPC imprint. Red arrow pointing to each individual cell. Blue arrow pointing to
cell nucleus. Yellow arrow pointing to the subtle cell features like filopodia and

lamellopodia.

5.3.3  Cell morphology resolution comparison

Comparisons were made between cells and CI-CPC. The comparison in Figure

5.17 shows the potential capabilities of the CI-CPC in cell pattern transferring.
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Comparison of feature resolution of cells and CI-CPC show that the cell morphology with

fine details was imprinted.

Cell Imprint Replica Imprint Replica

Optical microscope Optical microscope SEM

N

]

Figure 5.17 Cell morphology resolution comparison
This image shows resolution boundaries of various imaging modalities.
Comparison of feature resolution of cell and CI-CPC in pattern transfer can be seen

clearly.
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54 Cell imprinted carbon polymer composite (CI-CPC) for cell diagnosis

Evaluated results of the imprinting capabilities of CPC for cell morphology based
diagnosis are presented in this section. In this study A549 and MCF-7 were treated with
a known cell death inducer termed VC and a potential cell death inducer extract known
as the bezoar. Hence the morphology diagnosis was conducted to investigate CI-CPC
technique in imprinting morphological changes of cell following VC and BZ exposure
for 72 hours.

54.1  Ab549 cell replica morphology analysis

Presented here is the bioimprint results of untreated A549 with comparison to
A549 cell exposed to VC for 72 hours in Figure 5.18. It was evidenced that the CI-CPC
technique imprinted untreated cells with intact morphology as well as the budding of new
cells. Untreated cells exhibited polygonal of epithelial like shape, and the yellow arrow
shows the imprint capture details of cell membrane extension trying to reach out to
neighboring cells (the filipodia).

VC treated A549 displayed different patterns of morphology. Results
demonstrated shrinkage of cell’s membrane and rounding up, and detaching itself from
the next cells, as indicated by the white arrows. Moreover, cells treated with VVC displayed
forming apoptotic bodies as indicated by black arrows. Comparably, BZ treated cells in
Figure 5.19 appeared to exhibit similar feature of morphological changes same as those
treated with VC. It can be seen that the cells exhibited shrinking of cells membrane,

rounding up and detached from its neighbor cells as shown by white arrows.
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Figure 5.18 A549 VC treated CI-CPC replica

This image shows A549 cell morphology for untreated and VC treated. Red arrow

points to each cell, white arrow points to condensed cell, yellow arrow points to the
lamellopodia and filopodia, green arrow points to the nucleus and black arrow points to

the micro vesicles, pores and apoptotic bodies.
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Figure 5.19 A549 BZ treated CI-CPC replica

This image shows A549 cell morphology for untreated and BZ treated. Red arrow

points to each cell, white arrow points to condensed cell, yellow arrow points to the
lamellopodia and filopodia, green arrow points to the nucleus and black arrow points to

the micro vesicles and fusion pores.
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Figure 5.20 shows cell imprints of A549 cells treated with BZ for 72 hours. Figure
5.20 (a and b) show the cell membrane shrunk and forming rounded morphology instead
of polygonal epithelial. At higher scale, Figure 5.20 (c, d, e and f) evidently show the CI-
CPC was able to capture fine details of cell’s membrane that was compromised, where
the cells shown to exhibit irregular pattern of cells membrane, suggesting that the BZ has
affected the cells morphology.

Figure 5.20 A549 BZ treated CI-CPC replica (higher magnification)
(a-b) the cells rounding up and detached from next cells. (c-d) has shown in details
the morphological changes of cells membrane indicating rearrangement of cytoskeleton.
(e-f) has shown the cell membrane variations which was in early apoptosis with vesicles

and apoptotic bodies.
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Further analysis on BZ treated A549 cell membrane with higher magnification
was reported in Figure 5.21. Demonstrated here were the irregular cell membrane shapes
that were imprinted. The surface of cell membrane seems to have release micro-vesicle
as well as pore formation and malformation of the cytoskeleton. The morphology of the
cell membrane suggested that the cell reorganized its own cytoskeleton due to the effect
from BZ extract which resulted in shrinkage of cell membrane and formation of apoptotic
bodies.

Figure 5.21 A549 BZ treated CI-CPC cell membrane closer look
The figure shows fine details of imprinted cells membrane surface of A549 BZ

treated. Features such as micro vesicles and cell blebs can be seen clearly.

