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Due to its micro fibrous pores, paper has gained traction in the use as a scaffold for 3D cell
culture. To study melanoma mechanism, screening the amount of melanin production and invasion study are
major keys for drug development. In this work, we developed paper-based devices for culturing melanoma
cells. Through the development process, we obtained the optimal parameters, which were applied for 3
different projects; 1) Anti-melanogenic effect screening, 2) Impedance-based E-screen assay, and 3) A
membrane insert for real-time invasion assay. As a result of melanin production from melanocytes, the cells
can be easily observed after a few days of culturing due to their black color. Fortunately, this color change can
easily be visualized when melanocyte is cultured in the paper due to the white color of the paper. The paper
was then applied for anti-melanogenic screening of the natural compounds with short analysis time and easy
steps. In order to develop the real-time invasion assay, we primarily study the impedance characteristics of
cells. The obtained impedance parameters were applied for real-time estrogen screening as a parallel project.
Based on the estrogen receptor on breast cancer cells, the binding of estrogen can increase cell proliferation,
resulting in the increased impedance magnitude. The estrogenic effect of the test compounds, Bisphenol-A
and Irgarol 1051, were then monitored in real time. After that, we applied the obtained impedance parameters
for the development of real-time invasion assay device using paper as a membrane insert. The concept was
based on the blockage of invasive cells within paper pores, resulting in the increased impedance magnitude.
The device was applied for real-time invasion study of melanoma cells under the treatment of IGF-
1. Melanoma invasion could be tracked within 7 h after IGF-1 treatment. Thus, the invasion of melanoma cells

was less likely affected by cell proliferation.
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CHAPTER I Introduction
1.1 Background and rationale

The incident of melanoma has been increased specially in western countries.
Besides, melanoma is one the main cause from cancer (1) and also associated with
high rates of mortality (2, 3). Nevertheless, melanoma patients tend to have a good
prognosis when the cancer was detected before metastasis (4). The obvious
melanoma pathogenesis is the dark spot on patient skin, which is caused by the over
pigmentation from UV exposure and genetic susceptibility. Hence, those genetic
mutations result in an increased melanocyte proliferation, blood vessel growth,
tumor invasion, evasion of immune response, and ultimately metastasis (5). The
histopathology of primary melanoma is often found in the different types of lesion,
ranging from benign naevi and dysplastic naevi to melanoma in situ (6). These lesions
tend to present as a flat or slightly elevated brown lesion with variegated
pigmentation (7). In order to study in-depth regarding melanoma mechanism, the
process of melanogenesis and cancer metastasis for targeted gene identification are

crucial.

For melanoma treatment, researchers have used the synthesized melanogenesis
inhibitors as well as the natural compounds (8, 9). In order to qualify those
compounds, the in vitro melanin content analysis is applied. Furthermore, melanin
quantification is the important in vitro experiment for melanoma study because
melanin amount can provide the information about the progression from benign to
malignant melanoma. The most extensively used method nowadays is the
absorbance spectroscopy. In brief, melanocytes are collected after seeding and
treatment. Next, the produced melanin is solubilized in 1 N NaOH. The total amount
of melanin is measured by absorbance spectroscopy comparing with the standard
curve of synthetic melanin or melanin isolated from Sepia officinalis. However, the
absorbance measurement is time-consuming due to the incubation step of melanin
solubilization, labor intensive process, and low sensitivity and specificity (10). Thus,
conventional melanin quantification takes at least 1 hour for the incubation step of
melanin solubilization and takes around 2 h for the complete steps. Another method
using for melanin quantification is Electro spin resonance spectrometry (ESR), which
allows the measurement of electron spin resonance signal based on free radicals

derived from melanin. ESR is specific to melanin but lacks of sensitivity (11). High



performance liquid chromatography (HPLC) is another method used for melanin
quantification, which can also differentiate between eumelanin and pheomelanin.
However, HPLC requires the specific equipment and expertise (12). Rosenthal et al.
originally developed the fluorescent quantification of melanin by subjecting melanin
with the hydrogen peroxide solution. The advantage of fluorescent quantification of
melanin is that the fluorescent signal from melanin is not affected by proteinaceous
or lipid contamination. Nonetheless, the fluorescent quantification of melanin still

needs multiple steps, which take around 4-5 h to complete the experiment (13, 14).

Another crucial test for understanding melanoma mechanism is the invasion assay.
Studies on the factors involved in the mechanism of melanoma invasion are,
therefore, important for the development of anti-metastatic drugs. Various in vitro
methods have been developed to overcome the limitations of existing devices. The
most popular approach to study cell invasion is the transwell assay, also known as
the Boyden chamber assay. In brief, a transwell invasion assay device consists of two
compartments separated by a commercially available polycarbonate or
polyethylene terephthalate membrane insert, which is coated with an extracellular
matrix (ECM) based gel. A known number of cells is seeded on top of the gel-coated
membrane insert and the lower compartment is filled with a chemoattractant of
interest. Once the cells invade through the membrane, the experiment is stopped.
The non-invasive cells are then swabbed out, stained and counted under a
microscope (15-17). A conventional transwell assay is simple and easy to use.
However, the invasion of cells cannot be tracked in real-time (18). Even though the
plastic membrane inserts are translucent, allowing staining and direct visualization of
the cells, they are only available in certain sizes and designs and expensive.
Additionally, the invasion of cells is based on 2D cell formation. Hence, the invasion

of cells is not able to imitate the in vivo metastatic conditions.

To overcome these problems, researchers have developed the real-time invasion
assay device using Electrochemical Impedance Spectroscopy (EIS) (19). When cells
are seeded on an electrode surface, adherent cells act as insulators, which impede
the passage of alternating current (20). An increasing number of cells on an electrode
surface results in a correspondingly increasing impedance. This principle has been

used to develop different real-time migration and invasion assay devices. For



example, the commercial xCELLigence system was used for migration and invasion
study of various cell types including placental and endothelial cells (21, 22). EIS was
used in a simple invasion assay by integrating the electrodes in a transwell-inspired
device (23). The assay was performed by placing chemoattractant under the
membrane insert and cellular invasion was followed in real time by an increasing

impedance due to movement of cells.

Currently, paper is the alternative scaffold for cell culture because they contain
micro fibrous pores. Whitesides’s group has demonstrated the “Cell-in-Gel-in-Paper
or CiGiP” technique which is the use of hydrogel to encapsulate cancer cells and
place the encapsulated cells in the paper (24). This technique has also been
adapted for various applications for culturing cell in the paper such as paper-based
cell culture platforms for the construction of in vitro disease models (24-26), drug
screening (27), and cell cryopreservation (28, 29) applications. In particular, paper is
biocompatible and can easily be established with the extremely low costs.
Moreover, the paper is white, which is suitable for color screening. Thus, as a result
of melanin production from melanocytes, the cells can be easily observed after a
few days of culturing due to their black color. Fortunately, this color change can
easily be visualized when melanocyte is cultured in the paper-based scaffold due to
the white color of the paper. Mosadegh et al. demonstrated a paper-based invasion
assay by constructing a device comprising multiple paper layers. Fluorescently
labelled cells were then encapsulated in a gel and placed in the middle of the
stacked multilayer (30). This approach requires, however, a paper destacking step to
analyze the invading cells in each layer. Paper-based 3D cell culture devices have
also been coupled with electrochemical measurements. Lei et al. demonstrated
paper-based 3D cell culture for quantifying cell proliferation using EIS (31), which
shows the potential of paper as an alternative scaffold for 3D cell cultures in

combination with electrochemical techniques.

In order to reduce the cost of melanoma study and improve the in vivo like
melanoma model, paper could serve as an alternative scaffold for melanoma 3D cell
culture. In this work, we demonstrated the novel applications of paper-based 3D cell
culture for two melanoma studies; melanin content analysis and its invasion. In the

first model, we optimized the suitable conditions for melanoma cell culture on the



paper and applied for the screening of anti-melanogenic compounds. In this model,
we aim to simplify the method for rapid screening the amount of melanin production.
Due to its black color, the melanin produced by the melanocytes can be easily observed
on the white paper-based scaffold after a few days of culturing. Afterwards, paper-based
device was applied for screening the effect of Kojic acid and Arbutin on melanin
production. In the first model, we successfully demonstrated that paper-based scaffolding
can be beneficial for 3D cell culture, allowing melanoma cells to behave similar to the in
vivo structure. Furthermore, the melanin amount can be easily screened by scanning the
paper and analyzing the melanin intensity with Imagel) software, thus decreasing the
duration of conventional melanin content analysis (absorbance spectroscopy). Moreover,
the color on the paper was confirmed as melanin by the treatment of OI-MSH at various
concentrations. The amount of melanin production in every experiment was confirmed
by absorbance spectroscopy. After we obtained the optimal condition for paper-based
melanoma cell culture, we further developed the device for melanoma invasion

study as the second model.

In order to develop the impedance-based invasion assay device, we began with the
primary study of cellular impedance characteristics of Mardin Darby Canine Kidney
(MDCK) and MCF-7 breast cancer cells using the commercial electrode-containing cell
cultureware. The cultureware contains gold interdigitated electrode, which provide
the suitable conditions for optimizing parameters including potential and frequency
in cell culture system. After obtaining the impedance information for MCF-7 cell
culture, we further applied this model for xenoestrogenic screening as a parallel
project. Xenoestrogen is the major group of the endocrine disrupting chemicals
(EDCs), which is found to inhibit or activate the estrogenic effect in vivo based on
their binding on estrogen receptor (ER) (32). The binding of Xxenoestrogen on ER
causes adverse effects in various systems including, nervous (33), reproductive (34),
and immunological system (35). Currently, there are plenty synthetic compounds
that are found to contaminate in the environment, such as Bisphenol-A (BPA),
Phatalate, Nonylphenol, and pesticides (36). BPA is one of the serious harmful
substances, which have shown adverse effects not only in the reproductive system
(37), but also other developmental systems (38, 39). Though FDA has announced
that the low-dose exposure of FDA is not harmful (40), the application in plasticware

and their environmental contamination should be aware. Since BPA was banned in



the plastic use, some plasticware was produced by using an alternative Bisphenol
compounds such as Bisphenol-AF (BPAF) and Bisphenol-F (BPF) (41). However, the
concern of the alternative Bisphenol should be raised due to their similarity of
chemical structures to BPA. In a recent study, seven BPA analogues (BPAF, BPAP, BPB,
BPE, BPF, BPS, and BPZ) show the agonist activities to both ERQL and ERB (41, 42).
Mesnage et al. have also demonstrated the estrogenic activity of six Bisphenol
analogues (BPB, BPZ, BPA, BPF, BPAP, and BPS), which could increase cell
proliferation of ER positive breast cancer cell line (43). Other than bisphenol,
researchers have been concerned about estrogenic contamination in the sea water,
due to the adverse effect on marine ecosystem and indirect effect on human from
seafood consumption (44). One crucial example of seawater estrogenic contaminants
is the antifouling agents, due to the direct exposure into the seawater when painted
on boats (45). Irgarol 1051 are the well-known antifouling chemical that is toxic to
marine animals (46). Other than the toxicity of Irgarol, its estrogenic effect has also
been studied. In 2006, Noguerol et al. have determined the estrogenic effect of
Irgarol 1051 with the recombinant yeast assay (RYA) (47). However, the Irgarol shows
no response on ER of the recombinant yeast. In 2019, Park et al. have found the
estrogenic effect of Irgarol by detecting Vitellogenin production, caused by estrogen
exposure in Mud crab (48). Therefore, the xenoestrogenic effect of Irgarol is still
varied depending on testing methods. The further study should be performed in
various method including E-screen assay as well as the newly developed method

with higher sensitivity.

To detect the estrogenic compounds in environmental contaminants, various
methods have been developed including both in vivo and in vitro. Based on the
estrogen exposure, Vitellogenin, the protein of egg yolk produced by fish, was used
as a marker of estrogenic screening. Therefore, the level of increased Vitellogenin in
fish can indicate the amount of estrogen, which was later developed as the
antibody-based Vitellogenin assay (49-51). However, this assay is labor intensive and
cannot be applied for large-scale screening (52). Based on the recognition of
biomolecules, cell-based assay is widely used due to the availability to detect the
toxic effects to living cells. In addition to minimize the assay, Yeast Estrogen
Screening (YES) assay has been developed based on the expression of human

estrogen receptor (hER) gene on Saccharomyces cerevisiae, and a combination with



a plasmid-containing lac-Z reporter gene (encoding (-galactosidase enzyme). The
binding of xenoestrogen results in the production of (3-galactosidase enzyme, which
can change the substrate color (53-55). YES assay is scalable and easy to perform.
However, the diffusion of secreting enzyme is slow due to the composition of yeast
cell wall, results in time consuming (56). Moreover, the use of recombinant yeast
cells showed the variation in receptor levels and protein proteolysis mechanisms,
non-receptor cell-specific factors, and metabolic capabilities (57, 58). Therefore, the
use of naturally ER-expressed cells can overcome these problems. MCF-7 (breast
cancer) cell line is a suitable model for cell-based xenoestrogen study. The method
was developed by Soto and colleagues, called E-screen assay. In brief, the binding of
xenoestrogen on ER of MCF-7 caused the increased cell proliferation. The amount of
increased cells was compared to the negative control and converted to proliferative
effect of tested substances respectively (59). The E-screen assay relies on the human
cells, which can properly reflect the in vivo response after xenoestrogen exposure
better than the genetically modified cells. Moreover, the assay is simple to perform
with the scalability. Nonetheless, it takes six days until the proliferative effect of the
tested substance is evaluated. Besides, E-screen assay provides only the end-point
readout (60). Therefore, the kinetic of cell proliferation during the xenoestrogen

treatment cannot be studied.

Due to the fast estrogen detection and precise data acquisition, biosensors have
shown a potential to accomplish the analytical requirements for xenoestrogen
detection (61). Electrical impedance spectroscopy (EIS) was applied in various
developed biosensors for xenoestrogenic detection. For instance, the work of Granek
and Rishpon demonstrated the application of EIS on estrogen detection manifested
as conformational changes in an ER-loaded lipid bilayer deposited on a gold
electrode, causing the alteration of electrical components which can be detected by
impedance measurements (62). However, the bioavailability and biological effect of a
tested substance cannot be determined by this approach. Electrical Cell Substrate
Impedance Sensing (ECIS), originally developed by Giaever and Keese (63), is widely
used for studying cellular behavior. The detection is based on culture of cells
adhering on electrodes at the bottom of a culture substrate. By applying an
alternating sinusoidal potential across the two electrodes and measuring the

generated in-phase and out-of-phase current, the impedance relating the potential



to the measured current can be determined (20, 64). The advantage of ECIS is that it
is non-invasive and facilitates continuous real-time measurements on a cell
population that functions as its own control. When cells adhere on the electrodes,
the cell membrane acts as an insulator, impeding the current flow between the
electrodes. This causes an increase in the determined impedance, which is
proportional to the number of adhering cells (65), responding to their motion (66),
and morphological changes (62). Furst et al. have demonstrated the use of EIS for
cell-based detection of EDCs based on genetically modified ERQl-expressing
Escherichia Coli (67). The EDCs present in a sample can bind to both ERQL expressed
in E. Coli and monobody protein-coated electrode in a sandwich form. The binding
of E. coli on the electrode increased the impedance, which correlates with the
concentration of EDCs. This work has shown the advantages of using EIS for label-free
EDC detection. However, the assay relies on genetically engineered bacteria, which
behave differently than human cells, only allowing detection of the presence of

EDCs instead of their biological effect.

In this parallel project, we developed the rapid impedance-based E-screen assay for
real-time xenoestrogen screening, based on the kinetic monitoring of MCF-7 cell
proliferation on the electrode. Xenoestrogenic effect was accessed by determining
MCF-7 cell growth rate after acquiring impedance spectra. The developed assay was
validated by detecting xenoestrogenic effect of BPA. Besides, Irgarol 1051 was firstly
tested its xenoestrogenic effect by both conventional E-screen assay and our

developed impedance-based E-screen assay.

Next, the optimal potential from the impedance-based E-screen assay was applied
for the developed impedance-based melanoma invasion assay due to the feasibility
for long term cell culture. In the second paper-based melanoma culture model,
paper-based scaffold was applied as a membrane insert for invasion assay device. In
order to overcome the high cost of commercially available membrane inserts and
make real-time invasion assay more accessible, we developed a low-cost real-time
invasion assay device using paper as an alternative membrane insert. The device was
applied for the invasion study of B16 melanoma 4A5 cells under the treatment of

Insulin-growth factor-1 (IGF-1). The ability of melanoma invasion was then real-time



tracked, based on their ability to break extracellular matrix (Matrigel coated on the

paper) and penetrate into the pores of paper using EIS.

Due to the advancement of 3D cell culture in the in vivo mimicking
microenvironment, papers have shown a promising possibility to be used as a
scaffold for various cell models. In this thesis, we firstly applied the use of paper-
based 3D cell culture for melanoma cell model. Author has divided the projects into
3 parts, based on the application of each study. The first part is the study of basic
conditions required for melanoma culture on the paper and its application for
melanin content screening. The second part is the initial characteristic study of cells,
which was later developed as the impedance-based E-screen assay. Afterwards, the
optimal impedance parameters were applied in the third project, which was the
development of paper-based cell culture as a membrane insert for real-time

invasion assay.

1.2 Research objectives

1.2.1 To develop paper-based scaffold for melanoma cell culture

1.2.2 To develop the paper-based cell culture devices for screening melanin

content by naked eye and evaluate by a computer software

1.2.3 To demonstrate paper-based cell culture for anti-melanogenic screening

by treatment with natural compounds

1.2.4 To primarily study the impedance characteristics of 2 cell types; MCF-7

and MDCK cell line in order to apply for melanoma invasion study

1.2.5 To apply the impedance characteristic study of MCF-7 cells for
developing real-time xenoestrogenic screening in environmental

contaminants (Irgarol 1051 and Bisphenol-A)

1.2.6 To develop the low cost and real-time invasion assay device by using

paper as a membrane insert

1.2.7 To demonstrate paper-based cell culture for real-time invasion assay by

using impedance measurement

1.2.8 To demonstrate the application of developed invasion assay device by

studying melanoma invasion under the treatment of IGF-1



1.3 Research questions

1.3.1 Can a paper be used as a scaffold for 3D cell culture?

1.3.2 Can a paper-based melanoma cell culture improve the methods for

accessing melanoma mechanism i.e. melanin production and its invasion?

1.3.3 Can a paper-based cell culture be a device for detecting the anti-

melanogenic effect of natural compounds?

1.3.4 Can EIS be applied for the real-time estrogenic effect screening based on

the principle of E-screen assay?

1.3.5 Can the developed invasion assay device improve the accessibility to

perform real-time invasion study?

1.3.6 Can a paper-based cell culture serve as a membrane insert for real-time

melanoma invasion assay by using impedance measurement?

1.4 Research hypotheses

1.4.1 Paper-based cell culture can be used for melanin quantification by using

a computer software

1.4.2 Paper-based cell culture can be a device for detecting the effect of

natural compounds on melanin production.

1.4.3 The impedance characteristic study of MDCK and MCF-7 cells be applied

further for melanoma invasion study.

1.4.4 The optimal impedance parameters obtained from MDCK and MCF-7 cell
culture can be further applied for xenoestrogenic screening, based on the
binding of contaminants (Estrogen mimicking compounds) and estrogen
receptor on MCF-7 cells, results in increased cell proliferation and

impedance signal respectively.

1.4.5 Paper-based cell culture can be used as a membrane insert for real-time

melanoma invasion assay by using impedance measurement

1.4.6 Melanoma invasive mechanisms under IGF-1 treatment can be studied by
using paper membrane insert, integrated with the developed real-time

invasion assay device.
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1.5 Research utilization
1.5.1 Paper-based melanoma cell culture can be used for screening melanin
content and application for screening anti-melanogenic effect in 2 natural
compounds including Kojic acid and Arbutin. This work was published in
Analyst entitled “In situ paper-based 3D cell culture for rapid screening of

the anti-melanogenic activity”.

1.5.2 Paper-based melanoma cell culture can be used as a membrane insert
for melanoma invasion study using impedance measurement. Melanoma
could be monitored in real time and label free manner and confirmed by
confocal imaging. The result of the work has been submitted in Sensing
and Bio-sensing research entitled “Impedimetric melanoma invasion assay
device using a simple paper membrane and stencil-printed electrode on
PMMA substrate”.

1.5.3 Optimized impedance parameters can be applied for MCF-7 cell culture
and developed for E-screen assay. The assay was applied for real-time
screening xenoestrogenic effects of 2 environmental contaminants
including Irgarol and BPA. The result of this work is under the manuscript

preparation for submitting in the international journal.
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CHAPTER Il Literature review
2.1 3D cell culture

Recently, the in vitro 3D culture becomes an important model for studying cell
change. Cells in the 3D culture environment can develop morphology and
physiology similar to that of analogous cell types in vivo. Moreover, the extracellular
matrix that surrounds cells can influence the distribution of cell-cell and cell-matrix
contacts on the surface of the cells which affects the cell polarity and cell signaling
(68). Therefore, 3D cell culture can reflect the in vivo condition better than the rigid
2D culture (Table 1). Currently, to cultivate cells in 3D structure, there are 4 main
methods including suspension, hydrogel, scaffold, and paper-based 3D cell culture.

We here describe each method below.

Table 1A summary of differences between 2D and 3D cell culture

Properties 2D cell culture 3D cell culture
Ease of . .
_ Easier More complicated
establishment
Cost Cheaper More expensive
Interaction
Worse Better

between cells

In vivo imitation

Formation time

Culture quality

Characteristic of

cells

Could not replace the
animal use due to the

lack of tumor formation
A few hours
High performance,

reproducibility, long-term

culture, easy to interpret

Loss of diverse in

phenotype and polarity

Alternative method for the
animal model due to the 3D

organ formation
A few hours to a few days

Worse performance and
reproducibility, difficult to
interpret because of an unstable

spheroid formation

Preserved morphology and way

of divisions
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Table 1 A summary of differences between 2D and 3D cell culture (continue)

Properties 2D cell culture 3D cell culture

Molecular Change in gene Gene expression, topology, and

mechanisms expression, topology, and | biochemistry of cells are more
biochemistry of cells similar to in vivo.

2.1.1 Methods of 3D cell culture
2.1.1.1 Suspension
The simplest method for 3D cell culture was developed during 1800’s. The 3D

formation based on the agitation of large amount of cells in the non-treated culture
flask. The 3D cell formation was used for protein expression study for therapeutics as
well as bio-reactor applications (69-71). Afterwards, the suspension technique has
been developed to a so-called hanging drop cell culture (figure 1B). Cell suspension
was placed in the culture well that has a semicircle shape which facilitates spherical-
shaped formation (72). However, the hanging drop technique is time consuming, low

throughput, and requires many pipetting steps (73).

2D Cell
Culture

3D
Cell
Culture

Figure 1 Schematic illustration of the comparison between A) 2D, B) Hanging drop,

C) Hydrogel-based, D) Paper-based, and E) Fiber-based 3D cell culture.

(This picture was taken from ref 73.)

Wu et al. have combined hanging drop technique with microfluidic device (Figure 2).
The microfluidic device was made of PDMS. Afterwards, the device was connected to

the reservoir for medium flow in the system. In this work, researchers have
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developed the high throughput 3D cell culture device which can reduce the
pipetting steps. (74)

Lt

Figure 2 Schematic representation of A) microfluidic hanging drop 3D cell culture

device and B) the side viewed illustration when the device was combined with
culture medium reservoir.

(This picture was taken from ref 74.)

The hanging drop microfluidic device was further developed by Frey et al. by
integrating the valve and mixing channels with the device (Figure 3). The device
allows users to select cell loading in each column via the cell loading ports. In this
work, researchers represented the reproducibility of spheroid formation for more

than 10 days. This method could reduce the pipetting steps and labor intension (75).
A

Perfusion Cell loading ports

connections l@ @ @ @[

Connecting ports

Figure 3 Schematic illustration of the PDMS based hanging drop microfluidic device

with the integration of valves and mixing channels.

The device was able to select cell loading channels.
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(This picture was taken from ref 75.)

2.1.1.2 Hydrogel

In order to mimic in vivo cell proliferation, the use of synthetic extracellular matrix
(ECM) has emerged as a solution (76, 77). Hydrogel serves as one of the ECM,
researchers are using nowadays. Hydrogel composes of the polymers that contain
pores, allowing cellular movement (Figure 1C). The hydrogel pores provide the

scaffold for supporting cells in 3D structure.

There are 2 main types of hydrogel. The first one is the synthetic ECM such as
polyacrylamide, polyethylene glycol, and polyacrylic acid. The second is the natural
polymers such as collagen, fibrin, and hyaluronic acid. The properties of hydrogel
should be considered before using in the specific conditions, for instance, porosity,
stiffness, and matrix degradation. Even though there are many choices of commercial

hydrogel, there are still the variation from batch-to-batch (76, 78).

To select the hydrogel for 3D cell culture, there are many types and properties that

users should consider including:

Collagen is typically extracted from rat tail or bovine skin and tendon. Collagen
could exhibit structural and mechanical properties reminiscent of native tissues. The
use of collagen provides the possibility for future implantation due to the availability
of an enzymatic degradation, using collagenase (76). Beebe’s group has utilized
hydrogel in the microfluidic device using passive pumping arrays (79-81). The passive
pumping is responsible for solution feeding, based on the pressure in the microfluidic
device. This work used collagen gel for human breast cancer cell culture with the co-
culture condition with fibroblasts (82). Beebe’s group has demonstrated the
advantages of collagen gel which can provide high cell viability with a high

throughput manner.

Fibrin is separated from human plasma. Fibrin is normally used in in vitro wound
healing study, including angiogenesis (83) and platelet mechano-sensing (84). It is
degradable by fibrinolytic enzyme. However, fibrin has low mechanics which limit the

utilization (76).
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Alginate is derived from brown algae. Users normally modified alginate with adhesive
licand to increase cellular binding. However, due to their weak bonding, the

additional covalent crosslinking is needed (76).

Polyacrylamide (PA) is a synthetic polymer that could provide wide range of
mechanics. PA is the base of most commercial hydrogel nowadays. Though, PA can
only be used for 2D cell culture because of the toxicity of the hydrogel precursors
(76). Hence, PA should be crosslinked before cell seeding, make it unable to be used

for cell encapsulation before adding precursors.

Polyethylene ¢glycol (PEG) is known as a blank state hydrogel because it can be
modified for various types of culture and applications (76). The PEG crosslinkers are
available in either nondegradable or MMP-degradable forms. To form hydrogel, users
just simply mix all precursors and their crosslinkers together. Due to the
cytocompatibility, users can add cells in the same step as the components mixing
step (85).

Prior to cell mixing, hydrogel needed to be sterilized due to the cell culture
protocol. Most of the cell culture grade hydrogels are already sterilized. However,
when users have modified the base hydrogel, the further sterilization is needed.
Hydrogels can be sterilized by various methods including gamma or germicidal UV
irradiation, ethylene oxide exposure, ethanol treatment of already formed hydrogels,
or dense carbon dioxide gas sterilization (86). The precursors for gel formation can be
sterilized by using UV radiation or filter. Nonetheless, the use of radiation should be
careful due to the breakage of polymers. For example, UV treatment can denature
collagen and promote peptide degradation within functionalized hydrogels (87). Also,

gamma radiation can degrade alginate (88).

2.1.1.3 Paper-based cell culture

Papers are made of a bundle of cellulose microfibers and also contain micro fibrous
pores, which are suitable for constructing the 3D scaffold (89). In particular, a paper is
biocompatible and can be easily established with the extremely low costs. In this
regard, paper would be an interesting scaffold for 3D cell culture. Therefore, we here
describe the process of paper fabrication, modification, as well as their applications

in 3D cell culture.
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2.1.1.3.1 Paper fabrication

To limit the zone for cell seeding, there are 2 methods used for paper fabrication.
The first method is wax printing technique. In brief, the paper is designed to have
cell culture zone in the desired shape by using the available software such as Adobe
Illustrator, AutoCAD, or Adobe Photoshop. A paper is then printed the design on top
by using wax printer. The wax was then melted through the thickness of a paper by
using hot plate. The temperature and time for wax melting are needed to be
optimized according to the paper types and printed pattern (90). The wax pattern is
then become hydrophobic wall which surround the hydrophilic zone as known as
cell culture zone (Figure 4) (91, 92). The second method is hot embossing. Instead of
using a wax for the hydrophobic zone, plastic can also be used for the cell culture
zone limitation. Similar to wax printing, a plastic, e.g. polyvinyl carbonate, is placed
between 2 pieces of paper. The paper/plastic sandwich is then placed in hot
embossing machine. The hot plates are pressed upon the paper/plastic sandwich.

Plastic is then melted through a paper and become a hydrophobic wall (93).

5% CO,

o

Figure 4 Wax printing technique used for filter paper patterning.
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Osteoblast cells were seeded on the wells of the paper scaffolds in a collagen
matrix. After culturing the samples for 21 days, SEM, colorimetric assays, and
immunostaining were performed to evaluate the deposition of minerals in the paper
scaffolds.
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(This picture was taken from ref 93.)

2.1.1.3.2 Paper modification

Modification of chemical properties of paper for cell culture

Some applications of paper-based cell culture require a high specificity of the test.
Thus, the correct amount and type of cells on the paper is important One method
that is used to increase the cellular attachment on the paper is the chemical
modification (Figure 5). The chemical modification on the paper should provide the
increase cell adhesion, proliferation, and cell viability on the paper (94, 95). For
example, Chen et al. have conjugated the paper with small molecules including

nucleotides and peptides (96).

Initiator chemical vapor deposition (iICVD) is a method for flowing the initiater and
monomer together in the vacuum. An initiator breaks down into radicals, beginning a
free-radical polymerization of the monomer at the substrate surface in a vapor free
atmosphere. This method allows thin film forming on many kinds of polymers (97).
Park et al. have used iCVD to deposit glycidyl methacrylate polymer (pGMA) on
perfluorodecyl acrylate polymer (pPFDA)-on a paper. pGMA and pPFDA have shown

to increase cell adhesion on a paper (89).

Corona discharge surface treatment or air plasma is a method used for surface
modification at a low temperature. The corona plasmais generated by the
application of high voltage to an electrode and form the plasma at the tip of
electrode. The polymers that pass the plasma will change the surface energy. This
method can induce the bond sites by increasing the surface energy without losing
the positive properties of materials (98). For instance, Janus paper was treated with
corona discharge which leads to the increase of wettability. Thus, Janus paper has a
better flow in the microchannel platform. Cells, that were culturing on Janus paper,

were found to have an increase cell viability (99).

The printing method was also used for printing chemicals to increase cellular
adhesion on the paper. For instance, the extracellular and adhesion proteins,
including vitronectin and fibronectin, were printed onto the paper (100-103).
Plasmonic gold nanorod was also used for paper coating. Gold nanorod coating has

increased the smoothness of paper surface. The Plasmonic gold nanorod-coated
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paper can promote cell growth of human arising retinal pigment epithelia cells

(ARPE-19) because of its ability to smoothen the surface of paper (24, 25).
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Figure 5 Chemical modification through iCVD coating on the paper of various

components on paper scaffold for the enhanced cell attachment.

(This picture was taken from ref 282.)
Modification of physical properties of paper for cell culture

Physical properties of paper consist of many factors including topography, stiffness,
roughness, and water permeability. The smoothness of paper surface also has the
effect on a better growth, spreading, and attachment of epithelial cells (95, 104-106).
Cellular behavior, including stem cell proliferation, adhesion, locomotion, spreading,
morphology, striation, and even differentiation has reported to be influenced by the
paper (107). Creating hydrophobic and hydrophilic zone allows researchers to area
for cell culture by printing or coating a paper with hydrophobic materials. For
instance, PDMS was printed on a paper to create 96 cell culture zone similar to the
96-well plate. PDMS could prevent the lateral flow of agueous medium and cell
growth across each zone (24, 26, 108). Other than PDMS, wax and Teflon have also

been used to create cell culture zone on a paper (Figure 6) (109-111).
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Figure 6 Physical modification of paper using wax and polydimethylsiloxane (PDMS)
to modify the hydrophobicity and hydrophilicity of the paper surface.
(This picture was taken from ref 282.)

2.1.1.3.3 Advantages and drawbacks of paper-based cell culture

According to the low cost of papers, researchers have been focusing on the
modification of papers for many applications. Other than the price, paper has a wide
availability and accessibility due to the regular use in most laboratories. The most
famous choice of paper for cell culture is Whatman filter paper, because of its
various pore sizes, filter rates as well as their grades. Unlike hydrogels, ceramics,
metal, or polymers, papers are easily fabricated by just print and cut (112-116). Their
mechanical properties are also various depending on the available grades. Papers are
also available in many pore sizes, which researchers can choose according to the cell
size or the experimental purpose (117). In order to culture cells, the scaffold needs
to be sterilized before cell seeding step. Even though most of the available polymers
have various chemical choices for material sterilization, the chemical reactions
between the chemical used for sterilization and polymers are concerned. On the
other hand, papers are easily sterilized by using UV radiation. By using the UV, papers
can remain their integrity better than soaking in the available sterilized solution e.g.
70% ethanol.
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Other than the advantages mentioned above, papers also have some drawbacks in
order to culture cells. However, their drawbacks have come with the available

solutions. We here list their drawbacks and solutions in table 2.

Table 2 The drawbacks and solutions for the use of paper as a scaffold for cell

culture

Drawback Solution

Difficult to acquire fluorescent images | Use two-photon microscope

Mechanical properties decrease upon | Stack papers

wetting

Changes of chemical structure due to | Choose other choices for sterilization

the chemical sterilization e.g. UV, autoclave, ethanol immersion

Some types are hard to degrade (not | Use an enzymatic approach such as

suitable for in vivo implantation) cellulase

Inability to quantify small molecules | Develop a new analytical method in a

because of its opaque fibers paper scaffold

Paper-based cell culture for cancer research

Cancer, the deadliest disease nowadays, is influenced by multiple factors. To
develop the therapeutic agents, understanding the cancer invasion mechanism is
important. The crucial mechanism that leads to the malignant stage is metastasis.
Cancer metastasis begins with the step of cell adhesion, extracellular matrix (ECM)
proteolysis, and migration respectively (118). Once cancer cells invade through the
ECM and migrate to various organs in the body, it can lead to a poor prognosis in
patients. Thus, researchers have been focusing on the metastatic step to develop the
treatment and understand the mechanism of cancer invasion. To date, the transwell
assay is the most conventional method used to assess the invasion activity of cells.
However, transwell assay can only be used for end-point measurement. Besides,
cells are formed in 2D monolayer which could not well reflect the in vivo condition.
The gradient of oxygen and other small molecules is also the key to study cancer

invasion. In order to study cancer invasion under the gradient of substances of
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interest, transwell assay could not overcome this problem. Paper has been used as a
scaffold for 3D invasion assay in various experimental design. For instance, paper was
used as a scaffold for 3D breast cancer cell line in the invasion study. Cell-containing
paper was placed in the gradient generator device. The device can create the
gradient of oxygen in a horizontal direction (Figure 7). Thus, the invasion of cells

under gradient of oxygen were tracked in real time using fluorescent microscope (68).
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Figure 7 Schematic of a paper-based scaffold, patterned to contain three channels in

which we cultured cells for the invasion assays under gradient of oxygen.

(This picture was taken from ref 68.)

Another cancer invasion study under the gradient of oxygen was also performed in a
vertical direction. Whitesides group has utilized a gradient generator for paper-based
containing device to create a gradient of oxygen in a vertical direction. Multi layers of
paper were stacked up. A cell-containing paper was placed in a middle of the stack. After
the incubation period, paper were destacked and performed LIVE/DEAD staining to
measure the distance of invasive cells in each paper layer (Figure 8) (30). In this study,
researchers found that oxygen acts as a chemoattractant to cancer cells. Cells tended to
move toward high concentration of oxygen than the hypoxic side. In the same
experimental design as Mosadegh et al., the oxygen consumption of cells were
studied under the gradient of oxygen by using a luminescent thin film (119). Other
than the oxygen supply, researchers have also found the effects of fibroblast

releasing factors on cancer cell invasion. By co-culturing fibroblast and human lung
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cancer cells in paper stack device, the releasing factors from fibroblast could induce
the invasion of VXN2 cells towards the fibroblast at the bottom of the device (93).
The cellular invasion study was able to perform in a high throughput format due to
the ease of patterning paper (108). Derda et al. developed a 96-well pattern on a
paper for cell culture by using Teflon as a support material. Paper in Teflon support

was found to increase prptide systhesis and cell attachment on a paper (25).
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Figure 8 Schematic representation of paper scaffolds for the cancer invasion assay
under the gradient of oxygen

(a) Multi-layered, wax-printed paper scaffolds. In layer 0, cells encapsuted in
hydrogel were seeded in cell culture zone (white color). Only hydrogel was added to
the paper in layers 1-4. (b) All the layers were assembled in the device (c) After
culturing for 24 h, invasive cells in each layer were characterized by fluorescence
scanner. The dark zones represent the cells, which were stained using a fluorescent
reagent. (d) The cell culture area in layer 0. (e) The distance invaded by cells. (f)
Fluorescent cells in layer 0 imaged by a confocal microscope.

(This picture was taken from ref 30.)

For cancer treatment, doxorubicin (dox) has a well ability to kill cancer cells. In many
cancer apoptosis assays, dox was chosen as a positive control. Though when treating

tumor with dox, the well-known drug penetrated to the tumor in a gradient manner.
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To study the ability of dox on cancer apoptosis, the gradient of dox was generated
into the gradient concentration by using the paper-based cell culture. Paper was
designed to have Christmas-tree shape (Figure 9). Paper was assembled in the
microfluidic device which contains cell seeding and drug adding inlets. Hela cells
were cultured at the bottom of paper-based gradient generator before adding dox in
the inlets (120). Using paper to create a gradient of drug concentration could reduce
the drug consumption due to the stable flow on a paper (92). The radiation is
nowadays used for cancer treatment. Simon et al. have utilized a paper-based 3D
cell culture for studying the metabolic response of lung cancer cells to the exposure
of ionizing radiation. This platform facilitates the regulation of oxygen to cells in 3D

structure (92, 121).
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Figure 9 A Christmas tree paper-based microfluidic device for generating gradient of

drug concentrations.

(This picture was taken from ref 120.)

Paper-based cell culture for cardiovascular disease

Calcific aortic valve disease (CAVD) is a hardening disease, happens when calcium
deposit to the aortic valve. Aortic valvular interstitial cells (VICs) are crucial for the
production and turnover of leaflet extracellular matrix (ECM) (122, 123). Thus, VICs
have been interested by many researchers on the development protocols for study
their ECM turnover mechanism. In order to replicate the in vivo conditions,

researchers have focused on 3D re-model of VIC. Paper-based 3D cell culture was
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applied for the VICs culture. VICs were cultured in multi layers of paper to mimic

different aortic valve leaflet thicknesses to monitor cell migration (124).

By stacking the paper, Mosadegh et al. have also used this model for cardiac
ischemia study. Primary rat cardiomyocytes were co-cultured with cardiac fibroblasts.
This work has demonstrated the migration of fibroblast towards the ischemic region

in the paper stack (26).

Induced pluripotent stem cells (iPSC) have shown many great properties over stem
cells, in order to use in the regenerative medicine (125). To differentiate iPSC into
cardiomyocytes, paper was used as a scaffold for cell culture. Paper was coated with
Matrigel prior to cell seeding step. In this work, researchers showed the successful
differentiation protocol of iPSC into beating cardiomyocytes on the paper (Figure 10)
(126).

NC membrane Print paper Filter paper
A cTnT cTnT

cTnT/DAPI cTnT/DAPI cTnT/DAPI

Figure 10 Cardiomyocytes derived from human iPSCs on paper.

A: identification of cardiomyocytes on three kinds of paper substrate with cTnT antibodly;
bottom images: cTnT staining merged with DAPI staining. B: SEM images of
cardiomyocytes on different paper substrates. The regions surrounded by a yellow

dotted line indicate the cardiomyocytes.

(This picture was taken from ref 126.)



26

Paper-based for bone research

In order to repair the bone damage, tissue engineering is typically used with the
integration of existing scaffolds, cells, growth factors (127). The scaffold used for
bone engineering should provide proper porosity, stiffness, swelling, degradation, and
biological activity, for guiding bone formation (92). Paper has demonstrated as an
alternative scaffold for tissue engineering due to their biocompatibility, ease of

fabrication, right geometrical structures.

In order to generate the bone for tissue regeneration, researchers have used stem
cells and iPSC as a tissue substrate. Park et al. have demonstrated the application of
paper as a scaffold for bone regeneration (89). By using the human adipose-derived
stem cells, bone lineage was generated directly on a paper construct before
implanted into mouse model. This work has shown the ability of paper to generate

bone for tissue engineering as well as in vivo implantation (Figure 11).
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Figure 11 Schematic illustration of paper-based scaffold for bone engineering. The

paper was modified for human adipose-derived stem cells culture. After stem cell
differentiation, paper-based bone tissue was implanted in a mouse model with
calvarial bone defect.

(This picture was taken from ref 89.)
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Other than the single piece of paper, an origami-inspired paper construct was applied
for bone tissue engineering by Camci-Unal et al. (91). The paper construct was
embloyed for guiding the mineralization process of mouse osteoblasts. In this work,
researchers observed the calcium phosphate deposition on the bone tissue within a
paper construct (Figure 12). Together with Park et al.’s work (89), paper could be

suitable material for the future bone tissue engineering and implantation.

Cell cultures in folded paper scaffolds

( b £ N\
» 2. Roll and fold 3. Seed cells in collagen
1. Sterilize paper paper
"
| ooo
,/.':' » y; - - Cells
-~ ~
/ e 4 g
7 ~ / 3k
S 05,0 ,00, 000,57,
. J (. J
i N\
4. Culture at 37 °C,
5% CO,

I

Figure 12 Schematic representation of the origami-inspired paper construct for bone
tissue engineering. The micro-CT analysis, after mouse osteoblast culture on a
paper, demonstrated the deposition of minerals in the origami-inspired paper
constructs.

(This picture was taken from ref 91.)

According to the paper properties, many researchers have applied paper for cell
study including cancer, cardiovascular, and bone tissue engineering applications. In
order to ease readers to choose the proper paper types for future works, we here
summarize types, properties, advantages, and applications have papers that have

been used in the 3D cell culture research in table 3.