54.2 MCF-7 cell replica morphology analysis

Imprinting on MCF-7 cells replica was done post BZ treatment for 72 hours and

untreated cells of MCF-7 were used as a control for comparison. The imprinting
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technique reported that the untreated cells grown had attached to neighboring cells in
monolayer formation, proliferated as incubation time increased and the morphology of
the cells showed no abnormalities. One interesting finding of Figure 5.22 was the
imprinting technique successfully imprinted the cytokinesis from mitosis phase where
clearly the cell was dividing its nucleus and cytoplasm into two daughter cells. However,
it can be seen clearly that the BZ treated cells were detached from each other and the
nucleus as pointed out by the green arrows that showed the nucleus had condensed.
Furthermore, cell membrane seemed to be bulgy, indicating cell membrane were
compromised and had undergone the formation of apoptotic bodies (black arrows).

uT BZ

Mag= 209X
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Figure 5.22 MCF-7 BZ treated CI-CPC replica
Red arrow points to each cell. Green arrow points to the nucleus. Black arrow

points to the apoptotic bodies and micro-vesicles.
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The findings of A549 and MCF-7 cells suggested that treated cells with VC and
BZ, had undergone apoptosis which also known as programme cell death. Apoptosis is a
normal process which occurs to maintain homeostasis from cell proliferating and
occurred due to various stimuli (Hacker, 2000). Apoptosis is distinguished from other
form of cell death through their hallmarks morphology, which are pkynosis (nucleus and
cytoplasm condensed) and appearance of apoptotic bodies which will be engulfed by
macrophage in in-vivo model (H&acker, 2000, Taatjes et al., 2008). EImore et al., (EImore,
2007) reported that during initial progress of apoptosis, the cells will start to lose the cell-
to-cell adhesions by rounding up its cytoplasm, hence separated from neighboring cells.
Same author also explained that in late phase of apoptosis, the cell will fragment into
apoptotic bodies with intact cell membranes that contain cytoplasmic organelles which
will become debris in in-vitro models. Additionally, apoptosis features that was
highlighted are nucleus shrinkage and nuclear fragmentation. These features as
highlighted by (Hacker, 2000, Saraste and Pulkki, 2000) indicates cell was in late
apoptosis phase. As shown earlier (in literature review), Figure 2.13 (Neuman, 2003)
shows phases of apoptosis from early to late apoptosis. Study from (Lauand et al., 2015,
White et al., 2001) reported fluorescence analysis on VC treated A549 showed that the
cells exhibited similar result and this supports the results obtained through this study.
Based on the investigation it is evident that the CI-CPC imprinting technique was
successful in replicating the subtle morphology details related to the apoptosis phase
which occurred for both cells in this study. CI-CPC successfully imprinted the cells

membrane surface and its morphology when undergone early and late apoptosis.

54.3 Interpretation on various imaging techniques

Figure 5.23 shows the correlated imaging analysis by various imaging
approaches. Interpretation for accurate diagnosis was made by correlating the images

obtained from optical microscope, fluorescent microscope and imprinted replica.
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Optical Microscope  Fluorescent microscope SEM
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Figure 5.23 Interpretation with different imaging techniques
This image shows the cell morphology details obtained from different imaging
techniques with correlation of extracted information. It can be seen that fine details of
cell which cannot be viewed at high resolution in other two techniques can be viewed by
CI-CPC replica technique. Red arrow pointing to each cell. Yellow arrow pointing to fine
features like filopodia. White arrow pointing to condensed cell. Black arrow pointing to

the apoptotic bodies and micro-vesicles.
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It can be seen that the fine cell morphology features associated with cell signaling
like micro-vesicles, fusion pores, cell blebs and apoptotic bodies can be better imaged at

high resolution using imprinted replica technique.

55 Cell morphology feature detection

Imprinted replica images were autonomously processed using National
Instruments LabVIEW 2014 Vision Assistant for extracellular morphology based feature
detection. Figure 5.24 (a) shows the imprint replica, and Figure 5.24 (b) presents the final
feature detected images. Several images were used to test the reliability of the program
and the result was positive and impressive. It shows the varied scope of cell measurement
starting from cluster cell level to single cell sub organelle level. Fine extracellular features
that can be detected include cell shape and size, nucleus shape and size, micro vesicles,

exosomes, filopodia and lamellopodia.