Table 3 Paper types and their characteristics in biomedical applications
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Whatman
Weighing Nitrocellulose
Paper type filter paper Janus paper
paper membrane
#114
Thickness
190 200 130-160 200
/(um) (128)
Pore size
25 - 10 -
/(um) (128)
Mechanical
strength 2.8 MPa 150-650 kPa 1.8-2.6 MPa 392 kPa
(128)
L Drug Disease Tissue .
Applications . . Disease model
screening model modeling
Uniformity of
Optimal Stimulate pore size, easy L
i
Advantages | pore size for | osteogenic to stack, .g o
o _ o . biocompatibility
diffusion differentiation | mechanical
robustness
(24-26, 30,
Ref. 117, 124, (89, 130) (131) (99)

129)
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Table 3 (continue). Paper types and their characteristics in biomedical applications

Kimwipes

. Whatman Whatman
Paper type | Kimberly Clark | Printing paper
No.1 no.4
34155
Thickness
100-160 100-200 180 205
/(um) (128)
Pore size
- - 11 20-25
/(um) (128)
Mechanical
strength
Screening
melanin
Culturing and .
L _ _ A\ production, | Cell
Applications | Cryopreservation | differentiating . .
Hydrogen proliferation
stem cells .
peroxide
sensing
Suitable
pore size for
. Facilitate melanoma .
Mechanical _ Possible for
Advantages myogenic cells, easy to _
robustness EIS sensing
differentiation | observe
melanin
color
Ref. (29) (126) (111, 129) (31)
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2.2 Electrochemical paper-based 3D cell culture devices

Electrochemical analysis has been coupled with cellular study due to low cost,
point-of-care testing, and miniaturization capacity (132). The electrochemical
biosensors are based on 3 measurements including potentiometry, Amperometry,
and Electrochemical impedance spectroscopy (EIS). The potentiometry is the
measurement of changed potential, based on the ion selective electrode. However,
potentiometry is less sensitive to the big analytes e.g. cells when compared to
amperometry and EIS. Currently, amperometry is often used in paper-based 3D cell
culture. The technique is used for measuring the current generated by the redox of
species produced in response to analyte-bioreceptor interaction (133). The EIS has
been widely used in cell study according to Giaever and Keese study. Recently, the
combination of EIS and paper-based cell culture system has been applied for only
one application so far. The assay was developed for monitoring cell proliferation. The
detail can be found in the section of Impedance-based cellular study below. Besides,
EIS has been the fundamental technique that was used in most of paper-based 3D
cell culture device for electrode characterization. The following paragraphs describe
in detail about how the mentioned electrochemical measurements have been

applied in paper-based cell culture system.

2.2.1 Electrode and paper modification for electrochemical paper-based cell
culture analysis

To improve the conductivity for electrochemical response from cells, researchers
have modified the electrode directly before combining with paper-based cell culture
device. Besides, the paper itself has also been developed as an electrode sensor for

in situ cell analysis. The detail of both modifications is described below.
Commercial screen-printed electrode modification

The commercial screen-printed electrode (SPE) was widely chosen by electrochemist
due to its ease of use and high reproducibility. To couple with paper-based 3D cell
culture, paper was directly attached to the SPE. In order to increase the conductivity
and current response, Liu et al. have modified SPE with gold nanoparticles (Au NPs)
and nafion for detecting released dopamine from PC12 cell line (134). Nafion is a
synthetic polymer which can act as proton conductor. Thus, the modification of

electrode surface with nafion could definitely increase the conductivity. Besides, Au
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NPs has shown the ability to increase the electrochemical signal after the
modification with SPE (135). The Au NPs-nafion modified SPE showed the
characteristic reductive peak of gold at the potential of 0.5 V and oxidation peak at
1.0 V while the bare SPCE could not show the redox peak (figure 13). Besides, Liu et
al. suggested that the modification with nafion could be beneficial for superfluous

absorption and enhance the selectivity through the electrostatic repulsion (134).
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Figure 13 Cyclic voltammograms of stepwise modified SPCE in 0.5 mol/L H,50,

solution. (a) bare SPCE; (b) Au NPs/SPCE; (c) nafion/Au NPs/SPCE.

(This picture was taken from ref 135.)
The carbon paper electrode (CPE) modification

Instead of culturing cells directly on conductive carbon paper electrode (CPE), Shi et
al. have demonstrated the use of carbon paper as the working electrode (WE). By
connecting cell culture zone on a paper with a carbon paper using silver paste, the
electrochemical response could then be tracked. In order to improve the
conductivity of carbon paper electrode, the hydrogel was fabricated from the
mixture of carbon nanotube (CNT), graphene oxide (GO), and MnO; (figure 14). To
functionalize the CPE, CNT/graphene/MnQO, aerogel was deposited on CPE before
casting with nafion. The functionalized was then attached to the paper-based 3D cell
culture. The CNT/graphene/MnO, aerogel was found to increase the
electrochemically active surface area and low charge transfer resistance, when

characterized with EIS Nyquist plot (136).
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Figure 14 Schematic illustration of the fabrication of CNT/graphene/MnQO, hydrogel. GO:

graphene oxide, CNT: carbon nanotube, MnO,: manganese dioxide.

(This picture was taken from ref 136.)
Paper as the electrode sensors

Instead of relying on the commercial SPE, paper itself could be used as an electrode
sensor by screen printing. Jiang and Yu group have used the same concept for the
paper modification as an electrode by screen printing technique. One paper was
modified as RE and CE by screen printing Ag/AgCl as RE and carbon as CE. Another
paper was modified as WE by screen printing carbon (Figure 15). Afterwards, the
RE/CE and WE paper were attached together and directly used for cell culture (137,
138).

Reference electrode

Paper auxiliary zone Paper working zone
screen-printing
of electrodes

SPCE l SPWE

SPRE

Figure 15 A schematic representation of paper-based screen-printed electrode for

cell culture from A) Yu and B) Jiang group.

(Picture 15A was taken from ref 137. Picture 15B was taken from ref 138.)
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Yu’s group has also further modified the paper-based screen-printed electrode for
cell culture. The paper origami consisted of 4 parts of paper that can be folded and
assembled together. A paper was designed to have 4 cell culture zones that
consisted of 4 WE in the back side of the paper. The RE/CE was screen printed on
another piece of paper before assembled with the WE paper. The paper was further
modified with aptamer for single cell detection in each cell culture zone (Figure 16)
(129, 139, 140).

A Flipover B

(4)PCE(5)

Figure 16 A paper screen printed electrode developed by Yu’s group consisted of 1)
paper auxiliary tab, 2) paper cell tab, 3) paper auxiliary zone, and 4) paper cell
zone. (B) The reverse side of (A) with screen-printed electrodes: 5) SPCWE, 6) SPARE,
and 7) SPCCE.

(This picture was taken from ref 140.)
Applications
Hydrogen peroxide sensing

Hydrogen peroxide (H,O,) is one of the reactive oxygen species that plays an
important role in cellular modification, including cell signaling, proliferation, and
migration. H,O, is cytotoxic due to its ability to penetrate to any compartments of
cell, causing peroxidation at, for example, cell membrane and DNA bases. In
mammalian cells, H,O, was produced from mitochondrial electron transport chain,
lipoxygenase, cytochrome P450, oxidase, uncoupled endothelial nitric oxide synthase
(eNOS) and other hemoproteins (Figure 17). The generated H,O, in Figure 17 can
directly react to lipid and protein, causing a DNA strand break. A very low

concentration of H;O, has also caused the change of molecular signaling, especially
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endothelial cells. Cellular exposure to H,0, exhibited an increase cell proliferation
via the alteration of various molecular signaling, including ERK1/2 and NOX (141).

Thus, the quantification of H,0,in cells could reflect many pathological conditions.
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Figure 17 Biochemical pathways of hydrogen peroxide generation and metabolism.
Molecular oxygen undergoes one or two-electron reduction (1 or 2e-) to form

superoxide (O;~) or hydrogen peroxide (H-O) respectively
(This picture was taken from ref 141.)

Paper-based 3D cell culture has been used for the direct H,O, detection and indirect
cellular pathological examination. The advantage of catalytic properties of various
enzymes over H,O, substrate could be coupled with electrochemical analysis. In
order to perform the measurement, paper has an advance benefit to cellular
response due to the 3D structure that is formed within a paper scaffold. The 3D
morphology of cells could exhibit cellular responses better than the rigid 2D cell
culture. Therefore, the production of H,O, in a responsive of adverse pathological
stimulation is more reliable. After culturing cells in the paper, the electrode was then
coupled with a paper for electrochemical measurement. The direct H,O, detection
on the electrochemical paper-based cell culture was developed by Shi and
colleagues. (136) A paper was fabricated by wax printing technique to create
hydrophobic and hydrophilic (for cell culture) zone. WE and RE/CE were attached to
the cell culture zone via silver paste. The device was used for larynx carcinoma cells
produced H,0,. Phorbol 12-myristate-13-acetate (PMA), the chemical that is known
as a stimuli of H,O, production via ERk;,,/CREB (142, 143), was also used to validate

the device. Researchers applied PMA on paper-based cell culture to stimulate H,0O,
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production after culturing cells on the paper. In this work, the produced H,0, gives a
high current response which correlated with the concentration of H,O, and PMA as
expected. This result confirmed the validity of the develop paper device over the
direct H,O, detection. Accordingly, this paper has suggested the potential device for
drug screening application via H,O, detection (Figure 18). The same concept was also
developed for SK-BR-3 breast cancer cells by Yu’s group. The paper was modified by
Platinum (Pt) nanoparticle to increase the conductivity. The aptamer was
immobilized on the paper for cell specificity before adding the PMA. Cells then

released H,O,, which could be measured by amperometry (129).

A Hydrophobic B C
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Adding PALA
Release Hyt >2m
..j-"
. WE aomn
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Hydrophilic
region (=) Cell H,O, < Synthetic materinls

Figure 18 Electrodes/paper sandwich device and its validation for H,O, detection after
PMA stimulation. PMA: Phorbol 12-myristate-13-acetate.

(This picture was taken from ref 136.)

The indirect application of H,O, detection is for cancer cell detection. Since it has
been known that cells normally release H,O, after the PMA stimulation. Thus, the
release of H,O, could also represent the existence of cells. Ge et al. have
demonstrated the detection of leukemia cells via the release the H,O, after PMA
stimulation. The released H,O, could oxidize thionine (TH), which resulted in an

increased current response (Figure 19) (137).

Cell 3D AuNPS/GN

Figure 19 A schematic of paper-based device for leukemia cell detection via the

release of H,O, by PMA stimulation.

(This picture was taken from ref 137.)
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Cell viability assay

Currently, cell viability assay is mostly performed in the end-point manner due to its
ease of use and low cost. The end-point cell viability assay can be divided into 4
main concepts which are Tetrazolium reduction assay, Resazurin reduction assay,
protease viability assay, and ATP assay. However, these end-point assays cannot be
used for kinetic cytotoxic study due to the staining of specific reagents. The real-time
cell viability assay was also developed by detecting luminescence product that is
caused by the luciferase enzymatic reaction to the substrate produced by living
cells. Thus, the kinetic of cell toxicity can be studied in real time (144). In addition,
the fluorescent detection as also developed for real-time cell viability assay, the so
called LIVE/DEAD staining, based on Calcein-AM (live cells) and Ethidium homodimer-
1 (dead cells) staining (145). Nevertheless, both luminescence and fluorescence-
based cell viability assay are expensive, time-consuming, and require the advance
instrumentation (139). Consequently, the use of paper could reduce the cost of cell
viability assay. Besides, paper could support cells in 3D morphology which exhibits
the better in vivo-like structure. Other than luminescent and fluorescent detection,
researchers also used electrochemical detection from real-time cell viability assay
due to the simplicity of instrumentation which requires low electrical power, ease

the in-field use (146).

In order to detect cell viability on the paper, researchers have used paper-based 3D
cell culture technique by directly adding cells onto the paper. To increase the cell
specificity of a paper, an aptamer was used for paper modification before cell
seeding step. Su et al. have developed a paper-based electrochemical cyto-device
or P-PECD (Figure 20) for detecting cell apoptosis after anti-cancer drug treatment
(139). DPV was used to detect cell apoptosis after Cycloheximide, Etoposide,
Camptothecin treatment. The DPV response showed the direct correlation with cell

apoptosis as the anti-drug concentrations increased.
The evaluation of multi-glycan expressions

Other than anti-cancer drug screening application, the JI-PECD was further developed
for screening multi glycan expressions. Glycosylation on cancer cell surface plays a

role in cancer metastasis due to the tumor adhesive alteration. The change in tumor
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adhesion can either promote or inhibit cancer invasion (147). Hence, the screening of
multi-glycan expressions on cancer cells is important in order to understand the
invasive mechanism. Su et al. have applied H-PECD to detect the multi-glycan
expression by adding horseradish peroxidase (HRP) tagged with lectin that can
specifically bind to glycan onto the cell-containing paper. H,O, was then added for
the result in enzymatic product, which could produce a DPV response. The DPV
response represents different patterns, which correlated to the level glycan

expressions.

Figure 20 The scheme representing a paper-based electrochemical cyto-device or
U-PECD for screening anti-cancer drugs and multi-glycan expressions on cancer cells.
(This picture was modified from ref 139 and 140.)

Impedance-based cellular study

Electrochemical Impedance spectroscopy (EIS) has been widely used as a method for
studying cellular behavior. In brief, as the cell grows on the electrode surface, the
current flow was impeded by the insulation of cell membrane, causing the increase
of electrical resistance, which is known as impedance signal. This basic theory was
proposed by Giaever and Keese (63, 148, 149). As the impedance signal change
according to the cellular behavior, the impedance measurement was applied in
various studies including cell proliferation, migration, invasion, and the tight junction
integrity. For the better understanding of cellular behavior via the impedance
measurement, researchers have been coupled 3D cell culture for the impedance

measurement to improve the in vivo-like cellular responses.

The emerging of paper as an alternative scaffold for 3D cell culture was also coupled
with EIS for measuring cell proliferation (31). The paper was used for culturing cells in
various concentrations. The impedance measurement was performed throughout the
incubation period (Figure 21). Lei and colleagues have demonstrated the direct

correlation between cell amount on the paper and impedance signal. Their
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developed paper was then used for quantifying cell proliferation in real-time manner
for up to 72 h. This work has demonstrated the advantages of paper-based culture
couple with EIS including, the non-invasive and real-time cell proliferation assay
which was based on the 3D cell culture. This rises the potential of paper-based

culture device for cellular study by using EIS.

Cells/hydrogel

Paper-based substrate construct
with microchambers
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Figure 21 The schematic representing a paper-based culture device for cell

proliferation assay using the impedance measurement.

(This picture was taken from ref 31.)



Table 4 A summary of paper-based 3D cell culture application using with the

electrochemical analysis
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Electrochemical

Paper substrate | Cell line Application . Ref.
analysis
Glass filter Hydrogen peroxide v,

Hep2 , (136)
paper (CBO8) sensing Amperometry
Whatman

Hydrogen peroxide
chromatography | SK-BR-3 . DPV (129)
sensing
paper #1
Cancer cells
Whatman detection
chromatography | HL-60 DPV (139)
paper #114 Anti-cancer drug
screening
Whatman Multi-glycan
chromatography | K562 expression screening DPV (140)
paper #114 on cancer cells
Cancer cells
Chromatographi detection via
K562 ) DPV (137)
C paper hydrogen peroxide
sensing
Whatman No.4
. TW06 Cell proliferation EIS (31)
filter paper
Whatman filter

PC-12 Cell viability DPV (134)
paper
Cellulose A4 . _

RBL-2H3 Casein detection CV, DPV (138)

paper
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2.3 Melanogenesis
2.3.1 Biological roles and functions of skin and hair melanin and melanogenesis

Melanin have shown the significant properties on skin protection. Human with white
skin are found to be more possibility to develop skin cancer than human with dark
skin due to melanin’s role of skin protection from UV radiation (UVR) (150, 151). By
protecting melanocytes from UVR, melanin prevents DNA damage in both
keratinocyte and melanocyte (152). Melanin consists of 2 main types which are
eumelanin and pheomelanin. Eumelanin is a black brown melanin that is derived
from the oxidative polymerization of L-DOPA via 5,6-dihydroxyindole intermediates.
Pheomelanin is the yellow to red pigment that is derived from the oxidation of
cysteinyldopa via benzothiazone and benzothiazole intermediates (Figure 22) (153).
Eumelanin is found more in black hair, and decrease in dark brown, brown, light
brown, blond, and red hair respectively. Pheomelanin is low in every hair color but
remains constant, except red hair which has similar amount of eumelanin and

pheomelanin (154).

Melanin also has the toxic effects. For instance, Pheomelanin contributes to the UVR
damaging effects which generate hydrogen peroxide and superoxide anions (155-157).
The effect of DNA damage can turn into melanocytes mutations (158). Insertion of

Re/e

melanoma oncoprotein BRAF into mice carrying MC1 on MCIR gene caused the

more invasive melanoma without the presence of UVR (159).

2.3.2 Melanin properties and control of melanogenesis

Ol-melanocyte stimulating hormone or O-MSH is an endogenous hormone of the
melanocortin family. Q-MSH is responsible for melanogenesis through the activation
of melanocortin 1 receptor or MC1R (160, 161). The activation of MCIR through the
binding of O-MSH and ACTH can result in the increased tyrosinase expression. The
tyrosinase expression is based on the cAMP signaling and microphthalmia
transcription factor. The cAMP signaling triggers the acidic melanosome into neutral
state. The neutral melanosomal pH could enhance the catalytic efficiency of

tyrosinase (162).

The activation of normal human melanocyte with O-MSH and ACTH increases the

expression of Tyrosinase-related protein-1 (TRP1) and Tyrosinase-related protein-2
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(TRP2) (163). The role of TRP1 and TRP2 are not yet clarified (164). There is also the
evidence of TRP1 that is accountable for activation and stabilization of tyrosinase,

melanosome synthesis, increased the ratio of eumelanin/pheomelanin (165, 166).

2.3.3 Chemical control of melanogenesis

Melanocytes produce two major types of melanin including eumelanin and
pheomelanin. Melanin production depends on the availability of substrates and the
function of melanogenesis enzymes (Figure 22). Firstly, tyrosinase (TYR) carries out
tyrosine hydroxylation to L-3,4-dihydroxyphenylalanine (DOPA) which is rapidly
oxidized to DOPAquinone.

In order to produce eumelanin, DOPAquinone is then removed cysteine, resulting in
Cyclodopa. Cyclodopa then follows the redox exchange into Dopachrome and Dopa
(167). Dopachrome rearranges itself into 5,6-Dihydroxyindole (DHI) and 5,6-
Dihydroxylindole-2-carboxylic acid (DHICA). DHICA is produced in the less amount
than DHI. Both DHI and DHICA are then oxidized into eumelanin (168).

In order to produce pheomelanin, DOPAquinone is added with cysteine before
turning into 5-S-Cysteinyldopa (5-S-CD) and 2-S-Cysteinyldopa (2-S-CD). 5-S-CD and 2-
S-CD are then turned into CD-quinone, 1,4-Benzothiazone intermediates, and
pheomelanin (168).
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Figure 22 The process of melanin synthesis leading to eumelanin and pheomelanin

production.

(This picture was taken from ref 168.)
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2.3.4 Intrinsic regulation of skin pigmentation
Keratinocyte produces several factors that is caused by the UV exposure. These
factors can both inhibit and stimulate melanogenesis. For instance, catecholamines
produced by keratinocytes can bind to 10l and 2f3 adrenogenic receptor in
melanocytes. The binding results in melanogenesis by the cAMP pathway and PHC-3
(166, 169). cAMP production is responsible for the role of second messenger in
melanogenesis (164). Figure 23 represents the additional significant pathways
responsible for melanogenesis.
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Figure 23 Signaling pathways in melanocytes that regulate melanogenesis.

(This picture was taken from ref 165.)

2.3.5 Extrinsic regulation of skin pigmentation by UVR

UVR exposure can cause 2 types of skin pigmentation. The first one is the immediate
pigmentation which appears within 5-10 min after UV exposure. The immediate
pigmentation is caused by UVA that does not result in the change of melanin
production. Immediate pigmentation causes the oxidation of pre-existing melanin
and redistribution of melanosomes. The second type is the delayed pigmentation
which occurs 3-4 days after UV exposure. The delayed pigmentation causes by UVA
and UVB that results in the increased epidermal melanin (170-173).
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2.3.6 Melanin content analysis
Melanin amount is one of important factors for melanoma accessing procedures. In
order to measure the amount of melanin that is produced from melanoma cells,
researchers have been developed many methods including fluorescence
spectrophotometry  (14), Electron paramagnetic resonance (174-176), high
performance liquid chromatography (177), and absorption spectroscopy (11, 178,
179). However, absorption spectroscopy has been widely used nowadays due to the
ability to measure melanin in cells and the secreted one, its ease of use, does not

need the large instrument, and skilled operator (180).

To perform the melanin content analysis by using absorption spectroscopy, cells are
trypsinized from the culture plate before centrifugation. Cell pellet is then dissolved
in 1 N NaOH at 80 °C for 1 hour to solubilize melanin. The melanin concentration is
measured by the absorbance spectrophotometer at 475 nm. The absorbance value
from commercial melanin from sepia (SIGMA) was measured at various concentration.
The standard curve is plotted between melanin (sepia) concentrations and
absorbance value. To calculate melanin concentration, the absorbance value from

an unknown sample was then calculated from the standard curve (181-183).

2.3.7 Parameters for melanin content measurement

There are 2 parameters for melanin content measurement which are melanin
content per cell (MC) and melanin content per culture or per area (MT). To calculate
melanin content per culture, the melanin amount, that is obtained from the
absorbance standard curve, is converted to nanogram (ng) unit before divided by the
total number of cells. Thus, MC unit is shown in ng/ml unit. To convert MC to MT,
the MC number in ng/ml unit is then multiplied by the total number of cells (181,
184-187).

In order to describe the melanin content in each cell line at a certain growth period,
MC is suitable for comparison of melanin content among different cell lines (181,
188, 189). While the evaluation of the melanin content after the treatment of
substance of interest, MT is more suitable due to the determination of biological
effects of melanin in vivo. For instance, if the melanin content per cell is low but
there are the large treatment area for the substance, the melanin content would

then be increased due to the large surface area for treatment (190, 191).
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2.3.8 Parameters for melanin production
There are 2 parameters for evaluating melanin production which are melanin content
per culture in a given time period (MPT) and melanin production by each cell in a

given period (MPQC).

MPT can be calculated by using equation 1.

MTt-MTo
MPT= [1]
t

MPT is the melanin production in a culture dish per day (ng per culture per day), t is
the time period (day), MTo and MTt are the melanin content per culture dish at the
beginning and at the end of culture respectively. (181)

MPC can be calculated by using equation 2.

MCt P-MCo
MPC= (2]
1.3D

MPC is the melanin production per cell per day during the culture time (ng per cell
per day). MCo and MCt are the melanin content per cell (ng per cell) at the
beginning and at the end of culture respectively, t is time period (day), P is the cell
population increase during culture time, and D is the doubling time of the cells

which can be calculated by using equation 3. (192)

t x log2
N-ONIVER: (3]
log Nt- log No

No and Nt are the cell number at the beginning and at the end of the culture

respectively, and t is the time period (day).

Similar to the melanin content evaluation, comparison of melanin production of cell
lines at a certain growth period, MPC is more suitable than MPT. While the evaluation
of melanin production after the treatment of biological substance, MPT should be

used for determination (181, 188).

2.3.9 Melanin content analysis in 3D cell culture

Since 2D cell culture could not reflect the cellular condition in vivo, 3D cell culture

has been widely used in many biological experiments including melanin content
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analysis. Chung et al. demonstrated the evaluation of melanin content in 3D culture.
Researchers formed the 3D spheroid from melanoma cell line by hanging drop
technique. The spheroids were then transferred to ultra-low attachment (ULA) 96-
well plate before adding the anti-melanogenic agents. After the incubation period,
plate was read the absorbance at 490 nm (180). Thus, method had overcome the
problem of 2D cell culture. However, the melanin content had been obtained from

the secreted melanin only. Therefore, the total melanin content was not measured.

2.3.10 Other in vitro methods for melanin content analysis

Other than the spectrophotometric method, researchers have developed the HPLC-
based melanin content analysis. The method is based on the formation of pyrrole-
2,3,5-tricarboxylic acid (PTCA) by permanganate oxidation of eumelanin and of
aminohydroxyphenylalanine (AHP) isomers, followed by hydriodic acid (HI). The
products from degradative reaction were then analyzed by HPLC. This method
allowed researchers to quantify in detail whether the melanin consist of eumelanin
or pheomelanin more. Besides, the melanin derivatives can be quantified (10).
Fernandes et al. have also developed the melanin content analysis by using
fluorescence spectrophotometry. Similar to absorbance-based technique, trypsinized
cells were centrifuged. The pellet was then solubilized in 1 N NaOH before adding
hydrogen peroxide. Melanin is naturally acquire the fluorescence when subjected to
oxidative conditions (heating in alkaline hydrogen peroxide solution) (13). Thus, the
fluorescence, after hydrogen peroxide, adding was measured by fluorescence

spectroscopy (14).

2.4 Electric Cell-Substrate Impedance Sensing (ECIS)

Electric Cell-Substrate Impedance Sensing (ECIS) is a technique, based on electrical
impedance spectroscopy (EIS) for measuring cellular activities including cell
proliferation and viability, cell cycle, cell metastasis, and cell migration and invasion.
EIS is technology that is able to monitor specific information of cells by applying the
voltage (V) in the electrodes that are placed with cells. (193). The impedance signal
or Z¢ is measured as a function of the frequency and represented by Z=V¢/Il when I
is the current obtained from the electrode (194). Since EIS is non-invasive, real-time,
and label-free method (195-198), it has gained the potential for applying in cellular

study. ECIS was found by Giaever and Keese (63). Giaever and Keese have found that
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when applying AC current while the frequency is sufficiently high, the resistance of
the tight cell layer could be measured (199). According to Giaever and Keese ECIS
system, researchers have been focusing on applying ECIS into various cell studies.

Here, we review the theory, electrode design for ECIS and its applications.

2.4.1 Theory and Modelling of ECIS
The impedance signal can be obtained using a small AC voltage as the excitation

before the electrical current is measured (200). The complex impedance (Zy) is then

calculated as:

Uy .
szl_ =Zre + jZm (1)

(W)

where j= \/I and W is the frequency. The real (Zge) and imaginary ( Zj) parts of the
complex impedance are called resistance and reactance, respectively. The

magnitude ( Z ) and phase angle (B) of the complex impedance are

|z| V2 4@, )

) A
= arctan—
Zge

Cells, that were measured in the ECIS system, are in 2 statuses which are the

suspended in medium and adhered on the culture substrate (200).

For the suspended cells in the medium, the mammalian cells which consist of a lipid
bilayer membrane and cytoplasm (no cell wall). This type of cells is referred to a
single-shell model (201-203). The plasma membrane acts as the insulating shell,
while the cytoplasm acts as the conducting sphere (Figure 24). The EIS is normally
applied for the detection of cell metabolism/proliferation. Their shell (plasma
membrane and/or cell wall) acts as the charged particle, while the ion released from
cells can change the conductivity in the medium (204). After fitting with the
equivalent circuit model, the resistance-capacitance can be determined from Nyquist

plot.
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Figure 24 A single shell model of suspended cell in the medium represents the

permittivity of the medium, cell membrane, and cytoplasm

(This picture was taken from ref 200.)

Asami et al. have demonstrated that normally the frequency that applied for the
single shell model ranged from 1 Hz to 10 GHz (205). These range of frequency can
be divided into 3 dispersions which are Q., B and Y (206). The Ol-dispersion is below
100 Hz which is interfered by the electrode polarization. The B—dispersion represents
the insulating membrane which is usually discussed in the ECIS system (203). The Y-
dispersion is higher than 1 GHz and is resulted from reorientation of water molecules
(207).

For the adherent cells, Giaever and Keese have established the theory in 1991 (208).
The character of cells adhered on the electrode can be described by the equivalent
circuit models (Figure 25) (209, 210). Cells that adhered on the electrode acts as the
capacitance, or a constant phase element (CPE) or a resistance-capacitance complex,
depends on the equivalent circuit models (200). Basically, the impedance magnitude
is increased when cells adhere on the electrode surface and more increased when
cell proliferate due to the insulating properties of cell membrane which impeded the
current flow in the system. When measuring the impedance signal without cells (Zy),
the impedance magnitude reflects the electrode-medium interface. In order to
reflect impedance magnitude caused by cells, the impedance signal normally

represented in the normalized term (Z/Z,) or cell index (Z-Zo/Zo) (211).
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Figure 25 The equivalent circuit models explain the character of cells adhered on

the electrode and the relationship between the applied frequency sweeping and
the impedance magnitude with and without cells.

(The picture was taken from ref 211.)

2.4.2 Instrument

EIS measurement is based on the AC/DC power generator which connects to a
potentiostat. A potentiostat is responsible for supplying the current to the counter
electrode, in order to maintain the desired potential difference between working
electrode and reference electrode. The data precision in EIS experiment also
depends on the ability to manipulate the applied frequency. The wider range of the

frequency, the more data acquisition. Noise and background currents generated by
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the instrument were removed by adjusting variable resistor on the lock-in amplifier
connected to the potentiostat. Lower frequency can give the accurate result but also
causes longer experiment which may lead the change of sample surfaces (Figure 26)

(212).
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Figure 26 Schematic representation of the instrument acquired for EIS experiment

(The picture was taken from ref 212.)

2.4.3 Data representation
The basic curves acquired after EIS experiment consist of 2 types which are Nyquist
plot and Bode plot. Nyquist plot is usually shown in a semicircle and straight line
portion (Figure 27). The semicircle portion at high frequencies represents to electron-
transfer limited process while the straight-line portion corresponds to diffusion
limited electron transfer process at low frequencies. (Figure 27a) Thus, for the very
fast electron transfer process, the impedance spectrum may possess only the straight
line protion as shown in figure 27b. For the slow electron transfer process may give
rise to a large semicircle as shown in figure 27c due to the thick layer of insulator on
electrode materials (212). Normally, the Nyquist plot is used for the electrode
characterization by measuring the charge transfer resistance (R.) from the curve. The

lower Ry, the better electrode will function.
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Figure 27 A schematic illustration of Faradaic impedance spectra in the form of

Nyquist plots for various modifications of electrode.
(The picture was taken from ref 212.)

Bode plot is a combination of a magnitude plot, expressing the magnitude of the
frequency response, and a phase plot, expressing the phase shift (Figure 28) (212,
213).
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Figure 28 Bode Plots showing variations of impedance parameters with frequency

(The picture was taken from ref 212.)

2.4.4 Electrode design and fabrication
There are 2 factors that contribute to the optimal EIS signal. The first factor is the

electrode which is responsible for applying the electric field to cell medium system.
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The second factor is the device which should be able to integrate with electrode

design and biocompatible with cell culture (200).

The materials used for the electrode substrate are glass (214, 215) and silicon (216-
218). However, there is the limitation of using silicon as the electrode substrate due
to its non-transparent property. Thus, the integration with microscopy is not possible.

Glass substrate are more popular due to its transparency.

For the electrode material, gold (Au) is an ideal material used for electrode
fabrication due to its good electrochemical properties and biocompatibility.
Moreover, Au is easy to modified (219, 220). Other than Au, Silver/silver chloride
(Ag/AgCl) (221), Platinum (Pt) (222), indium tin oxide (ITO) (223), Nickle (Ni) (224) have

also been used as an electrode material in the ECIS system.

The electrode fabrication is based on various processes including metal deposition,
lithography, and reactive ion etching (225). The process started with sputter coating
or evaporation of Cr (30nm) and Au (300nm) on the glass substrate. Ti can also be
used as an alternative material of Cr. The use of Ti or Cr can enhance the deposition
of Au on the substrate. In order to connect to circuit pad, the electrode is bonded
by using lithography and etching technique respectively. The electrode is then
covered with the insulation layer that patterned as the desired electrode design.
Afterwards, the electrode is  exposed and the insulation layer is removed

respectively (Figure 29) (200, 215).

s« Cr (30 nm) $
- 'Glass . Si0,/Si;N,/Si0,
V. EE_m__m 01um/0.5um/0.1um

9
<+<— Au (300 nm
Il ———— ( ) 3
$ — i i i —— patterned
ey PhOtOTesist
l l l l UV patterned ¥

- . !
s PhOtoOresist

1.
Etch to expose
'R
Electrode - R R electrode
[ VII.
EN B B B B andtrace | = S e

IV.

Figure 29 The microfabrication of Cr/Au electrode on ¢glass substrate

(The picture was taken from ref 215.)
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The electrode geometries used in the ECIS system consist of 2 main types. The first
geometry is a pair of circular microelectrodes. The circular one has round working
electrode and the large counter electrode (Figure 30A&C). This configuration has a
wide area for cell culture (194). Thus, it is widely used for cell proliferation,
attachment and spreading, wounding and migration (226-228). The second
configuration is the interdigitated electrode. Interdigitated electrode consists of 2
fingers that mesh with each other (Figure 30B&D). By increasing the number of fingers,
the electrode surface could be increased. The fingers can be arranged in parallel
(229-231) or circular pattern (232).

A

Figure 30 The microelectrode geometries used for EIS. A&B is a schematic view. C&D

is a microscopic view. A&C represent the circular microelectrode pair. B&D represent
the interdigitated electrode.

(The picture was taken from ref 194.)

2.4.5 Application of ECIS
2.4.5.1 Cell proliferation and viability

The conventional cell proliferation assay requires many steps and the end-point
readout (233). To simplify the measurement, ECIS has served as the non- invasive,
label free and real-time cell proliferation assay. To perform the experiment, a small
quantity of cells is seeded on the electrode cultureware. When cells start dividing,
the number of cells is increased and covered electrode surface, resulting the
increased impedance magnitude. These impedance changes is related to cell
proliferation rates or, more accurately, the rate at which the substrate becomes
occupied with spread cells (226, 234).
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Similar to cell proliferation assay, ECIS can be used for cell viability assay since the
death of cells causes the decrease cell number attaching on the electrode surface.
Mostly, ECIS was applied for studying the cytotoxicity of substances of interest to
cells. For instance, the cytotoxicity of mercury chloride and 1,3,5-trinitrobenzene
(TNB) was study by exposing to fibroblastic V70 cell line. In this work, the gold
electrode was fabricated for measuring the concentration and time response function
of cells to the substances (235). Other substances that are suspected as a non-
biocompatible chemical were also studied by ECIS system including magnesium ion
(236) and anti-cancer drugs (237).

Other than the compounds, the virus induced toxicity has also been tested using the
ECIS. The fish cell lines were tested with 2 types of infectious viruses which were
pancreatic necrosis virus and hematopoietic necrosis virus. In this work, researchers
found that an approximate linear correlation exists between the log of the viral titer
and the time of cell death (238). Muller et al. have also studied the titer-dependent
cytotoxicity of adenoviral vector in IPI-21 cells (239). ECIS based cell proliferation
assay improves the conventional methods in many ways as mentioned above.
Moreover, the ECIS cell proliferation assay can be performed in high throughput
manner by fabricating the multi-well electrode cultureware. The assay can be

performed simultaneously by the multi-channel potentiostat.

2.4.5.2 Cell cycle

Deregulation of cell cycle is one of the approach to stop cancer metastasis (118). To
track cell cycle, the fluorescence and flow cytometry are currently used. Wang et al.
have developed the cell cycle detection based on impedance signal. Cells were
synchronized before seeded on the electrode surface. When cycle changed, cells
changed their shapes that corresponded with impedance signal. Researchers found
that when cell cycle progress from G2 to M phase, cells detached from the
electrode and round up to prepare for cellular division. While the progression from
G1 to S phase, cell re-attached the electrode and spread themselves, resulting in

increased impedance signal (211).

2.4.5.3 Cell migration and invasion

Conventional migration and invasion assay are based on transwell assay or Boyden

chamber. The assay is easy to use and provides quantitative data. However, it can
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only be performed in the end point manner. Thus, the kinetic of cell motility and
invasion could not be studied. ECIS has served the purpose of real-time migration
and invasion assay. AppliedBiophysics company has developed the automated ECIS
wound healing assay which gives the precise wounding, highly reproducibility, and
good matrix preservation. After cell scratching on the electrode, the healing process
could be tracked from the electrical signal (240). For the invasion assay, the
technique is based on the cell monolayer formation on the electrode. When cells
form monolayer, the impedance magnitude will be increased as the cell-cell contact
is getting tight. To perform the invasion assay, the invasive cells were placed on top
of cell mono layer. Once the invasive cells destroy the cell adhesion on the
electrode, the current will flow easier again, resulting the decreased impedance
signal. This assay is called transepithelial/transendothelial electrical resistance (TEER)
measurement. Applied Biophysics company had also developed the commercial
device for TEER measurement. The device has a similar configuration as the transwell
assay but contains electrode sensors upper and lower the membrane insert. Cellular
invasion was then mapped from the electrical signal from the whole device (Figure
31) (241).

FILTER

e <

Figure 31 The illustration of the commercial ECIS TEER24 instrument from Applied

Biophysics company.
(The picture was taken from ref 241.)

2.5 Microfabrication technique for microfluidic devices

The miniaturization of laboratory process has come to the popular research field
known as Lab-on-a-chip. In order to fabricate Lab-on-a-chip system, the
microfabrication is required due to the small structure that could recapitulate the

experimental conditions such as the in vivo conditions. Microfluidic chip can be
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made of 2 major types of material which are silicon or glass and polymers. Here, we
discuss the microfabrication methods that was used for both silicon or g¢lass and

polymer substrate.

2.5.1 Silicon/Glass-based microfabrication

The silicon/glass/based microfluidic devices are mostly used in Micro-Electro-
Mechanical system (MEMS) by integrating with the integrated circuit (IC). The use of
silicon could provide the feature size down to 50 um feature size (242). There are

several methods used for microfabrication of rigid matters, described below.

2.5.1.1 Lithography

Lithography is the technique for transferring the three dimensional pattern onto the
material surface (243). The method starts with designing the pattern using the
computer-aided design (CAD). After that, the substrate (silicon, glass or the rigid
matter) is coated with the light sensitive polymer called photoresist (PR). PR is then
covered with mask that is fabricated according to CAD design. The PR is then
exposed to light such as UV, laser, beam of electrons. The mask acts as the light
protection. The PR after light exposure is then cured. In brief, there are 2 types of PR.
Positive PR is the PR that becomes soluble when exposed to the light while the
negative PR will become insoluble. After lisht exposure, PR will remain on the
substrate as the desired pattern. This pattern will define etching regions or deposition

regions in the subsequent steps (242).

2.5.1.2 Etching

The further technique after lithography can be done by etching which is the process
to cut into the unprotected parts of a surface to create a design in the incised in the
metal (244). There 3 types of etching. Wet etching is the method based on the
chemicals used for etching. However, wet etching shows a slow etch rate but can be
enhanced by tuning agitation or temperature. Chemical etching relies on the reaction
from the free ion of used chemicals which reacts with the silicon atoms, results in
the removal of silicon surface. The second type is dry etching which is based on the
use of plasma to remove materials from silicon substrate at low pressure and low
temperature. However, the combination of dry and wet etching can be used to
achieve high resolution etching, called reactive ion etching (RIE). RIE starts with

etching step with gases such as CHq4, SF¢ and BCl,+Cl,. Before further etching, the
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bottom of etched pattern and side walls are protected by the deposition of polymer
resistant layer. The process was repeated to obtain the deeper and vertical etch
profile (242).

2.5.1.3 Additive techniques for pattern transfer

After etching the silicon into the desired shape, the addition material can be directly
deposited. There are various methods for material deposition. Physical vapor
deposition (PVD) is the technique for depositing thin film by the condensable vapor
through the low pressure or vacuum gases. The vapor can be delivered to the
substrate by using various methods such as sputtering, thermal evaporation, ion
plating and cluster deposition (242). After the transportation of vapor to the
substrate, the vapor is condensed on the surface of substrate. This layer can then be

used as a sacrificing layer for the subsequent device layers fabrication.

2.5.2 Polymer-based microfabrication

Polymers are gaining attention as an alternative material for microfabrication due to
its low cost. Moreover, polymers are replicable, transparent, biocompatible. There
are 2 main types of polymers that are often used in microfabrication technique
currently, which are elastomer, such as polydimethylsiloxane (PDMS), and

thermoplastics.

2.5.2.1 Elastomers: PDMS

PDMS is used in microfabrication technique in the rapid prototyping of microfluidic
devices. The technique is called soft lithography. Soft lithography is used for
replicating the elastomeric devices without costly capital equipment. To replicate
the device, the master mold has to be fabricated before. The master mold by
patterning photoresist on the rigid substrate oy by micromilling the thermoplastic
directly. A brief description of the master mold fabrication, photolithography, is
shown in figure 32. The process description can be found in the section of
lithography in this review. After the master mold is well-fabricated, the PDMS is then
cast onto the master mold to obtain the elastomeric microfluidic device. Basically,
PDMS consists of 2 parts which are the pre-polymer and the curing agent. Usually,
pre-polymer and curing agent are mixed with the ratio of 1:10. However, the ratio

can be adjusted according to the rigidity of the desired device (242).
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Figure 32 Master mold fabrication process for soft lithography technique
(The picture was modified from ref 242.)

2.5.2.2 Thermoplastics

Using thermoplastics in microfabrication technique eases the users because the clean
room environment is not required. Thermoplastics has a low chemical absorption,
biocompatibility, easy to use (245). However, thermoplastics can be dissolved in
some organic solvents which can reduce the stiffness. Besides, thermoplastics can
absorb the UV-light which inhibit their use in many applications. There are many
techniques used in thermoplastic fabrication. In this review, we provide a brief

example of some methods that are popular and/or has been used in this thesis.

3D printing allows researchers and normal people to be able to create many
products and devices in-house. The technique is based on the design of desired
device before converting to the code which can be transferred to 3D printer. The
filaments that are commercially available is then installed to the 3D printer. When
start the printer, it will heat the filaments while passing through the head of printer.
The head of printer moves in XYZ axis, in order to create the 3D model without

requiring the mold (242).

Injection molding is the high throughput fabrication technique which is currently used
in the market. The technique consists of 5 steps including plastication, injection,
packing, cooling, and mold resetting. In brief, the plastic is added in the machine
before melted and injected into the mold cavity, containing the template for the

features to be molded. Though this method can be used for fabricating many



58

devices in 1 time, it requires the tedious process of mold fabrication since the design

has to be very precise (242).

Micromilling is another microfabrication technique that does not require master
mold. The technique is based on the rotation of cutting tools to remove the bulk
material from the workpiece. The machine works according to the computer
numerical control or CNC which enables direct conversion of CAD. CNC could reduce
the human error and allows the automation in the microfabrication process (242).
The feature size replies on the size of mill tools which can be down to 50 microns.
However, the fabrication might require many tools in 1 device which result in time-

consuming.

2.6 In vitro cell invasion assay

Cancer, the deadliest disease nowadays, is influenced by multiple factors. To
develop the therapeutic agents, understanding the cancer invasion mechanism is
important. The crucial mechanism that leads to the malignant stage is metastasis.
Cancer metastasis begins with cell adhesion, ECM proteolysis, and migration
respectively (118) . Once cancer cells invade through the ECM and migrate to various
organs in the body, it can lead to a poor prognosis in patients. Thus, researchers have
been focusing on the metastatic step to develop the treatment and understand the
mechanism of cancer invasion. In order to understand the invasive mechanism of
cancer cells, various in vitro methods have been developed to ease the study and
improve the imitation to in vivo mechanism. In this review, we include the

developed in vitro invasion assay both 2D and 3D cell culture, explained below.

2.6.1 Boyden chamber/Transwell assay

The transwell assay is the most conventional method used to assess the invasion
activity of cells. Basically, transwell assay contains 2 chambers which are the upper
and lower chambers. Both chambers are separated by the membrane which only
allows the invasive cells to pass through. On the other hand, invasive cells can
degrade ECM and pass through the bottom chamber. Invasive cells will then be
analyzed by various methods such as stained and counted with a light microscope,
or detached, stained and lysed using fluorimetric detection (17). However, transwell
assay can only be used for the end-point assay. Invaded cells are also affected by

pore size of membrane insert and gravity (18). Moreover, the commercial membrane



59

inserts are only available in fixed sizes and design which are not suitable for the

customized device (Figure 33A).