Currently the morphology imaging can be done using optical methods where the
resolution is limited thus much detailed information were not possible and mostly only
initial screening were done. Though molecular probe based methods provide complete
detailed insights but mostly involve complicated preparations, expensive reagents and
experienced handling. Other conventional process for high resolution imaging like SEM
or TEM involves fixation, processing (dehydration, clearing, and infiltration),
embedding, sectioning and staining, where the process alters the cell morphology details.

However it provides complete and much detailed insights.
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Figure 5.24 Cell morphology feature detection

(a) Imprinted replica and (b) features detected. Above images show the detected
cell shape which is highlighted in yellow with the cell morphology grooves and pores
inside it. The green highlighted region shows the detected cell nucleus size, shapes with

grooves and pores clearly.
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Cell imprint replica can provide high resolution morphology details keeping cells
morphology and cytoskeleton unaltered. This work reports the imprinting by rapid curing
at room temperature which is very essential when it comes to handling cells. Thus the
replica is created in the cells natural state. As the technique provides only morphology
details, the diagnosis and study can be based only on morphology. Nevertheless most of
the abnormalities results in morphology change and predominantly the diagnosis are
based on morphology change in abnormalities. Correlating the changes in cell

morphology to its physiology can open many doors for this research.

Although the bioimprint technique cannot be a complete alternative as its
operation is limited due to its morphology details alone, yet it can be a fair alternative for
morphology based diagnosis. This technique facilitates imaging of morphology changes
at various stages for studying the molecular pathways and also cell based research
investigations at morphology level. This technique can be coupled with varying imaging

modalities for various resolutions.

The molding of living cells is expected to have an expanding market than the
routinely used more detailed morphological analysis of intracellular structures, including
enzymatic techniques that are used in majority of the cases, as there is significant change
in morphology for most of the abnormalities. In addition to that, the technique has several
merits like no tedious process involved, does not require high end equipment for process,
reduction in consumables, less processing time and is compatible with current

conventional high end imaging modalities like AFM/SEM.

A novel method of extracting features autonomously from imprint replica rapidly
has been reported where cells morphology and cytoskeleton were unaltered after the
replication process. Thus this method helps visualizing the single cell sub organelle scale
without damaging the cell morphology. Morphologies features were detected using image
processing techniques. Shape of grooves, pores, blebs or microvillus on the cellular
surface was detected clearly. Features and information related to morphology were
obtained more clearly. This technique is automated and helps in performing fast and
accurate diagnosis. Furthermore, this technique can be enhanced and efficiency can be
increased, when neural network is coupled along with it for decision making applications.
Knowledge on changes occurring in the morphological features between the normal and
the abnormal cells plays a prominent role in the analysis of imprint replicas. The

prerequisite for any other further processing such as the classification and testing using
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neural network in the image processing is the feature extraction. This research also paves
way for it. Table 5.2 shows the comparative summarization of conventional and CIL

approach.

Table 5.2 Comparative summarization of conventional and CIL approach

S.No. Factors Conventional CIL based approach
approaches
1  Cell morphology Low resolution High resolution
2 Micro vesicles Not clear / Low High resolution
resolution
3 Apoptotic bodies Not clear / Low High resolution
resolution
4 Nucleus Low resolution High resolution
5 Fusion pores No High resolution
6 3D No Yes
5.6 In-vitro study of polymer composites for biomedical applications

In order to use the replicated composites as biomaterial scaffold for various
biomedical applications, its cytotoxicity and cytocompatibility studies are required,
which are presented below. Figure 5.25 shows the use of polymer composites in tissue

engineering applications.
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Figure 5.25 Imprint replica for tissue engineering applications

Image shows how positive imprint replica fabricated from negative imprint

replica can be used for cell culture substrates and tissue engineering applications.

5.6.1  Cytotoxicity studies

Cytotoxicity study results of polymer samples by direct contact and test on extract

assays are provided below.
5.6.1.1  Direct contact

Results from direct contact method showed that the polymer sample was nontoxic
for biomedical applications. Direct contact method of cytotoxicity evaluation which was
graded as per 1SO 10993-5 standard depicted the non-cytotoxic nature of the polymer by
the intracellular uptake of neutral red stain compared to HDPE and PVVC disc. L929 cells
after 24 hours contact with polymer sample, HDPE and PVC disc (before and after

staining with neutral red solution) are shown in Figure 5.26.
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Figure 5.26 Cell response to direct contact study
L929 cells after 24h contact with (a) polymer sample, (b) HDPE and (c) PVC
disc. L929 cells after 24h contact with (d) polymer sample, () HDPE and (f) PVC disc
(after staining with neutral red solution). All scale bars show 100 pum.