2.6.2 Platypus invasion assay

The method is started by coating basal membrane extract (BME) at the bottom of 96
well plate. Accordingly, the stopper is placed in the middle of the well to separate
the zone between 2 cell seeding zone (Figure 33B). Cells are then seeded and
incubated until cells attach to the BME. Afterwards, the stopper is removed, which
leave the area in the middle for adding ECM. After ECM is cured, cell invasion is then
tracked overtime by a microscope or stop the measurement by cell fixation and
perform immunofluorescent staining respectively. Though the method can be used
for real-time tracking, this method has the same limitation as transwell assay, which

the gradient of small molecules or chemoattractants cannot be formed (18).

2.6.3 3D cell tracking

As we discuss above, 2D cell culture could not reflect the in vivo like structure and
cellular behavior due to the poor cell-cell contact. To overcome this problem,
researchers have been developed 3D cell invasion assay by encapsulating cell in the
ECM before placing into the culture well. Cell invasion can then be tracked either
labeled and unlabeled cells by using wide field fluorescence, confocal or
multiphoton microscopy as well as the contrast enhancing or digital holography
microscopy (246). Since the invasion of cells is tracked by the path of cell

movement, the only limited set of cells can be analyzed (Figure 33C) (18).

2.6.4 Gelatin degradation assay

Instead of study the invasion of whole cells, gelatin degradation assay allows
researchers to study cell invasion in the sub-cellular level. This method leads to the
understanding of cell invasion through the protusions as known as invadopodia
formation (247). The assay is based on the use of fluorescent ECM. When cells are
seeded on ECM and invade into the matrix, the invaded area will lack of fluorescent
(Figure 33D) Though this method can be used for sub-cellular level, cells cannot
form 3D structure due to the seeding step on top of ECM instead of encapsulation
(18).
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2.6.5 Vertical gel 3D invasion assay

The vertical gel 3D invasion assay was often reported in melanoma invasion study
with or without the coculture condition (248-250). In this review, we provide the
example of vertical gel 3D invasion assay of melanoma cells in the co-culture
condition with fibroblast. In brief, fibroblast cells were encapsulated in collagen and
placed in culture well. The collagen was then formed the thick layer of ECM.
Subsequently, melanoma cells were seeded on top of collagen. Melanoma invasion
can be quantified by immunohistochemical staining (251). This method can mimic
the skin cancer similar to in vivo, in which heterotypic cell-cell interaction of
epithelial cancer cell and fibroblast can be studied. The drawback of this method is
labor-intensive and the requirement of special equipment such as embedding

stations and microtomes (Figure 33E) (18).

2.6.6 Spheroid/monodispersed cell invasion assay

The multicellular cell aggregate or spheroid are the cluster that are formed in vitro
to recapitulate in vivo tumor (252). The single cell invasion towards spheroid is the
principle of this method. The aggregate formation can reflect the tumor environment
in our body while the single cell can be used for study their invasiveness. The
invasion of single cells can be tracked by confocal microscopy. Th invaded spheroid

can be counted by flow cytometry (Figure 33F) (18).

2.6.7 Spheroid confrontation assay

The spheroid confrontation assay is based on the formation of 2 aggregates from a
different cell type (253). The invasion between different cancer cell line can be
studied. The invasive spheroids will start invading and fusing each other. While, the
non-invasive ones will form a well-defined border. The use of 3D aggregate can
reflect well-establish cell-cell interactions of different cell types. The quantification
of invasive cells requires immunofluorescence and confocal microscopy. Therefore,
this method requires the extensive post-experimental processing. Moreover, primary
cells and some cell line that cannot form aggregate are not able to be used in this
assay (Figure 33G) (18).

2.6.8 Spheroid gel invasion assays

Cellular invasion can be defined by cellular motility and their ability to degrade ECM.
Instead of using 2D cell culture, the study of cellular ability to degrade ECM can also
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be done by embedding spheroid in ECM. The non-invasive spheroid forms the well-
defined edge in the ECM, while the invasive one invades the matrix, resulting in the
astral outgrowth (Figure 33H) (253). Live cell imaging can be done to track cell

invasion over time using photomicrographs (18).
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Figure 33 Schemes of commonly used invasion assays.

(A) Transwell invasion assay (Boyden chamber assay). (B) Platypus invasion assay.

(C) 3D cell tracking assay. (D) Gelatin degradation assay. (E) Vertical gel invasion

assay (F) Spheroid/monodispersed cell invasion assay. (G) Spheroid confrontation

assay. (H) Spheroid gel invasion assay.
(The picture was taken from ref 18.)
2.7 Analytical techniques for estrogenic compound detection

Estrogenic compounds are one of the most harmful environmental contaminants
due to their ability to mimic estrogen, causing various adverse effects to human and
living organisms. In order to detect the estrogen in environmental contaminants,
there are mainly two methods: chemical analysis, immunoassays and bioassays.
Nevertheless, some methods might require the pre-treatment of the environmental
sample such as solid-phase extraction (SPE), liquid-liquid extraction (LLE), solid-phase
microextraction (SPME), and dispersive liquid-liquid microextraction (DLLME). The

advantage of pre-treatment step is that it can reduce the unwanted adsorption of
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other chemicals and increase the specificity of the assay. To perform the filtration of
the environmental sample for enriching estrogenic compounds, various types of filter
are available in the market including polyvinylidene fluoride (PVDF), nylon, and glass
fiber. Currently, glass fiber is the most commonly used due to their ability to
minimize the loss of estrogen (254, 255). To concentrate the estrogen from
environmental sample, SPE is based on the affinity of filters to adsorp estrogen from
the sample. On the other hand, LLE acquires the different partition coefficient
between estrogen and the endogeneous interference to form a covalent bond with
eluting solvent in two immiscible phases (256). Though both SPE and LLE has low
operating cost, they are labor intensive and consume a lot of hazardous organic
solvents (257). DLLME is currently high competitive due to the low sample and
solvent consumption and provide high yields (258, 259).

2.7.1 Chemical analysis

Mostly, the chemical analysis is based on the coupling of chromatographic method
chromatrography (GC) and liquid chromatrography (LC) with mass spectrometry (MS).
Though GC-MS has an accuracy and environmental friendly due to the use of inert
gas as an mobile phase (260, 261), LC-MS has a larger separation range and simple
analysis method (262). Other than the coupling the analytical intruments with MS,
Electrochemistry has been applied in many recent biosensors for estrogenic
detection. The principle is based on the detection of 17@-estradiol that has the
irreversible oxidation properties when placing on the electrode (263). Li et al. have
developed the electrochemical platform, based on estrogen receptor positive MCF-7
cells. The platform was applied for the detection of xanthine and hypoxanthine,
which found to be correlated with the amount of intracellular estrogenic level (264).
Though electrochemistry is simple and provide real-time detection, it has poor
selectivity and does not provide information regarding the biological properties of
estrogen (254). In present, various electrode has been developed to improve
sensitivity and specificity to estrogen. For instance, graphene screen printed
electrode was developed for estrone, 17f3-estradiol, and 17Q-ethynylestradiol
(synthetic estrogen) detection. This method shows a very low limit of detection
(LOD) and the promising properties of graphene as an electrode for estrogenic

detection (265). Recently, graphene has also been coupled with the use of aptamer
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for 17(3-estradiol. Due to the combination with aptamer, this method has an

increased selectivity with the low LOD down to 50 fM (266).

2.7.2 Immunoassays

The principle of immunoassay is based on the binding of analytes of interest
(estrogen) and the antibody. The most widely known assay is ELISA. ELISA has various
types including, competitive, indirect, direct, sandwich, and multiple and portable
ELISA. The assay is determined by the color after adding substrate to the enzyme
conjugated antibody. The color has a direct correlation with the concentration of
analytes (267). The on-chip sandwich immunoassay has been developed by Uraipong
and colleagues (268). The assay is based on the treatment of ER positive MCF-7 cells,
before adding the treated cells to the immobilized anti-MCF-7 cell platform. The
amount of MCF-7 has a direct correlation with estrogen amount because their
proliferation is based on the binding of estrogenic compounds. The enzyme
conjugated secondary antibody was then added to the MCF-7 cells, providing color

intensity that is correlated to the amount of estrogen (268).

2.7.3 Bioassays

Bioassays usually base on the whole cell or animals such as fish, birds, and insects.
The use of in vivo experiment can provide the biological information of estrogen.
However, the methods are not commonly used doe to the ethical concern, labor
and cost intensive, and time consuming (254). One of the well-known in vivo assay is
called Vitellogenin assay. Vitellogenin is the egg yolk, which is produced by fish after
the exposure of estrogenic compounds (269). To overcome the drawbacks of in vivo
experiments, three main in vitro bioassays have been developed: competitive ligand

binding assays, E-screen assay, and yeast estrogen screen assay (YES).

- Competitive ligand-binding assays relies on the recombinant ER positive cell
line, which can produce luciferase or fluorescence after the binding of
estrogen on cell membrane. In addition, gold nanoparticles (AuNPs) have
been developed for ligand-binding assays for estrogen detection. By
incubating estrogen-specific aptamer in the sample, the bases of aptamer fail
to absorb onto AuNPs, cause less fluorescence signal (270). However, this

method could not determine the agonistic and antagonistic activity (271).
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- E-screen assay is the method for screening estrogenic compounds, based on
the binding of estrogen on ER of MCF-7 cells. The binding of estrogen later
causes the increased of MCF-7 cell proliferation. MCF-7 cells are then fixed
and stained for total protein measurement, which is correlated with the
amount of treated estrogen (59). The E-screen is accurate, high throughput,
and reproducible (272). Mitogen other than estrogen can also causes an
increased MCF-7 cell proliferation, providing the possibility to detect

xenoestrogenic compounds (Figure 34).
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Figure 34 The concept of E-screen assay for the screening of xenoestrogen.

- YES assay is based on the ER positive genetically modified yeast, which
provide the signal after the exposure of estrogen. Yeast cell wall can limit the
penetration of lipophilic compounds, results in and increased specificity (273).
Due to the use of recombinant yeast, YES assay could not provide the
biological reaction represented in mammalian and human cell accurately
(274).

Though various methods have been developed for estrogen detection, the assays are
not perfect and shows various limitations as well as the different results when tested
in the same compound. Thus, the advance biosensors are required these days. The
ideal estrogenic detection should provide high sensitivity, specificity, eliminate pre-
treatment step, low-cost, and user-friendly. At the same time, the estrogenic
contaminants are increasing and resulting in various adverse effects in many living
organisms, which is urgent for us to develop new technology to overcome these

problems.



65

CHAPTER Il MATERIALS AND METHODS

3.1 Laboratory instruments and equipment

-20°C freezer

-80°C deep freezer

4°C refrigerator

24-well cell culture plate

96-well cell culture plate

Analytical balance

Autoclave

Autopipette 0.2-2 pl

Autopipette 2-20 pl

Autopipette 20-200 pl

Autopipette 100-1000 pl

Beaker (50, 100, 250, 500 and 1000 ml)
Cell culture flask (25 cm?)

Cell culture flask (75 cm?)

Centrifuge

Centrifuge tube (15 and 50 ml)

CO, incubator

Computer desktop for impedance
analyzer

Confocal microscope

Cryovial tube 2 ml

Disposable serological pipette (5, 10, 25
ml)

Double-sided silicone adhesive tape (INT
TA10)

ECIS cell cultureware (8w20idf)

ELISA plate reader

Glass bottle (250, 500 and 1000 ml)
Hemocytometer

Hot air oven

Hot plate

Panasonic, Japan
Eppendorf, Germany

Sharp, Japan

Biofil, China

Nest, China

Mettler Toledo, Switzerland
Hirayama, Japan

Mettler Toledo, Switzerland
Mettler Toledo, Switzerland
Mettler Toledo, Switzerland
Mettler Toledo, Switzerland
Schott Duran, Germany
Nest, China

Nest, China

Heraeus, Germany

Nest, China

Thermo Scientific, USA
Dell, USA

Zeiss, USA
Nest, China
Nest, China

Intertronics, UK

AppliedBiophysics, USA
PerkinElmer, USA
Schott Duran, Germany
Hausser Scientific, USA
Memmert, Germany

IKA, Germany



Impedance analyzer

Interdigitated gold electrode (DRP-G-
IDEAU10)

Inverted light microscope

Laminar flow

Laser cutter

Light microscope

Membrane insert (Polycarbonate) 24-
well size

Microcentrifuge

Microcentrifuge tube 1.7 ml
Micromilling machine

Microplate reader

Multifunctional I/O device

Petri dish (35 and 100 mm diameter)
Scanner

Scanning electron microscope
Semiconductor wafer processing tape
(SWT 20+R)

Sterile syringe filter 0.2 pl

Syringe needle

Tip 10 pl

Tip 200 pl

Tip 1000 pt

Vortex mixer

Water bath

Wax printer

Palmsens, Netherlands
Gamry, USA
Solartron, USA

Metrohm Dropsens, Spain

Olympus, Japan

Airtech, USA

Epilog Mini 18 Laser, USA
Olympus, Japan

Corning, USA

Eppendorf, Germany
Sorenson, USA

Minitech, USA

TECAN, Switzerland
National Instruments, USA
Nest, China

HP, USA

JEOL, Japan

Nitto, Belgium

Corning, USA

Nipro, Thailand
Corning, USA
Corning, USA
Corning, USA
FINEPCR, Korea
Memmert, Germany
XeroxColorcube, USA
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3.2 Chemicals and reagents

173-Estradiol
&' 6-diamidino-2-phenylindole (DAPI)

O-Melanocyte stimulating hormone or O.-MSH

Acetic acid

Anti-Glyceraldehyde 3-phosphate
dehydrogenase antibody
Anti-rabbit 1gG Alexa flour (R) 488

Arbutin

Bisphenol-A

Bisphenol-AF

Bisphenol-F

Calcein-AM

Carbon sensor paste (Code no. C2030519P4)
Charcoal stripped fetal bovine serum
Crystal violet

Dulbecco's Modified Eagle Medium
Dimethyl sulfoxide (Molecular grade)
Fetal bovine serum

Insulin growth factor-1 (IGF-1)

Irgarol 1051

Kojic acid

L-glutamine

Matrigel

Methanol

Minimum Essential Medium (MEM)
Non-essential amino acid (NEAA)
Penicillin and streptomycin

Phenol red-free DMEM

Phosphate buffer saline
Polydimethylsiloxane

Potassium ferri(lll)cyanide
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Sigma-Aldrich, USA

Cell Signaling Technology,
USA

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Abcam, USA

Cell Signaling Technology,
USA

TCl, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Invitrogen, USA
SunChemical, USA
Sigma-Aldrich, USA
PanReac AppliChem, USA
Hyclone, USA
Sigma-Aldrich, USA
Hyclone, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Corning, USA
Merck, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Corning, USA
Hyclone, USA
Sylgard, USA
Sigma-Aldrich, USA
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Potassium ferro(ll)cyanide Sigma-Aldrich, USA

Propidium iodide Corning, USA

Paraformaldehyde Merck, USA

Silver conductive glue Epoxy Technology, USA

Sodium chloride Merck, USA

Sodium hydroxide Merck, USA

Sodium pyruvate Sigma-Aldrich, USA

Sulforhodamine (SRB) Sigma-Aldrich, USA

Trichloroacetic acid Sigma-Aldrich, USA

Tritonx-100 PanReac AppliChem, USA

Trizma base Sigma-Aldrich, USA

Trypan blue Siema-Aldrich, USA

Trypsin-EDTA Cell Signaling Technology,
USA

Paraformaldehyde Merck, USA

3.3 Cell culture

B16 F10 mouse melanoma cells were purchased from the American Type Culture
Collection (ATCC, USA). B16 melanoma 4A5 mouse melanoma cells, Mardin Darby
Canine Kidney (MDCK) cells, and MCF-7 cells were purchased from the European
Collection of Authenticated Cell Cultures (ecacc). B16F10, B16 melanoma 4A5, and
MDCK cells were cultured in standard T75 cm? flasks and incubated in Dulbecco's
Modified Eagle's medium or DMEM with 10% fetal bovine serum, 2 mM L-glutamine,
100 U mL™ ! penicillin, and 100 U/ ml streptomycin. MCF-7 cells were cultured in
Minimum Essential Medium Eagle (MEM) with 10% fetal bovine serum, 1% Non-
essential amino acid, 1ImM Sodium pyruvate, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 U/ml streptomycin. Cells were incubated at 37 °C in a humidified incubator

with a 5% CO, atmosphere.

Prior to seeding cells on the paper, cell suspensions were prepared by standard
trypsinization using a trypsin-EDTA solution. Cells were centrifuged at 1500 rpm, 25 °C
for 5 min. The cell number was determined by using a NucleoCounter NC-200 or a
standard hemocytometer. The desired cell densities were prepared by diluting the

initial cell suspension with the culture medium.
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3.4 Design and fabrication of the paper-based scaffold for melanoma cell
culture

The pattern of the paper-based scaffold was designed using Photoshop CS4 and
2020 software. Figure 35a shows a pattern of paper for anti-melanogenic screening.
The paper contains 3 cell culture zones and 1 blank zone. Each zone has 5 mm
diameter. Figure 35b shows a pattern of paper membrane insert for the invasion
assay. The paper contains one circular 10 mm-cell culture zone in the middle. A
paper has 45x45 mm size, which fits with the invasion device. Xerox ColorQube 8870
printer was used to print wax patterns onto one side of a sheet of cellulose filter
paper. The papers were baked on a hot plate at 150 °C for 2 min to melt the wax
through the thickness of papers. After cooling, the wax solidified in the paper and
became a hydrophobic wall (90). Prior to cell seeding, the paper-based membrane
insert was coated with 500 pg/ml Matrigel (Corning, NY, USA) in sterilized 0.7% NaCl
(275) diluted Matrigel on the paper, and then cured at 37°C for 2 h. On the other
hand, the paper for anti-melanogenic screening does not need gel coating before

cell seeding step.

@ ‘ --Test zone @
. e --Blank zone

30 mm 45 mm

Figure 35 Patterns of the paper for a) anti-melanogenic screening and b) a

membrane insert for the developed real-time invasion assay device.

3.5 Sterilization of papers

After paper fabrication, the wax printed paper was placed under UV lamp with the
intensity of 40 uW/cm2 and the wavelength of 254 nm on both the front and back

sides of the paper for 15 min each before Matrigel coating step.
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3.6 Sterilization of cell cultureware

Prior to cell seeding, the resusable cell culturewares including beakers, forceps,
pipette tips, cryovials, and glass bottles were sterilized using autoclave at 15 psi,

121°C for 30 min and air-dried at 65°C overnight.

3.7 Optimization of cell culture conditions for melanoma cell culture on the
paper and its application for melanin content screening
3.7.1 Optimization of paper types, design, and incubation time

In order to find the most suitable type of paper for paper-based melanoma cell
culture, 200,000 cells of the B16F10 cell line were suspended in Matrigel and seeded
on the Whatman No. 1, Whatman No. 2, Whatman No. 4, CF4, LF1, and MF1. Next,
cell-containing papers were incubated at 37 °C with 5% CO,. After 48 h of culturing,
papers were air-dried. The intensity of melanin on the paper was analyzed using
ImageJ software. The same process was also performed without the use of Matrigel
encapsulation. After that, the various cell concentrations were cultured on the paper
to find the best concentration that fit with the test zone diameter. In brief, 100,000
200,000 400,000 and 800,000 cells of B16F10 in Matrigel were seeded on the paper
with a test zone of 5 and 10 mm in diameter. Cell-containing papers were incubated
at 37 °C with 5% CO,. After 48 h of culturing, papers were air-dried. Next, the
intensity of melanin on the paper was analyzed using ImageJ software. To find the
least incubation time which is suitable for analyzing the melanin amount using
ImageJ software, 200,000 cells of B16F10 in Matrigel were seeded on the paper. The
cell containing paper was incubated at 37 °C with 5% CO,. Next, melanin intensity on
the paper was analyzed after 24, 48, 72, 96, and 120 h of incubation using Image)J

software.

3.7.2 Confirmation of the cell morphology and cell viability on the Paper

B16F10 at a concentration of 200,000 cells were suspended in Matrigel and seeded
onto Whatman No. 1 filter paper. The cell-containing paper was incubated at 37 °C
with 5% CO,. After 48 h of culturing, the paper was air-dried. To confirm 3D cell
morphology, after sputter-coating with gold, the surface morphology of all samples

was monitored with a scanning electron microscope (SEM).

To determine the biocompatibility of paper and viable cells, cell viability assay was

performed after 24, 48, 72. 96, and 120 h of culturing. The paper was washed twice
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using a phosphate buffer solution or PBS, and then fluorescently stained with a
solution of calcein-AM (4 pg/ml in PBS) and propidium iodide (4 pg/ml in PBS) for 20
min at 37 °C in an environment of 5% CO,. After that, the paper was washed with
PBS twice before imaging with a confocal microscope (100-micron resolution images).
The fluorescent images captured 5 fields before analyzing the intensity of calcein-AM
and propidium iodide of each picture using ImageJ software. The average intensity of
calcein-AM and propidium iodide of the 5 captured images was calculated as the
mean intensity and converted to the percentage of cell viability from the ratio of

living cells to total cells (living and dead cells).