5.6.1.2 Test on extract

In order to measure the leachants that caused cell death even in small quantities,
test on extract study was performed. Polymer sample was extracted at 37°C in culture
medium for 24 hours and different dilutions of extract was added to cells that showed
non-cytotoxic at 100%, 50%, 25% and 12.5%. Positive and negative control under similar
condition of extraction showed severe cytotoxic and non-cytotoxic responses
respectively. MTT assay after test on extract confirmed the non-cytotoxicity as it showed

more than 80% metabolic activity. Results are shown in Figure 5.27 and Figure 5.28.

109



v

) = A AT et
7 . & ‘/J‘:‘é&' O deoym
| SNSRI

ilute phenol

f) D

Figure 5.27 Cell responses for test on extract study
L929 cells after contact with 100%, 50%, 25% and 12.5% extract of polymer
sample (a, b, c, d); HDPE (e) and dilute phenol (f). All scale bars show 100 pm.
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Figure 5.28 MTT assay for test on extract

5.6.2  Cytocompatibility studies

Cytocompatibility studies were evaluated using MTT assay, live dead analysis,

and actin-phalloidin staining.
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5.6.2.1  Live dead analysis

Cell viability plays an important role in cytocompatibility studies of biomaterials.
Live cells shows distinct intracellular esterase activity with intact cell membrane and
dead cell lack intracellular esterase activity. L929 cells cultured on polymer sample
showed green fluorescence of live cells compared to cell control and only few cells dead
cells were observed, indicating the viability of using polymer sample in biomedical

applications. Obtained images are shown in Figure 5.29.

Dead

Coverslip

Figure 5.29 Live dead Imaging

Polymer - (a) Fluorescence from sample, (b) signal from PI and (c) merge of first
and second image. Coverslip - (d) Fluorescence from sample, (e) signal from Pl and (f)

merge of first and second image. All scale bars show 100 pm.

5.6.2.2  Cytoskeleton analysis

Cytoskeletal staining plays an important role in organelle transport, cell division
and cell signaling. Cytoskeletal staining renders idea of colocalisation and orientation of
actin filaments. Actin phalloidin staining of cells in polymer revealed that the material
supported adhesion, proliferation of L929 cells and this was further confirmed by MTT

assay. Results are shown in Figure 5.30.
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Figure 5.30 Cytoskeleton analysis (Actin —phalloidin imaging)
Polymer sample - (a) Fluorescence from actin, (b) signal from nucleus and (c) merge of
first and second image. Coverslip - (d) Fluorescence from actin, (e) signal from nucleus

and () merge of first and second image. All scale bars show 100 pm.

5.6.2.3  Cell adhesion with MTT assay

MTT assay of polymer sample after cell adhesion reveals good biocompatibility
of material similar to control. MTT assay depicted the mitochondrial enzyme activity of
viable cells on the surface of the polymer sample. Metabolic activity revealed that cells
were able to proliferate and moreover the surface topography of the polymer sample was
comparable to control and this was unaffected after 48 hours of culture on material. Result

is shown in Figure 5.31.
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Figure 5.31 MTT assay for cell adhesion
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Cytotoxicity analysis by direct contact and test on extract showed the material
was non-cytotoxic to cells. Cell adhesion data support this as evident by good cell

adhesion and proliferation.

Further cell imprint lithography paves way for many biomedical and tissue

engineering applications which are shown in Figure 5.32.
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Figure 5.32 Cell imprint replica applications
Word crowd shows some of the applications of cell imprint replica.
Thus by CI-CPC technique, nanoparticle can be used to modify the properties of the
polymer composite. Factors and properties of cell culture substrates can be varied by
doping of CNP in polymer composites. This can pave way for its various biomimetic

biomedical applications.

5.7 Chapter summary

This chapter describes the details and discussions of experimental results
conducted. This chapter provides the results of the optimized CIL using CPC. CIL was
captured with and without stimulations for further more analysis. CPC electrical property
was modified based on the method described. Results showed that the CI-CPC were able
to imprint cell features significantly. Toxicity evaluation reveals that the composites were
not toxic to cells. Also discussed the evaluated single cell trapping results for designed
microfluidic platforms. Single cell trapping was significantly improved based on the

channel design.
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CHAPTER 6

CONCLUSION AND FUTURE RECOMMENDATIONS

6.1 Summary of the research

A novel approach for cell-imprint replica fabrication using CPC has been
demonstrated. From the study, it was observed that 0.3 wt. % of load CNP in CPM were
optimal for cell-imprint replica fabrication. From the electrical resistance study of
fabricated CPC, it can be seen that the resistance of the 3-CPC were reduced by 68 %
when compared to N-CPC.