3.7.3 Melanin content determination on the paper-based scaffold

The concentrated phenol red-free Matrigel (8.5 mg/ml protein concentration) was
mixed with B16F10 cells with a ratio of 1:1. Afterwards, 5 pl of cell suspension was
pipetted onto the test zone of the paper before placing in 2 ml of phenol red-free
DMEM with 10% fetal calf serum, 4 mM L-glutamine 100 U/ml penicillin, or 100 U/ml
streptomycin with or without O.-MSH, Kojic acid, or Arbutin. Paper was incubated at
37 °C in a humidified incubator with a 5% CO, atmosphere. After incubation, paper
was removed from the culture vial and air died. The dry paper was scanned by using
a HP Deskjet F300 series scanner at a resolution of 600 dpi and the intensity was
analyzed by using ImageJ software. After importing to ImageJ, the color RGB images
were split and the blue channel image was used for analyzing the intensity of

melanin on the paper (Figure 36).
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Figure 36 The experimental setup of paper-based 3D cell culture for screening

melanin quantification

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)
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3.7.4 Conventional melanin content analysis

B16F10 cells were seeded into the 6-well plate and allow to attach for 24 h. Next,
cells were treated with O-melanocyte stimulating hormone or O-MSH or natural
compounds (Kojic acid and Arbutin) for 48 h. O-MSH was used for confirming the
melanin color on the paper. The suspension of cells and culture medium served as
the negative control. After treatment, cells were washed twice with phosphate-
buffered saline or PBS and trypsinized in 0.25 (% v/v) trypsin EDTA solutions. The
collected cells were centrifuged at 13,000 ¢ for 15 min. Cell pellets were dissolved in
1 N NaOH at 80 °C for 1 h. The relative melanin content was determined by
measuring the absorbance at 475 nm on an ELISA plate reader (276).The percentage
of produced melanin was determined using equation [4].

oD Test

x 100=% melanin production [4]
ODglank

ODrest represents the absorbance of produced melanin under the treatment of Ol-
MSH (positive control) or natural compounds. ODgink represents the absorbance of

produced melanin from untreated cells.

3.7.5 Detection of Glyceraldehyde-3-phosphate Dehydrogenase (GAPDH) of

B16F10 cells on the paper
B16F10 at a concentration of 200,000 cells were suspended in Matigel and seeded
on the paper. The cell-containing paper was incubated at 37 °C with 5% CO, for 48 h.
Afterwards, cells were fixed with 4% paraformaldehyde and permeated with 0.5%
Tritonx-100. After that, cells were captured with anti-GAPDH antibody as a primary
antibody and anti-rabbit I1gG Alexa flour (R) 488 as a secondary antibody, respectively.
The nucleus was stained with DAPI. The fluorescent image was then captured by

using a confocal microscope.

3.8 The initial impedance characteristic study for cell culture and its application
for real-time xenoestrogenic screening (Impedance-based E-screen assay)
3.8.1 Instrumentation and experimental setup

In order to characterize the sensitivity of the interdigitated electrode configurations,
we applied 2 types of gold interdigitated electrode: 10 and 350 pm gaps. The 350

um gap-electrodes were built-in with the cultureware (Figure 37a) while the 10 pm
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gap-electrodes (Figure 37b) are bare. Therefore, the culture well had to be fabricated
for 10 pm gap-electrode insertion. The cultureware was fabricated using micromilling

machine, which consists of 8 wells (Figure 37¢).

After cell seeding, the 350 um gap-electrodes built-in cultureware was placed to the
contact board for electrical connection. Cell proliferation was measured using
Solartron 1260/Gain-Phase analyze. The measurement was performed automatically
from well to well using digital I/0 device as a multiplexer (Figure 37d). The 10 um
gap-electrodes containing device was connected to Palmsensd. The impedance
measurement was performed automatically from well to well using the script setting
in the PS trace software (Figure 37d). Both Palmsens4 and Solartron impedance
analyzer are connected to one computer. AC applied potential of 5 mV was applied.
Full spectra were acquired measuring 10 points over a frequency of 100 Hz to 1 MHz.
Cells-seeded devices were incubated at 37 °C in a humidified incubator with a 5%
CO, atmosphere throughout the experiment. The experiment was inspected

remotely through mobile application, TeamViewer software.

350 uM gap-electrodes
built-in cultureware

d )j37°c, 5%CO;

contact board ultiplexer

Figure 37 The choices of electrode used for primary impedance characteristic studly.

a) 350 um gap-electrodes built-in cultureware b) the 10 um gap-electrodes c) the
integrated 10 um gap-electrodes culture device d) the experimental setup of 350
uM gap-electrodes built-in cultureware e) the experimental setup of 10 um g¢ap-

electrodes
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In order to monitor cell proliferation over time, the impedance magnitude was
converted to cell index (Cl) using equation [5] (277),

|z &.6)]-1Z ©0.6)]

AAAAA

|z 0f)]

where |Z (t, fi)l is the impedance magnitude at a specific frequency and time
point and |Z (0, fi)l is the impedance magnitude at the same frequency at the
time immediately after cell seeding. To determine the optimal frequency, at which
the maximum value of Cl was obtained, full impedance spectra were acquired at
different time points and the relationship between normalized impedance magnitude

(Equation 6) and log frequency was studied.

|z &
Normalized impedance magnitude (lZlNorm) = 1200 [6]

3.8.2 Application of the primary impedance characteristic study for the
impedance-based E-screen assay

To study the correlation between impedance signal and 17(3-Estradiol
concentrations, cells were seeded onto the electrode using normal medium
(MEM+10%FBS+Penicillin-Streptomycin). Cells were allowed to attach the electrode
for 8 h before the treatment of 173-Estradiol or test compounds. After that, 17f3-
Estradiol at the concentration of 0.001, 0.01, 0.1, 1, and 10 nM or Bisphenol-A (BPA)
or lIrgarol 1051 was diluted in the hormone free medium (Phenol red free
DMEM+10% charcoal stripped FBS). The estrogenic effect of test substances was then

monitored every hour for 144 h through the impedance measurement.

3.8.3 Conventional E-screen assay

MCF-7 cells at a concentration of 4,700 and 250,000 cells/cm? in normal medium
were seeded in the 96 well plate. Cells were allowed to attach the well for 8 or 24
h. After that, the normal medium was replaced by the hormone-free medium
supplemented with various concentrations of 173-Estradiol (0.001, 0.01, 0.1, 1, and
10 nM) or test compounds (BPA and Irgarol 1051). The experiment was stopped after
144 h of total incubation period (since cell seeding step). The total protein was then

measured by SRB colorimetric assay (59).

In brief, cells were fixed with 10% (w/v) TCA at 4°C for 1 h. Because SRB can be

solubilized in low concentration of chlorine, tap water was then used for washing the



75

plate after cell fixing for 4 times. After 96-well plate was air-dried, the total protein
content of cells was stained with 4% SRB in 1% acetic acid for 30 min and washed
with 1% acetic acid for 4 times. After the plate was air-dried, the stained total protein
was dissolved in 10 mM Trizma base, and measured the absorbance at 492 nm (278).
Afterwards, the xenoestrogenic effect was determined as proliferative effect (PE)
using equation [71(279).

average cell number (test compound)

average cell number (neg control)

3.8.4 Cell viability assay

MCF-7 cell at a concentration of 250,000 cells/cm? was seeded in 96 well plate using
normal medium for 8 h. The medium was then replaced by 0, 0.001, 0.01, 0.1, 1, and
10 nM of 17 3 -estradiol in hormone-free medium. After 60 and 144 h of incubation,
cells were stained with 2 pM calcein-AM and 2 pM of Ethidium homodimer-1
(LIVE/DEAD staining kit). Cells were incubated at 37 °C for 30 min before fluorescent
imaging using Nikon spinning disc confocal microscope. The intensity of calcein-AM
and ethidium homodimer-1 was measured using Fiji software and converted to the

percentage of cell viability from the ratio of viable cells to total cells.

3.8.5 Statistical analysis

The results of all the experiments are expressed as the mean + standard error of
mean. The differences of MCF-7 cell seeding after 8 and 24 h was studied by paired
T-test. P value of less than 0.01 was considered statistically significant (P < 0.01). The
xenoestrogenic effect of Irgarol using conventional E-screen assay was studied using
one-way ANOVA analysis. P value of less than 0.05 was considered statistically
significant (P < 0.05).

3.9 Optimization of culture conditions and fabrication process of the integrated
paper membrane insert for real-time invasion assay device

3.9.1 Invasion assay device and electrode fabrication
The invasion assay device consists of four layers, which are the stencil-printed
electrode on polymethyl methacrylate (PMMA), a spacer between the working
electrode (WE) and paper, a paper membrane insert, and a cell culture vial. Other
than the stencil-printed electrode layer, every layer is 45x45 mm size. To limit the

cell culture contamination, a culture vial was closed with a plastic lid made of
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PMMA, which was specially fabricated for inserting the rod shape counter electrode
(CE). The cell culture vial, spacer between WE and paper, and plastic lid were
designed by using Autodesk Inventor Professional 2019. The designs were then
converted to G-code using CimatronE 12.0 software and fabricated with a
micromilling machine. Cell culture vial was made of PMMA, which was designed to
have one central vial of 10-mm inner diameter, 30-mm outer diameter, and 8-mm
thick cylindrical shape for adding the cell culture medium. Thus, the total volume of
the cell culture vial was 628 ul. To create chamber for loading chemoattractants, a
spacer between the WE and paper was designed to have one chamber of 10-mm
diameter and 1.5-mm thick cylindrical shape in the center, made of PMMA. Next to
the central chamber in the spacer, two microchannels were fabricated on each left
and right side, connected to the chamber. One channel on the left was engraved
from the top of the spacer with 1 mm depth. The channel on the right was engraved
from below side of the spacer with 1 mm depth. The top channel on the left was
placed by 1/32 microfluidic tube (outer diameter 0.8 mm, inner diameter 300 um) to
release the liquid tension within the lower chamber. The below channel was
attached to the 1-ml syringe for medium or chemoattractant loading. Both the
syringe needle (Nipro, no.21) and the microfluidic tube were glued with the channels

by PDMS (1:100 Sylgard 184 curing agent: silicone elastomer base).

To fabricate the WE, we used a semiconductor wafer processing tape as a stencil.
The stencil was then attached to the 100x100x1.5 mm thick PMMA. The printed
carbon structure (designed using CorelDRAW X8) comprised a circular WE (@ 10 mm)
and a 43x4 mm2 rectangular part that served as a lead and contact pad. After
attaching a stencil to PMMA, stencil was then cut to the electrode shape using a CO,
laser cutter machine with 100% speed, 15% power, and frequency of 2500 Hz. We
peeled off the cut stencil before spreading the carbon sensor paste on the PMMA by
using a polydimethylsiloxane (PDMS)-made squeegee. The rest of the stencil was
peeled off immediately after carbon ink spreading. The carbon was cured at room
temperature (RT) for 72 h before being assembled with the rest of the device. To
facilitate the connection of the WE with the impedance analyzer, the conductive
wire was connected to the contact pad of the stencil-printed electrode by using a
silver conductive glue. To assemble the device, the components of the device were

assembled using double-sided silicone adhesive tape that was laser cut (15% power,



14

100% speed, and frequency of 2500 Hz) according to the dimensions of the device. A

schematic view of the assembly is shown in Figure 38.

a
Lid with inserted CE
Cell culture vial @
Double
adhesive ——é" s
tape

Wax printed paper

Spacer between = —
WE and paper

Syringe for loading
chemoattractant

Stencil printed WE

Figure 38 The image of fabricated invasion assay device and schematic diagram

representing the layers of the fabricated invasion assay device (left) and the
assembled device (right).
(This picture was modified from ref. 280.)

3.9.2 EIS characterization of the device

In order to characterize the different steps of device setup, EIS measurements were
used applied. The steps of device optimization consist of (1) stencil printing of
carbon WEs, (2) types of CE, (3) distance between the WE and CE, (4) choice of paper
for the insert (Whatman filter paper No.1 and No.4 from GE healthcare), and (5) effect
of Matrigel coating (from a 500 pg/ml solution in sterile 0.7% NaCl for 2 h at 37 °C) of
the paper insert. The measurements were performed in PBS containing 10 mM
potassium hexacyanoferrate(1l/ ll) using a Palmsens 4. Impedance spectra were
acquired by applying 10 mVs sinusoidal potential over a frequency range of 100 Hz
to 1 MHz (10 points per decade). Initially, for characterizing the performance of the
stencil printed WEs, a gold coated silicon plate (10x25 mm?) was used as the CE.

During characterization of the paper inserts (before and after Matrigel coating) in an
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assembled device, 450 pl and 150 pl of the potassium hexacyanoferrate solution was

introduced in the upper and lower compartment, respectively.

3.9.3 Device preparation and the experimental setup for real-time invasion
assay

After fabrication of the device components, the stencil printed WE, spacer, and cell
culture vial were sterilized by soaking in 500 mM NaOH for 15 min followed by rinsing
twice in PBS and sterile water. The sterilized components were air-dried prior to
assembly. All the preparation steps, the UV sterilization of paper, and the device
assembly (see section 3.8.3) were done on a laminar flow bench. Prior to cell
seeding, the paper insert was coated with 500 pg/ml Matrigel in sterilized 0.7% NaCl.
Cell suspension in DMEM without FBS (450 upl) was placed in the cell culture vial
(upper compartment). The lower compartment was filled with 150 pl of DMEM
without FBS through the attached syringe. The device was closed with the lid
containing the inserted glassy carbon (GC) CE. Cells were stabilized by incubating at
37 °C in a humidified incubator with 5% CO, atmosphere for 24 h. After that, the
medium in the lower compartment was replaced by 150 pl of culture medium
containing either IGF-1 (100 ng/ml) without FBS or only FBS. The cell-containing
device was incubated at 37 °C in a humidified incubator with 5% CO, atmosphere
throughout the experiment. EIS measurements (Palmsens 4 potentiostat) were
performed using the same parameters as described in section 4. Cellular invasion
through the paper was tracked by acquiring an impedance spectrum every 1 h for 47
h in total (Figure 39).

uv radiator. Seed cells, and inject
\ chemoattractant or culture
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v \ Teflon tubing for i
= o \ releasing liquid tension
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Sterilize paper with UV radiation ‘%ﬂ
For 15 min on each side g )
]

Attach cell culture vial and ,
coat paper with Matrigel i 37°C, 5%CO,
Attach paper to the spacer ;

Attach sterilized spacer with
stencil printed electrode Impedance measurement

Figure 39 Experimental setup of the real-time invasion device for melanoma cells

under IGF-1 treatment

(This picture was modified from ref. 280.)
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3.9.4 Impedance data analysis

In order to monitor the invasion of cells through the thickness of paper over time,
the change in the impedance magnitude was converted into cell index (Cl) using
equation [5]. To determine the frequency, at which the maximum value of Cl was
obtained, impedance spectra were acquired at different time points and the
relationship between normalized impedance magnitude, calculated from equation

[6] and log frequency was studied.

3.9.5 Biocompatibility testing of the invasion assay device and the confirmation
of cell invasion using confocal microscopy

After the device was assembled, 800,000 cells of B16 melanoma 4A5 cells in culture
medium (total volume 450 ul) were seeded on Matrigel-coated paper insert in the
upper compartment and cultured as described above. The medium was changed
every 24 h. After 4, 8, 12, 24, and 48 h of incubation, a solution containing calcein-AM
and Propidium lodide (P) (both at 4 pg/mlin PBS) was added into the upper
compartment and kept for 20 min at 37 °C in the incubator. The paper with the stained
cells was then removed from the device with a scalpel and washed with PBS twice
before imaging with confocal microscope. Fluorescent images were captured in five fields
and the intensity of calcein-AM and Pl in each image was analyzed using ImageJ software.
The average intensity of calcein-AM and PI of the five captured images was calculated
and converted to percentage of cell viability using the ratio of live cells to the total

number of cells.

To confirm the invasion of cells through the paper, the Z-stack imaging was taken using
confocal microscope (20 stacks, 160 um thickness). The intensity of Calcein-AM on the
top and through the thickness of the paper was compared between IGF-1, or FBS
treatment with negative control (DMEM without FBS).

3.9.6 Scanning electron microscopy

In order to confirm cell invasion through the paper, B16 melanoma 4A5 at a
concentration of 800,000 cells were seeded onto Matrigel-coated Whatman No. 1
filter paper. The cell-containing paper was incubated at 37 °C with 5% CO,. After 47 h
of real-time invasion assay, paper was cut out of the device using a scalpel and
sputter-coated with gold. The surface morphology of all samples was monitored with

a scanning electron microscope (SEM).
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3.9.7 Conventional invasion assay

The 8-pm pore size polycarbonate membrane insert was coated with 500 pg/ml Matrigel
in sterilized 0.7% NaCl. A membrane insert was then cured at 37°C for 2 h. The
membrane insert was then placed in the 24-well plate. 5,000 B16 melanoma 4A5
cells in cell culture medium without FBS were then seeded on the Matrigel-coated
membrane insert and incubated for 24 h to stabilize the experiment. After that,
culture medium without FBS was removed. 500 pl of cell culture medium without or
with 10% FBS or 100 ng/ml IGF-1 was then added under the membrane insert. 250 pl
cell culture medium without FBS was added above the membrane insert. A well
plate was incubated at 37 °C in a humidified incubator with a 5% CO, atmosphere for
24 h. Non-invading cells were then removed by cotton swab. Cells were fixed with
100% methanol and stained with crystal violet respectively. Invading cells were

counted under the light microscope (281). The experiment was repeated 3 times.



81

CHAPTER IV RESULTS

Part | Paper-based melanoma culture for melanin content screening

In this thesis, author has divided the results into three parts. The first part is the
initial optimization of paper for melanoma cell culture, which later was applied for
screening anti-melanogenic substances through the visualization of melanin color on
the paper. The second part is the primary study of impedance characteristic of cells.
In the second part, author obtained the optimal impedance parameters, which are
suitable for long term cell culture and can be applied for the third part of the PhD
project. Also, those parameters were applied into the parallel project for the
development of the impedance-based E-screen assay, which can be found in part Il
of chapter IV. The third part is the application of optimized conditions, obtained from

part | and Il to develop the paper-based real-time invasion assay device.

In part I, author aims to optimize various types of paper for culturing melanoma
cells. However, there are plenty of melanoma cell lines in the market nowadays. In
this thesis, we chose B16F10 as a primary choice of cells to optimize the culture
conditions due to the well response to the anti-melanogenic treatment obtained by
our colleague, Dr. Moragot Chatatikun (276). Since the optimized parameters from
part | were further applied in part lll, the compatibility of optimized conditions with
B16 melanoma 4A5 cell line (used in the third project) was also considered and
explained in this part. The detail of the optimized conditions can be found in detail

below.

4.1. Culture conditions of melanoma cells on the paper-based scaffold
Currently, paper can be used as an alternative scaffold for 3D cell culture in various
cell types. However, the reports of paper-based scaffold for cell culture are lack of
the information regarding skin cell study. Since the work requires the visualization of
melanin color on a paper directly, the paper types, design of cell culture zone, the

modification of paper, the incubation period, and cell seeding number were studied.

4.2 Optimization of paper types
There are plenty of paper choices available in the market. However, to apply into
the cell culture, the sterilization is a key. According to the literature search, Whatman

filer paper has mostly been used for cell culture application due to the variability of
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pore sizes, thickness, and cleanliness (282). In this work, we considered Whatman
filter paper no.1, no.2, no.4, MF1, LF1, and CF4 due to the variability of pore size,
thickness, and fiber type given below (Table 5).

Table 5 The comparison of paper properties used in this work (Whatman filter paper

catalog).

Paper Pore size (um) | Thickness (um) Material
Whatman no. 1 11 180 Cellulose
Whatman no. 2 8 190 Cellulose
Whatman no. 4 20-25 205 Cellulose

MF1 <2 367* Glass fiber
LF1 <2 - Glass fiber
CFa - 482% Cellulose

* GE Healthcare catalog

In order to obtain the highest intensity of melanin color on the paper, melanoma
cells should be able to attach on or in the paper scaffold after soaking in the culture
medium. Matrigel has been used in paper-based 3D cell culture by Whitesides group.
Cells were mixing with Matrigel before placing onto the paper. This technique is
called Cells-in-Gel-in-Paper or CiGiP. The use of Matrigel provides the advantage of
cell encapsulation due to the state transition based on the temperature. In brief,
Matrigel is a liquid at 4°C and become solid at 37 °C. Thus, after mixing cells with
Matrigel and placed on the paper at 4 °C, cell suspension was still in a liquid state.
Afterwards, cell-containing paper was incubated in the 37 °C incubator, resulting in
the solidified encapsulated cells in the paper. The solidified state of Matrigel can
prevent cells from passing through the paper pores. We then compared the melanin
intensity between with and without Matrigel encapsulation on the selected types of
paper. To eliminate errors resulting from culture medium color, we used phenol red

free DMEM medium when culturing on paper.

Figure 40 shows that the culture of cells on the paper without gel encapsulation

caused the low intensity of the melanin on the paper when compared to the
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Matrigel encapsulation. Due to the passing of cells through the pores of the paper,
the low and unstable intensity of melanin on the paper were observed. The result of
melanin intensity in gel encapsulation shows high dispersion among each type of
paper. The differences in the mean values among the Matrigel encapsulation in each
type of paper are greater than those would be expected by chance, which shows a
statistically significant difference (P = 0.002) after analysis by one-way ANOVA, due to
the various physiological properties of the paper, such as the thickness and pore size,

which is explained in brief in the next paragraph.

Since melanoma cells used in this study, B16F10 (Figure 41a) and B16 melanoma 4A5
(Figure 41b, detail can be found in part lll), are approximately the same size (10 um),
the optimization of paper type was initially studied using only B16 F10 cell line. The
culture of cells on MF1, LF1, and Whatman No. 2 paper with or without gel
encapsulation can cause high intensity of melanin on the paper because of the small
pore size (MF1 and LF1 <2 pym; Whatman No. 2-8 um; Table 5), which is smaller than
the cell size (~10 um); Figure 41). Therefore, cells attached on top of the paper
without passing through the pores and behave as a 2D structure above the surface of
the paper. Even though MF1, LF1, and Whatman No. 2 promoted high intensity of
melanin on the papers, they are not suitable for 3D cell culture (131). Though the
melanin intensity on MF1 and LF1 was high, the standard deviation in both types of
the paper was large due to the difficulty in ensuring exact cell numbers on the small
pore size paper, thus causing variation of melanin color on the paper. Due to the
purpose of use in chromatography, CF4 is thick and stable when placed in the
culture medium for a long time, but it has a high wettability property (GE Healthcare
catalog); thus the paper took a very long time to dry, so it cannot decrease the
duration of the conventional melanin content analysis. Moreover, the minus value of
melanin intensity in CF4 was observed because the intensity of melanin on the CF4
paper was not seen when cultured with Matrigel encapsulation (Figure 40). This is
due to the higher level of thickness of the CF4 paper (Table 5). As a result, a high
cell number was required for the consistent distribution of cells under the culture
area. In contrast, when cultured B16F10 cells on Whatman No. 1 and Whatman No. 4
filter paper with Matrigel encapsulation, the best intensity of melanin color and a
statistically significant difference with CF4 paper was observed. (Figure 40), due to

their suitable pore sizes, which are ~11 and ~25 pm in Whatman No. 1 and Whatman
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No. 4, respectively (Whatman price catalog). Moreover, the viscous transitional

property of Matrigel eases cell encapsulation and handling on the paper (283), which

means that the total cells were encapsulated within the paper without passing

through the pores of the paper. This result also supported that the use of paper can

improve the handle and manipulation of the hydrogel for 3D cell support because

the hydrogel alone has weak mechanical properties (92, 117).