Extracting features from cell imprint replica has been reported where cells
morphology and cytoskeleton were unaltered after the replication process. Thus this
method helps visualizing the single cell sub organelle scale without damaging the cell
morphology. Morphologies features were detected using image processing techniques.
Shape of micro-vesicles, grooves, pores, blebs or microvillus on the cellular surface was
detected clearly. Features and information related to morphology were obtained more
clearly in comparison to other conventional methods. These subtle morphology features
play a major role and can be correlated in better understanding of cell signaling for many
applications like cell diagnosis, therapy, drug delivery and many other biological

applications.

This technique is automated and helps in performing fast and accurate diagnosis.
Furthermore, this technique can be enhanced and efficiency can be increased when neural
network is coupled along with it for decision making applications. Knowledge on changes
occurring in the morphological features between the normal and the abnormal cells plays
a prominent role in the cell diagnosis. The prerequisite for any other further processing
such as the classification and testing using neural network in the image processing is the

feature extraction. This research paves way for it.
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For the fabrication of single cells imprinted replica, demonstrated by the design,
fabrication, and analysis of micro-fluid dynamic based biochip for single cell trapping.
Characterization of three fluid channel shapes for improving SCC was performed.
Observations revealed that SCC rates can be improved based on channel shape and
orientation of microwell array. This acts as a design guideline for designing non-auxiliary
hydrodynamic-based microfluidics for high SCC with no or minimal MCC. Biochip
investigated also has wide applications in the field of single cells microfluidic-omics

technologies such as genomics, proteomics, secretomics and metabolomics.

Demonstrated cell imprint replica fabrication approach using nanoparticle polymer
composite can pave way for tailoring many other associated applications like biomimetic
smart culture substrates, bone tissue engineering, cell guiding, cell adhesion, tissue

engineering, cell microenvironment, tissue micro environment etc.

6.2 Research contributions

A novel approach for cell-imprint lithography fabrication using CPC has been
demonstrated. It was observed that 0.3 wt. % of load CNP in CPM were optimal for cell-
imprint replica fabrication. The resistance of the 3-CPC were reduced by 68 % when
compared to N-CPC.

CIL based cell diagnosis for cancer research and drug therapy has been reported.
Comparative interpretation has been done for the correlation of cell signaling to the

respective features in the cell morphology.

Passive hydrodynamic based microfluidic biochip has been studied and reported
for significant increase in single cell capture. Relative SCC efficiency can be improved

by modification of the fluid channel design and orientation.

Autonomous vision based feature detection for cell diagnosis using CIL has been

reported. It has demonstrated fine extracellular feature detection using CIL technique.

Toxicity study was concluded and that the fabricated polymer composites were

biocompatible. Thus the fabricated composites can be used in biomedical applications.
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6.3 Future recommendations

This approach can be used to correlate the minute morphological features
associated with cell signaling for better understanding of the insights, thus helps in better
cell diagnosis applications

Highly conductive nanoparticles like graphene can be used in this approach in
similar way, which paves way for tailoring the properties of smart culture substrates.

Decision making system can be developed by further combining with artificial
neural network for precise and accurate diagnosis based on subtle replica features.
Autonomous decision making applications can be developed, based on this research for

better cancer diagnosis.
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APPENDIX A

CELL CULTURE PROTOCOLS

Cells culture protocols for this study are described in this section below.

7.1 Cell culture techniques

All procedures of cell culture were carried out In a sterile environment using a
Biological Safety Cabinet Class Il. Alcohol (70% v/v in water) was used to wipe the area
in the cabinet and all the apparatus. Sterile glassware, plastic ware and micropipette tips
were used during the cell culture work. All solutions were prewarmed in a 37°C water
bath before they can be used in cell culture. Gloves were worn throughout the
experiments. The experiment was performed as fast as possible to minimize

contamination.

7.2 Complete growth media preparation

Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,USA), Penicillin
Streptomycin (Gibco,USA), and Fetal bovine serum (FBS) (Gibco,USA) were
prewarmed before mix according to ratio, proportion of DMEM: 89%, FBS: 10%, and
PenStrep: 1% to form complete growth media (CGM). The CGM was kept in the 4°C

chiller for storage.