According to the

result mentioned above, Whatman no.l1 and no.4 were applied for the next

experiment for B16F10 and in chapter IV, part lll for B16 melanoma 4A5 cell culture.
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Figure 40 Optimization of paper for paper-based cell culture.

Data were analyzed by one-way ANOVA, followed by the Holm-Sidak test. Data are

presented as the mean + SD, n = 3 (*p < 0.05).

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)
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Figure 41 The scanning electrode microscope images of a) B16F10 and b) B16

melanoma 4A5 cell line in normal condition.

(Modified from ref.111 by permission of The Royal Society of Chemistry)

4.3 Optimization of paper design and cell seeding number

In order to apply paper for melanin content analysis and a membrane insert for
invasion assay, the design of paper need to be compatible with the device design
and contains a suitable area for melanin visualization. For melanin content analysis,
we optimized B16F10 cell seeding number as well as the test zone size of the paper.
In brief, Whatman No. 1 and Whatman No. 4 were used for culturing B16F10 cells in
various concentrations which are 100,000 200,000 400,000 and 800,000 cells per test
zone in designed paper with 5 mm and 10 mm test zone diameters. Figure 42 shows
that the intensity of melanin has a direct variation with the cell number in both
Whatman No. 1 and Whatman No. 4.
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Figure 42 Optimization of cell number and test zone diameter.

Data is presented as the mean + SD (n=3).

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)
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However, the test zone with 10 mm diameter was excessive in every cell concentration
and caused inconsistent distribution of melanin on the paper. The melanin color were
only observed in the middle of the test zone because of the viscosity of cell-containing
hydrogel. In brief, hydrogel slowly absorbed into the paper and become solidified before
dissolving throughout the paper area. This leads to the mark of cells on the area where
they were pipetted. In contrast, 5 mm diameter paper showed consistent distribution of
melanin throughout the paper surface in cell concentrations of 200,000 400,000 and
800,000 cells per test zone (Figure 42). However, the melanin intensity on the paper was
higher in Whatman No. 1, due to the 11 um pore size (Table 5), which better fits the
B16F10 cell size (~10 um; Figure 41). Therefore, Whatman No. 1 was the most suitable
paper for this work. Nonetheless, the cell concentration of 100,000 cells per test zone is
too low for screening the effect of a whitening substance on melanin production (Figure
43). Thus, the lowest amount of cells which can be used for screening the effects of
natural compounds on melanin production is 200,000 cells per test zone with the
encapsulation of Matrigel. Although the required cell amount was around 2 times higher
than conventional melanin content analysis, which normally requires 100,000 cells per
well of the 6-well plate, the total volume of cells suspended in Matrigel (5 pl) was very

low compared to conventional melanin content analysis.

Cell amount (cells/test zone)
Type of paper
and
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{ ( (&) )
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(5mm) \ / \ 4 .
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(10mm) \ J
3=

Figure 43 Example of paper after seeding cells in various concentrations on Whatman

No. 1 and Whatman No. 4 with a test zone diameter of 5 and 10 mm

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)
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4.4 Optimization of the incubation time for melanin content analysis

In the conventional method, melanoma cells were incubated approximately 48 h
accessing melanin amount by the absorbance measurement (13, 14). However, the
incubation time can be varied according to the treatment and cell line types. In this
work, we aim to minimize the analytical time of melanin content analytical process.
Thus, we optimized the most suitable incubation time for screening the melanin intensity
on the paper, in order to obtain the least incubation time required for stimuli and
anti-melanogenic screening. Whatman no.1 with 5 mm test zone was applied for
200,000 cells of B16F10 cell culture and incubated for 24, 48, 72, 96, and 120 h. The
result showed that after culturing for 48 h, B16F10 cells produced suitable amounts of
melanin that can be observed with the naked eye (Figure 43). Moreover, the intensity of
melanin on the paper increased with incubation time, showing the ability of cells to
produce melanin for at least 120 h during the culturing on the paper (Figure 44).
According to this experiment, paper is beneficial for melanin visualization that was easily
observed with the naked eye due to the contrast of the white color of the paper and the
dark color of melanin. Moreover, by scanning the paper and analyzing the intensity with
Image) software, the total analysis time took only 20 min, which is very quick compared
to conventional melanin content analysis, which takes about 1 hour and 30 min (15 min
to centrifuge melanoma cells, 1 hour to solubilize melanin in NaOH, and another 10 min

to perform the absorbance measurement) (11).
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Figure 44 Optimization of the incubation time.

Data are presented as the mean + SD (n = 3)

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)
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4.5 Identification of melanoma cell morphology on the paper-based scaffold

In order to confirm whether B16F10 could behave similar to the in vivo structure
inside the paper, we used scanning electron microscopy to access their structure
inside the paper. In brief, B16F10 cells were encapsulated with Matrigel, pipetted onto
Whatman No. 1 paper and incubated at 37 °C with 5% CO, for 48 h before obtaining
images. Figure 45a shows the structure of naked Whatman No. 1 paper which contains
fiorous pores which are suitable to be a scaffold for cell support. Figure 45b shows the
3D structure of B16F10 cells that tended to form clusters. Figure 45c shows B16F10 cells
in a 3D shape surrounded by produced melanin on the paper fiber. Thus, the 3D
architecture of Whatman No. 1 paper was able to provide the 3D cell culture condition.
In addition, the use of Matrigel encapsulation can provide the native extracellular matrix

which enables cells to behave similar to those seen in vivo.

Figure 45 SEM images of microarchitecture of a) bare paper, b) melanoma tumor and c)

3D melanoma cells

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)

4.6 Identification of melanoma cell viability under paper-based cell culture

In order to perform melanin content analysis on the paper, B16 F10 should be able
to survive on the paper for at least 48 h due to the optimized incubation time that
melanin can be visualized. Moreover, for B16 melanoma 4A5 cell culture, the cells-
containing paper had to be integrated with the newly fabricated invasion assay
device which consisted of various materials. Therefore, the biocompatibility is crucial
(Chapter IV, part lll). To test the biocompatibility of the paper-based cell culture
system and their suitability for long term cell culture, LIVE/DEAD staining was
performed after culturing B16F10 cells on paper for 24, 48, 72, 96, and 144 h without
changing the culture medium. After that, calcein-AM and propidium iodide (Pl) were

added in culture well. In brief, calcein-AM can be converted to green fluorescence after
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acetoxymethyl ester hydrolysis by esterase in living cells (284). Propidium iodide (PI) binds
to the double strand DNA of dead cells with the intact plasma membrane (285). Figure
46f shows that during the first 72 h the percentage of cell viability was high. At 96 and
120 h, percent cell viability decreased due to the high cell number and the limited
culture medium. However, the high number of cells seen in figure 46d and e confirmed
their ability to proliferate under the paper-based cell culture for up to 120 h. The result
shows single viable cells in the paper after 24 h of culturing. After 48 h of culturing, cells
started proliferating and forming clusters of cells. After 72 and 96 h, cell numbers were
higher than after 24 and 48 h of incubation with some dead cells shown in red color.
After 120 h, the cells continued forming clusters, covering almost the entire area of paper

thus indicating cell proliferation (Figure 46a-e).

Figure 46. Confocal images of B16F10 cells and % cell viability after culturing for

various incubation time.

(Green — GAPDH; Red - Propidium iodide; 100-micron resolution images)

(Modified from ref.111 by permission of The Royal Society of Chemistry)

4.7 Confirmation of melanin color on the paper-based scaffold

Ol-Melanocyte stimulating hormone or Q-MSH is known as a melanotropic hormone and
a major physiologic stimulus for murine pigmentation (286-288). Therefore, we applied Q-

MSH in B16F10 cell culture on the paper, in order to confirm that the color seen in the
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paper was from the produced melanin. O-MSH at a concentration of 0, 0.1, 1, and 10 uM
was suspended in the culture medium after placing paper in culture well. The
conventional absorbance measurement was performed to confirm the percentage of
melanin production under O-MSH treatment. Figure 47 shows the direct correlation
between O-MSH and the intensity of color on the paper. Intensity of melanin at 0 uM Q-
MSH can be observed because initial seeded melanoma cells naturally produce melanin
without O-MSH stimulation. Above each bar of figure 47 is shown an example of
increased color on the paper with higher concentrations of Q-MSH, confirming that the

color on the paper was a produced melanin from B16F10 cells.
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Figure 47 The intensity of melanin on the paper under Q-MSH treatment at various

concentrations.

Data are presented as the mean + SD (n = 3)

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)

Next, we confirm the existence of the living cells by using immunofluorescence
staining of Glyceraldehyde 3-phosphate dehydrogenase or GAPDH. GAPDH served as the
internal control of the experiments due to the constant expression of the GAPDH gene,
which can be found in the cells (289) (represented in green color in figure 47). Also,
nuclei were stained by DAPI, a DNA-specific probe, allowing the fluorescent imaging of
nuclei (represented in blue color of figure 47) (290). Figure 48 shows the
immunofluorescent image of GAPDH of B16F10 on the paper-based scaffold. Some
stained cells were unclear due to the obstruction of fibers in the paper. Therefore, this

image can confirm that the paper-based scaffold contains living B16F10 cells.
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Figure 48 GAPDH staining of B16F10 cells on the paper

(gsreen — GAPDH; blue — DAPI; 1000-micron resolution images)
(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)

4.8 Comparison between the percentage of melanin production with the

conventional method (Absorbance Measurement) and melanin intensity on the

paper-based scaffold
To compare the melanin production between the conventional assay and paper-based
scaffold, B16F10 at the concentration of 200,000 cells were seeded in a 6-well plate and
paper-based scaffold. Cells were then treated with Q-MSH at a concentration of 0.1, 1,
and 10 pM. The percentage of melanin production in the conventional method was
found to be increased by the higher O-MSH concentrations. Moreover, percentage of
melanin production showed a direct proportion with the intensity of melanin on the
paper when treated with the same concentration of OQ-MSH with the conventional
method (Figure 49). This result confirmed that the intensity of melanin on the paper was

consistent with the percentage of melanin production in the conventional assay.
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Data are presented as the mean + SD (n = 3).

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)

Several studies have used paper as a scaffold for cell culture. Yet, there is no evidence
on paper-based melanoma cell culture for the melanin study. In this work, we first
applied a paper-based scaffold for melanoma cell culture for screening the effect of
natural compounds on melanin production. We confirmed that the melanin color on the
paper can reflect the effect of treated substances on melanin production by treating with
O-MSH which is generally known as a stimulant for melanin production. The color of
melanin on the paper was consistent with the amount of melanin in conventional assay
after the treatment of Q-MSH which can also confirm that the visible color on the paper

was melanin.

4.9 The use of the paper-based scaffold for screening the effects of natural

compounds on melanin production

Kojic acid and Arbutin are known as tyrosinase inhibitors, a crucial enzyme in synthesizing
melanin through melanogenesis (291-293). To validate the ability of the paper-based
scaffold to detect the effect of natural compounds on melanin production, we applied

our developed paper-based melanoma cell culture for screening the anti-melanogenic
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effect of Kojic and Arbutin. In brief, 200,000 cells of B16F10 encapsulated in Matrigel were
placed in Whatman no.1. Afterwards, paper was placed in natural compounds containing
medium. Cells were treated with Kojic acid at a concentration of 0, 0.2, 0.4, 0.8, and 1.6
mM, and Arbutin at a concentration of 0, 0.1, 0.2, 0.4, and 0.8 mM. The suspension of
cells was then seeded on the paper and incubated at 37 °C with 5% CO,. The suspension
of the cells and hydrogel alone served as the negative control. The intensity on the
paper was then analyzed using ImageJ software. Furthermore, the conventional melanin
content analysis was performed on both non-treatment and natural compound

treatments to confirm the effect on melanin production.

Figure 50 shows the inverse correlation between melanin intensity of on the paper and
the concentration of Kojic acid and Arbutin in a dose dependent manner. These results
confirm the whitening effect of Kojic acid and Arbutin on melanin production as well as
the ability of paper-based melanoma cell culture to detect the effects of whitening
substances on melanin production. Nevertheless, the paper-based scaffold was only used
with low concentrations of whitening substances because of the limitation of melanin
color on the paper, which required a longer incubation time for increasing melanin
production, before perceiving the effect of high concentration of whitening substances on

melanin production.
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Figure 50 The intensity of melanin on the paper under (a) Kojic acid (b) Arbutin

treatment at various concentrations.
Data are presented as the mean + SD (n = 3).

(Reproduced from ref. 111 by permission of The Royal Society of Chemistry)

In this part, author has obtained the optimal parameters for culturing B16F10 cells.

These parameters were applied for the anti-melanogenic screening 2 substances,



94

Kojic acid and Arbutin. By using the advantage of existing white color of the paper
substrate, the black color of melanin complexion can be easily observed after 48 h
of culture. Furthermore, the treatment of natural compounds can be performed with
the seeding step of cells in the paper, which is faster than the conventional 2D cell
culture that needs at least 4 h for cell attachment before natural compound
treatment. The analysis of the effects of natural compounds can be easily analyzed
by scanning the paper and measuring the intensity of melanin with ImageJ software
and comparing with the untreated paper. In addition, the paper-based scaffold was
able to culture B16F10 cells in 3D conditions where cells can similarly behave to in
vivo structures. Besides, fluorescent staining can be performed directly on the
paper. This work guides the future trend for high throughput anti-melanogenic
screening by just fabricating several cell culturing zones on the paper. Though this
part provides the information regarding optimal conditions for B16F10 cell culture on
the paper, it leads to the future development of novel paper-based cell culture as
membrane insert for the melanoma invasion assay device (can be found in chapter
IV part Ill). In the third part, readers can find the application of parameters obtained
in this part for B16 melanoma 4A5 cell line, which has similar properties to B16F10

but more invasive.
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Part Il Initial impedance characteristic study for cell culture system and its
application for Impedance-based E-screen assay

Before moving to the application of paper-based cell culture for real-time invasion
assay device, author has primarily studied the impedance characteristics of cells
using commercial electrode. The use of commercial electrodes provides the
opportunity to compare the results to the newly developed electrode, which was
used in part lll. Moreover, the commercial electrodes used in this part are well
known and were applied in various cell culture applications before (The information
can be found in biophysics.com and dropsens.com). Other than application of
impedance characteristic of cells for invasion assay (Chapter IV, part Il), author has
applied the obtained conditions for the Impedance-based E-screen assay as a
parallel project. The principle of the work was based on ER on MCF-7 breast cancer
cells. The binding of estrogen on ER-positive MCF-7 cells resulted in the increased
cell proliferation. Fortunately, when cells attach on the electrode surface, they act
as an insulator. Their insulating membrane can impede the current flow on the
electrode, causing high impedance signal. Therefore, the more cell proliferates, the

higher impedance signal can be obtained.

4.10 Primary impedance characteristic study using MDCK cells

In the impedance experiment, the optimal potential is applied. The applied potential
in this work is a crucial part due to the application in cell culture. In brief, the
Electrochemical Impedance Spectroscopy (EIS) is the measurement of resistance
from the applied AC voltage to input current between two electrodes (294).
Therefore, the increased applied potential can generate high input current. This can
cause excessive electrical stimulation to cells, resulted in cell death. Specially, in this
work, we perform the impedance measurement based on 2D cell culture. Therefore,
cells directly contact to the electrode surface and expose to the applied potential.
The applied potential need to be carefully optimized and should be as low as

possible.

However, the applied potential could not be too low in some experiments due to
various limitations such as electrode configuration, redox probe, and the capacity of
the impedance analyzer. In our case, we first optimize the applied potential using
8W20idf cell cultureware from AppliedBiophysics company (Figure 37). Based on the

previous report (295), Solartron analyzer was applied in cell-based analysis with the
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applied potential at 10 mV. Therefore, in this work, we aim to minimize the applied
potential for long tern cell culture. We then chose to optimize whether 10 mV
(applied in previous report) and the lower potential, 5 mV, would work in our

experiments.

Though the final goal of this part is to develop the impedance-based E-screen, which
relied on the estrogen receptor (ER) on MCF-7 cells, we chose to study the primary
impedance characteristics using MDCK cells instead of MCF-7 cells. Due to the
colony-like formation of MCF-7 cell, the impedance characteristics might not reflect
the whole population of cells due to the inconsistent cell distribution on electrode
surface (Figure 51a). On the other hand, MDCK cells form the 2D monolayer with a
consistent distribution on the electrode surface (Figure 51b). Thus, the optimal
parameters for applying in the cultureware could be obtained. After seeding MDCK
cells at a concentration of 250,000 cells/cm? in the cultureware using normal
medium, we applied AC potential at 5 and 10 mV with the frequency at the range of
10 Hz to 1 MHz. In order to obtain the maximum impedance magnitude at the
optimal frequency, the relationship between log(frequency) and the normalized

impedance magnitude was studied.

The relationship between log(frequency) and the normalized impedance magnitude
shows the highest impedance magnitude at 4, 5, and 10 kHz at the different time
points in both 5 and 10 mV (figure 51c and d). Therefore, the impedance magnitude
at the frequency of 4, 5, and 10 kHz was collected and calculated into cell index
using equation [4]. Impedance was then performed every 1 h for 48 h. Figure 51e and
f show the cell index after applying 5 and 10 mV potential respectively. After 10 mV
potential was applied, the cell index was continuously increased due to cell
attachment on the electrode surface as well as cell proliferation. Nevertheless, cell
index was decreasing after 24 h, indicating cell death due to high applied potential.
On the other hand, after 5 mV potential was applied, cell index was continuously
increasing over 48 at every frequency, indicating the optimal potential for applying
for the long-term culture.
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Figure 51 Primary impedance characteristic study using MDCK cells

The comparison between a) the colony-like formation of MCF-7 cells and b) the flat
shape monolayer of MDCK cells. The primary impedance characteristic study using
MDCK cells representing the obtained highest impedance magnitude at the
frequency of 4, 5 and 10 kHz after applying c) 5 and d) 10 mV potential. The
impedance magnitude was then converted to cell index representing cell

proliferation over time after applying e) 5 and f) 10 mV potential respectively.

4.11 Impedance characteristics of MCF-7 cells in 10 and 350 pm gap electrode

cultureware

After acquiring the optimal potential for applying in MDCK cell culture, we applied 5
mV potential for MCF-7 cell culture. In order to compare the effect of gap of
interdigitated gold electrode, MCF-7 cells were cultured on two electrode types with

relatively large different gaps at 10 and 350 pm.

For 10 um electrode cultureware, MCF-7 cells at a concentration of 4,700 cells/cm?
were seeded due to the concentration used in conventional assay. Impedance
measurement was performed at 5, 10, 15, 20, 30, 40, 50 h of incubation. The
relationship between normalized impedance magnitude and log(frequency) was
studied to obtain the optimal frequency that could give highest impedance
magnitude. Figure 52a shows that the highest impedance magnitude was obtained at
approximate 10kHz frequency at every time point. We therefore applied the
frequency of 10 kHz to study the influence of cell seeding number on ClI value. MCF-
7 cells at the concentration of 4,700 9,400 50,000 and 100,000 cells/cm? were
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seeded in the culture wells. Impedance measurement was performed every 1 h for
40 h. Figure 52b shows that Cl increased with the direct correlation with cell seeding
number over time. However, in order to obtain the dramatic increase of Cl, the cell

seeding concentration of 100,000 cells/cm? was required.

Due to the larger well bottom area (0.25 and 0.8 cm” in 10 and 350 pm gap
electrode cultureware respectively), we increased cell seeding number for the
optimization of frequencies in 350 um gap electrode cultureware. In brief, MCF-7
cells at the concentration of 15,500 cells/cm® was seeded. The impedance
measurement was performed every 10 h for 70 h of the total incubation. Figure 52c
shows that the normalized impedance magnitude was increasing by the increased
incubation time indicating cell survival. Moreover, the highest impedance magnitude
can be found at the frequency of 6,309 Hz at every time point. Thus, the impedance
magnitude was collected at the frequency of 6,309 Hz for the rest of the

experiments.

Next, we optimized the optimal cell seeding number for the impedance
measurement. In brief, MCF-7 cells at the concentration of 125,000 187,500 250,000
312,500 cells’cm? were seeded on 350 um gap electrode cultureware before
performing the impedance measurement every 1 h for 42 h of the incubation. Figure
52d shows that at the cell concentration of 125,000 cells/cm? was only slightly
increasing of cell index over 42 h, indicating low cell density which resulted in the
longer incubation period for determining the cell proliferation. Meanwhile, at the cell
concentration of 312,500 cells/cm?, cell index was dramatically increasing within 42 h
of the incubation. However, the rapid proliferation rate was caused by the high cell
concentration, which might result in the reach the plateau phase due to the full
coverage of cells on the electrode surface. Furthermore, the treatment of
xenoestrogenic compounds could not possibly be observed because the cell
number was beyond the limit of detection. The cell concentration of 187,500 and
250,000 cells/cm? show the optimal growth curve with the similar cell index value
throughout the incubation. In order to observe the estrogenic effect on cell
proliferation faster, the concentration of 250,000 cells/cm? was more suitable due to

the higher cell concentration.