7.3 Thawing cells

Cyryovials (Thermo Scientific, USA) were taken out of -80°C freezer (Samsung,
Korea) was thawed by either immersing in a 37°C water bath (Memmert, Germany) or
rubbing the vials between palms. Before the content fully melted, entire content of
cryovials was transferred into 15 ml centrifuge tubes (Thermo Scientific, USA)
containing 7 ml prewarmed CGM. The cell suspension was centrifuged at 180 g for 5
min to remove Dimethyl Sulphoxide (Sigma-Aldrich, USA). Supernatant was removed
and the pallet was resuspended in 1 ml of CGM. Cells slowly transferred into T75 tissue
culture flask (Thermo Scientific, USA) and incubated at 37°C, 5 % CO..
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7.4 Changing media

Every time before the media was to be changed, the cells were observed under an
inverted microscope to check for cell confluency, morphological changes and
contamination. Media were removed from the flask (Nunc, USA), and washed at least 3
times with PBS (Gibco, USA). Prewarmed media was added to cells before incubating at
37°C, 5 % CO..

7.5 Subculturing cells

Cells confluency, morphological changes and contamination were checked under
an inverted microscope (Thermo Scientific, USA). Media were removed, cells were
washed with PBS at least 3 times. Trypsin-EDTA (0.25 %) (Sigma Aldrich, USA) was
added (1 or 2 ml depend on flask size) to trypsinize adherent cells. The flask was
incubated for 1 to 2 min, then the flasks were gently tapped to detach the cells from the
flasks. Once all cells were detached, CGM was added directly to neutralize trypsin. All
content of the flask was transferred into 15 ml centrifuge tube (Greiner, USA) and
centrifuged at 180 g. The supernatant was removed and 2 ml of complete growth medium
was added to the pellet. Depending on pallet size, the cells were split and transferred into
flasks (25 cm? or 75 cm?) containing 5 or 10 ml of culture media respectively. The flasks
were then further incubated at 37 °C, 5% CO. and 95% air. After 24 hours of incubation,
cell confluence was observed under the inverted microscope. The growth media were

replaced every three days.

7.6 Cryopreservation of cells

Cells that reached 80% confluency in the flask were trypsinize, collected,
centrifuged at 180 g for 5 min, then supernatant was removed. After that, the cell pellet
was resuspended in freezing media consisting of 10% DMSO and 90% CGM. Obtained
cell suspension was further aliquoted in 1 ml of the labelled cryotube and sealed. The
cryotubes were kept in freezing container (Nalgene, USA) in -80°C at least for 24 hours
before kept in other boxes in -80°C freezer or liquid nitrogen storage tank for prolonged
storage. As in the beginning, the cryotube were kept in freezing container the cooling rate
during the freezing process is estimated at + 1°C /min. The cell that were cryopreserved

can be thawed to continue culture or kept frozen in liquid nitrogen for prolonged storing.
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7.7 Measuring cell density using trypan blue exclusion assay method

Briefly, trypsinized cells that had been neutralized were collected in 15 mi
centrifuge tubes and centrifuged at 180 g, for 5 min. Supernatant was discarded, 1 ml of
CGM was added to cell pallet and resuspended until pallet not visible. 10 ul of CGM with
the media was mixed with 10 pl of trypan blue (Sigma-Aldrich, USA), and if needed can
dilute more with another of 10 ul of trypan blue. 10 ul of cell suspension diluted in trypan
blue solution was placed in the hemocytometer chamber. Then, the cells under
hemocytometer chamber (GmbH, Germany) were observed and counted under
microscope at 100X magnification. Only viable cells, which were not stained within the
square of the grid, were counted and all the blue stained cells (dead cells) were excluded.

7.8 Seeding of cells
Cells were trypsinized, measured the cell density and from that the volume of cell
density to take for specified cell density calculated by using below formulas.

Cells _ lls counted x —_Dtution factor 00 (7.1)
= umber of cells counte Number of chamber '

Total cell density (available) Volume of cells (available)

= 7.2
Cell density (required) Volume of cell density, X (required) (7.2)

2 ml of prewarmed media was filled in each 6 well plate. From calculation, (x) volume
of cell density from measured was filled in each well of 6 well plate to get specified cell
density. The 6 well plates, then incubated at 37°C, 5% CO; and 95 % air for determined
assay.
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APPENDIX B

INTELLECTUAL PROPERTIES

Patents

. A Microfluidic Biochip (Patent Filed).
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