In conclusion, the optimal cell seeding number for 10 and 350 pm cap electrode

cultureware was 100,000 and 250,000 cells/cm? respectively. The use of 10 um gap
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electrode was found to be more sensitive to cell seeding number, due to their
capability to detect the change of Cl at the low cell seeding concentration.
Nevertheless, the small gap interdigitated electrode could possibly be too sensitive
to cell distribution (296). Therefore, the further study regarding cell seeding number
and culture conditions still need to be performed for the improvement of assay
sensitivity (The discussion and outlook was also provided in Chapter VI). Therefore,

350 um gap electrode was primarily chosen for performing experiments.
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Figure 52 Impedance characteristics of MCF-7 cells when cultured in 10 and 350 um

gap electrode.

The highest impedance magnitude was obtained at a) 10 kHz and ¢) 6309 Hz when
cultured in 10 and 350 um gap electrode respectively. The relationship between Cl
and incubation time was studied to access the effect of various cell seeding
numbers in b) 10 and d) 350 uM g¢ap electrode. Data in figure d are represented at
the mean + s.e.m. (n=3).

4.12 The reduction of cell attachment time

In the conventional E-screen assay, MCF-7 cells were seeded using normal medium

and allow to attach the bottom of well plate for 24 h before replacing with test
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compound diluted in hormone-free medium. In our work, we aim to provide rapid E-
screen method. Therefore, we optimized whether the cell attachment time could be
reduced to 8 h. MCF-7 cells were seeded at a concentration of 4,700 (same as
conventional E-screen assay) and 250,000 cells/cm? (optimized cell number for the
Impedance-based E-screen assay) using normal medium. Cells were incubated for 8
and 24 h before fixed and stained with SRB. Figure 53 shows the total cell number
after incubating for 8 and 24 h. The results show no significant difference when
allowed cell attachment step for 8 and 24 h. Therefore, we applied 8 h incubation

time for cell attachment in the next experiment.
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Figure 53 The comparison between MCF-7 cell attachment with 8 and 24 h

incubation shows no statistical difference (pair t-test p<0.01)
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4.13 Treatment of 17(3-estradiol and ER antagonist in the impedance-based E-
screen assay

In order to study the kinetic of MCF-7 cell proliferation after 173-estradiol treatment,
MCF-7 cells at a concentration of 250,000 cells/cm? were seeded using normal
medium and allowed cell attachment for 8 h. Afterwards, we added 0, 0.001, 0.01,
0.1, 1, and 10 nM 17B-estradiol in hormone-free medium. The impedance
measurement was performed every 2 h for 144 h, which was the same total
incubation period applied in conventional E-screen assay. We found that even

though the treatment of hormone-free medium alone can also cause cell
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proliferation, the growth rate was relatively slow throughout 144 h of the incubation.
Besides, the exponential growth of MCF-7 can be observed between 24-120 h
depending on the concentration of 17(3-estradiol (Figure 54a). We observed that cell
proliferation reached the plateau phase after 120, 118, 118, 106, and 94 h when
treated with 17f3-estradiol at the concentration of 0.001, 0.01, 0.1, 1, and 10 nM
respectively (Figure 54b-f). The period of exponential growth shows the inverse
correlation with the concentrations of 17f3-estradiol because of cell clumping when
exposed to high concentrations of 173-estradiol. In brief, when treated MCF-7 cells
with 0.001, 0.01, and 0.1 nM 17f3-estradiol, cells tend to grow slower and spread
themselves throughout the electrode surface, caused the increased Cl for over 106-
120 h before reaching plateau phase. In contrast, when treated MCF-7 cells with 1
and 10 nM 17(3-estradiol, cells started to quickly clump together. Thus, the coverage
of cells on the electrode surface was less, resulted in low Cl and early reach plateau
phase. Moreover, the decrease of cell index during the late incubation time could be
found sooner in 10 nM when compared with 1 nM. These caused by the higher rate
of cell clumping when treated with high concentrations of 17(3-estradiol (Figure 54e
and f).

In order to confirm the binding of 17f3-estradiol on ER of MCF-7, ER antagonist (5 nM
IC1182780) was co-treated with 17f3-estradiol at the concentration of 0.001, 0.01, 0.1,
1, and 10 nM. Figure 54b, ¢, and d shows the decreased cell index throughout 144 h
of the incubation, indicating the antagonistic effect of ICl 182780. Co-treatment of 1
and 10 nM 173-estradiol with 5 nM ICl 182780 show the increase of Cl over time due
to the high concentration of 173-estradiol (Figure 54e and f). According to the effect
of ER antagonist, cells were partially inhibited growth after the treatment of 1 and 10
nM 173-estradiol. These results correlated with the conventional E-screen assay,
which shows PE less than 1 when co-treated 1C1182780 with 0.001, 0.01, and 0.1 nM
173-estradiol and slightly more than 1 when co-treated ICl 182780 with 1 and 10 nM
17R3-estradiol (Figure 55a). Therefore, cell clumping was not observed when co-
treated with ER antagonist but rather the spread of cells throughout the surface of

culture well (Figure 55e and f).



102

B **7 a Homone free megium C 1™ Fomone-fres medium
® 0.001 nM 17p-Estraciol 4 0.01nM 17p-Estraciol
25+ > 0.001 nM 17[-Estradiol + 5 1M IC1182780 254 % 0.01 nM 17p-Estradiol + 5 nM ICI182780)

Cl

0 24 48 72 o 120 a4 188 0 24 48 72 96 120 144 168 0 24 48 72 65 120 144 168
Ingubation time (h) Incubation time (h} Incubation time (h)

= Hormone-free medium
v 0.1 nM 17p-Estradiol
1| * 0.1 nM 17p-Estradiol + 5 nM IC1182780

0 24 48 72 96 120 144 168 0 24 48 72 2 120 144 168 0 24 48 72 96 120 144 168
Incubation time (h) Incubation time {h) Incubation time (h)

Figure 54 The kinetics of cell proliferation under 17beta-Estradiol treatment with
and without ER antagonist

a) The relationship between cell index (Cl) and incubation time after cell attachment
step using normal medium (first 8h) and the treatment of 173-estradiol 0, 0.001, 0.01,
0.1, 1, and 10 nM 17R-estradiol in hormone-free medium (8-144 h) and the
comparison between co-treatment of ER antagonist (5 nM 1C1182780) with 173 -
estradiol and the pure treatment of 17f-estradiol at the concentration of b) 0.001, ¢
0.01,d)0.1,e) 1, and f) 10 nM

Other than the high concentration of 17(-estradiol, we found that the high initial cell
seeding number also contributed to cell clumping. In conventional method, cell
seeding number is 4,700 cells/cm? while our experiment requires 250,000 cell/cm?
due to large gap of the interdigitated electrode. Therefore, high cell seeding density
was required for sensing cells. When performed conventional E-screen assay with
4,700 cells/cm? seeding concentration, PE shows direct correlation with 173-estradiol
concentration after 144 h incubation (Figure 55a). In contrast, when performed
conventional E-screen assay with 250,000 cells/cm? seeding concentration, PE shows
direct correlation with 173-estradiol at a concentration of 0.001, 0.01, and 0.1 nM.
Meanwhile, 173-estradiol at the concentration of 1 and 10 nM show sligsht and
dramatic decrease of PE respectively (Figure 55b). The decrease of PE when treated
with high concentrations of 17f3-estradiol was caused by the high cell seeding
number, which contributed to the clump of cells. Cell clumps were observed after
fixing cells with TCA and can easily detach from well bottom, caused false
interpretation of low absorbance and PE. Unlike conventional method, our system

does not require cell fixation. Cell clumping caused by high cell seeding
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concentration could not affect the interpretation of estrogenic effect. Besides, Cl
value could provide the information regarding cell pattern after the treatment of

estrogenic compounds e.g. the monolayer coverage of cells on electrode or cell

clumping.

25 25
a I 178-Estradiol b I 178-Estradiol
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Figure 55 A comparison of proliferative effect of 17(3-estradiol and its cotreatment

with IC1182780 and confocal images of cell clumping after estrogen treatment

4.14 Cell viability assay and the confirmation of the effect of cell clumping on

Cl value

In another perspective, the decrease of cell index after the treatment of 17f3-
estradiol could be caused by cell death due to the high concentrations of 17(3-
estradiol or the detachment of cells due to the full coverage of cells on the
electrode surface. Afterwards, we confirmed the cell viability at the exponential
growth phase and the end of the experiment after 60 and 144 h of the incubation
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respectively. Figure 56a and c shows the LIVE/DEAD staining of MCF-7 cells in 350 um
gap electrode cultureware after 60 and 144 h respectively. % Cell viability during the
exponential growth phase was up to approx. 90% (Figure 56b) and drop to approx.
70% after 144 h of the incubation at every concentration of 17 -estradiol (Figure
56d). Since all the treated concentrations of 17(3 -estradiol resulted in slightly
decreased % cell viability at 144, this result does not correlate with cell index, which
was much lower number in the high concentrations of 173 -estradiol. Moreover, the
morphology of MCF-7 cells tend to show cell clumping and less cell number when
treated with the high concentrations of 173 -estradiol. These results confirm that the
decrease of cell index in the late incubation period of the treatment 17(3-estradiol

caused by the clumping due to the rapid proliferation rate and not cell death.

a) Neg ctrl 0.001nM b)

% Cell viability

oM 0.001 nM 001 nM 01 nM 1™ 10 nM
Estrogen concentration

()] Neg ctrl v 0.001 hM d)

% Cell viability
8

onM 0.001 nM 0.01nM 0.1nM 10M 10 nM
Estrogen concentration (nM)

Figure 56 LIVE/DEAD staining of MCF-7 cells and %cell viability
after a) 60 and b) 144 h incubation of 0.001, 0.01, 0.1, 1, 10 nM 17[3-estradiol
treatment and their % cell viability at b) 60 and d) 144 h respectively.

4.15 Application of impedance-based E-screen assay for screen estrogenic
effect of Bisphenol-A and Irgarol 1051
BPA is one of the harmful EDC due to their ability to mimic estrogenic effect (297). In

this work, we applied our developed Impedance-based E-screen assay to detect their
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estrogenic effect as well as study the kinetic of cell proliferation after BPA exposure.
Based on previous report, BPA shows a agonistic activity to ER at a concentration
down to 1 nM (42). We then applied the same concentration of BPA to our system.
Figure 57a shows that BPA resulted in the increased of cell proliferation over time.
The exponential growth can be observed during 72-136 h of incubation, which was
relatively similar to the treatment of 0.001 nM 17(3-Estradiol. To confirm the
estrogenic effect of BPA, we co-treated 1 nM BPA with 5 nM ICI182780. We found
that Cl remained low and stable throughout incubation time. This result confirms
that BPA can bind to ER, resulted in the increased cell proliferation. Besides, when
co-treated with ER antagonist, BPA cannot bind to ER, resulted in no cell proliferation
(Figure 57a). The results were correlated with the conventional E-screen assay (Figure
57¢).

Another environmental concerning substance is Irgarol 1051, due to its use on ship
paint that directly contact to the seawater. The estrogenic effect of Irgarol 1051 has
also been studied. However, the results were inconclusive among various methods
(47, 48). In this work, we first demonstrated the estrogenic effect of Irgarol 1051 using
the conventional and impedance-based E-screen assay. After the treatment of 30
pe/L Irearol 1051 and cotreatment with ICl 182780, CI shows low value throughout
the experiment. The drop of Cl was observed in the beginning of co-treatment of
Irgarol with 1C1182780 due to the slow cell attachment (Figure 57b). Therefore, Irgarol
1051 shows no estrogenic effect when using our developed system. The result also

shows the same effect in the conventional E-screen assay (Figure 57¢).
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Fieure 57 The estrogenic screening of a) BPA and b) Irgarol 1051 using Impedance-

based E-screen assay and c) conventional E-screen assay

In this work, author has obtained the optimal parameter used for cell-based

impedance measurement. These parameters were applied for the parallel study, the

impedance-based E-screen assay. The

impedance-based E-screen assay was

successfully developed for real-time estrogenic screening. The method was validated

by the estrogenic screening of BPA and Irearol 1051. Both estrogenic effect of BPA

and non-estrogenic effect of Irgarol 1051 were correlated with conventional E-screen

assay.
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Part Ill Paper-based cell culture as a membrane insert for real-time invasion
assay

In this part, author aims to demonstrate novel application of paper-based cell
culture as a membrane insert for invasion assay. Because filter papers are available in
various pore sizes, thickness, and type of fiber composition. Moreover, filter papers
are clean and biocompatible, which are compatible with cell culture. Instead of
relying on the commercial plastic insert, we demonstrate the more accessible
invasion assay device, which can be built in-house without relying on commercial
device with the low cost, as well as provide another perspective of paper-based cell

culture application.

4.16 Stencil printed carbon electrodes on PMMA substrate

Stencil printed electrode was chosen as a working electrode in this work, due to their
ease of fabrication process and low cost. Pellitero et al. have pioneered the
accessible electrode fabrication process, called stencil-printed electrode. Though the
screen-printed electrodes are commercialized nowadays, in some laboratories still
are lack of access to order or find the right match of electrode to their work. Stencil
printed electrodes are great option to fabricate and optimize electrodes in your own
laboratories (298). Unlike screen printed electrode, stencil printed electrode does not
require the tedious alignment of mask onto substrate. In this work, the adhesive tape
was attached directly to PMMA substrate before cutting with laser ablation at the
defined electrode position and spreading with carbon ink respectively. Usually, after
spreading carbon ink on polymer or paper substrate, the ink was cured at ca. 60°c for
30 min (299, 300). However, this protocol does not fit with the PMMA due to their
rigidity, causing the crack and shrink of carbon paste when incubated at the high
temperature. We here demonstrated that curing carbon paste on PMMA at room
temperature (RT) for 72 h shows a well functioned electrode (Figure 58). Moreover,
we found that the step of removing adhesive stencil affects the charge transfer
resistance (R) of the electrode. In brief, we divided experiment into two groups: the
first group had an immediate stencil removal right after spreading carbon ink. While
the second group, the carbon ink was cured at RT for 24 h before stencil removal.
Both of experimental groups of electrodes were then cured at RT for 72 h in total

before EIS characterization.
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Figure 58 shows lower Rs in the immediate stencil removal group than the
electrodes that we allowed to undergo 24 h precuring. The scanning electron
microscope images of the electrode surface also show similar structure as a previous
report (Figure 58b-d) (298). Furthermore, the solution and possible contact resistance
were higher in 24 h precuring group (can be observed from the high frequencies of

the starting point of Nyquist plot). The exact R numbers are represented in table 6.

Table 6 Ry of the optimization of the fabrication process when the screen-printing
electrode after mask removal. The result was obtained from the Nyquist curve fitting

to the equivalent circuit.

Process Charge transfer resistance
(Re)/Q)
Immediate mask removal after screen 61.78
printing 1
Immediate mask removal after screen 50.74
printing 2
Mask removal 24 after screen printing 1 88.87
Mask removal 24 after screen printing 2 89.79
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Figure 58 The impedance characteristics of stencil-printed electrode and its surface
morphology represented in scanning electron microscope images.

a) Nyquist plots representing the comparison of fabrication of stencil printed
electrode between the immediate (red and black represent 2 repetitive
identical tests) and 24 h (blue and green represent 2 repetitive identical

tests) precuring removal of stencil after spreading carbon ink (n=2) and SEM
images of electrode surface at b) 5000x c) 40,000x, and d) 200,000x
The solid lines represent curve fitting to the equivalent circuit in the inset.

(This picture was taken from ref. 280.)

4.17 Choice of counter electrode and its placement in the device

In general, gold is the most conductive material which is used in an electrode
fabrication. However, in this work, the available gold electrode in our laboratory was
not compatible with our fabricated device. The gold on silicon plate (a 10x25x05 mm
rectangular shape) has the flat shape and therefore cannot be inserted and soaked
at the desired depth in our device. To find another suitable CE type fitting the device
geometry, we investigated whether a platinum wire, a stainless-steel wire, or a glassy
carbon rod would give the best electrical characteristics compared to the gold on
silicon plate used above. We chose platinum, stainless steel, and glassy carbon

according to rod shape. The advantage of the rod shape of the CE is a large surface
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area and it can be soaked into the culture medium at our desired depth. Hence, we
can acquire the impedance signal from the whole device. In brief, the plastic lid was
designed to have a hole that fits the platinum, stainless steel wire, and glassy
carbon. The platinum wire, the stainless-steel wire, or the glassy carbon rod was
inserted into the plastic lid. The platinum wire has a 0.785 mm? surface area and a 26
mm long cylindrical shape. The stainless-steel wire has a 0.64 mm? surface area and
23.38 mm long cylindrical shape. The glassy carbon rod has a 19.625 mm? surface
area and 22.5 mm long cylindrical shape. After the device assembly, the various CEs
were inserted and adjusted to have a 2.5 mm gap between the WE and the CE. A 10
mM ferricyanide:10mM ferrocyanide solution was then inserted into the cell culture
vial. The device was then connected to the impedance analyzer before performing

the impedance measurement.

Figure 59 shows that stainless steel gives a huge R, which is not compatible with our
system. On the other hand, the glassy carbon gives the lowest R while gold on the
silicon plate gives a slightly higher Ru. Additionally, the Nyquist plot of glassy carbon
results in a lower electrode resistance and internal resistance than the platinum wire
(301) (Table 7). Thus, glassy carbon was the most suitable material for constructing
the CE to be used in our system due to its rod shape, which fits with our customized
lid and gives a low Rg when combined with our screen-printed electrode (WE).
Moreover, the surface at the bottom of glassy carbon is flat and wide which is

suitable for mapping the cell movement within the whole device.

Table 7 R of each CE type when applied in the device. The result was obtained

from the Nyquist curve fitting to the equivalent circuit.

Counter electrode Charge transfer resistance (R.t)/Q)
Stainless steel >1200000

Gold on silicon plate 145.7
Platinum wire 185.8
Glassy carbon 126.9
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Figure 59 Nyquist plot after using gold on silicon plate, platinum wire, stainless
steel, and ¢lassy carbon as a counter electrode (CE) with carbon screen printed

electrode as a working electrode (WE).

Afterwards, we optimized the placement of GC rod in the invasion assay device.
According to our lid design, GC rod can be adjusted up and down by loosening 2
screws on the lid (Figure 60a). This aids the adjustment of the medium soaking level
of GC rod as well as the distance between WE and CE. In order to optimize the
distance between CE and WE, GC rod was adjusted at a distance of 2.5, 3.5, 4.5, and
5.5 mm from WE. Figure 60b shows the Nyquist plots after adjusting the GC rod apart
from WE at different levels. The 3 different device assemblies were then used for
optimizing the distance between WE and CE (Figure 60c). The results show that when
CE was closer to WE, the R4 was decreased. However, the least distance that CE can
be apart from WE is 2.5 mm due to the insertion of paper membrane and the

avoidance of cell exposure.



112

100 200 300 400 500 600 700
Zreal (Ohm)

450
Cc

400 —

350 H +

3001

E 260 T

=

O

=200 -

24
150
100
50

2j5 3j5 4:5 5j5
Distance between the CE and the WE (mm)

Fieure 60 a) Schematic of the lid with an inserted glassy carbon (GC) electrode. The
length of medium soaked GC rod, can be adjusted by losing the nylon screw, b)
Nyquist plots acquired at different distance between the CE and the WE and c) their
average R+ when characterized in 3 different device assemblies.

The solid lines represent curve fitting to the equivalent circuit in the inset of Figure
58. Data is fieure ¢ are presented as mean + SD (n=3).

(This picture was modified from ref. 280.)

4.18 Choice of paper for the membrane insert

According to the optimized paper types from Chapter IV part I, we found that
Whatman filter paper No.1 and 4 fit with B16F10 melanoma cell culture. The SEM
also proofs that B16F10 and B16 melanoma 4A5 (used in this part) have similar size,
approximately 10 pm. Therefore, Whatman No.1 and 4 could also be good
candidates for this work. We then optimized the impedance characteristic of the
papers by inserting bare Whatman No.1 and 4 and assembled the invasion assay
device using double adhesive tape. In order to determine invasiveness of the cells,
cells should represent their motility and ability to invade through the extracellular

matrix (ECM) (118). Hence, membrane insert is needed to be coated with ECM. In this
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work, we used Matrigel due to state transition. In brief. Matrigel is liquid at 4°C and
become solid at 37 °C (302). Therefore, when incubating Matrigel coated paper,
Matrigel will be solidified, which can prevent the passing of gel through the thickness
of paper. We then optimized the impedance characteristic of Matrigel coated

Whatman no.1 and 4.

Figure 61a shows that bare Whatman no.4 shows lower R than bare Whatman no.1
due to larger pore size, which allow the better current flow (Table 5). When Matrigel
was coated on both papers, Whatman no.4 shows higher R, due to the higher
filtration rate than Whatman no.1. Therefore, Matrigel can pass through the thickness
of the paper faster Whatman no.1, resulted in the clog of paper pores, and impeded
the current flow. Since we need to coat Matrigel on the paper for invasion assay,
Whatman no.1 is more suitable than Whatman no.4 due to the lower R The results

were confirmed by optimizing in 3 different device assemblies (Figure 61b).
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Figure 61 Nyquist plots acquired for the optimization of paper types for inserting as
a membrane insert in the invasion assay devices and b) their average R when
characterized in 3 different device assemblies.

The solid lines in figure a represent curve fitting to the equivalent circuit in the inset
of Figure 58. Data is figure b are presented as mean + SD (n=3).

(This picture was modified from ref. 280.)

4.19 Cell viability and morphology assessment of the paper insert

Since the invasion assay device consists of many parts, the biocompatibility has to be

determined. After device assembly, 800,000 cells of B16 melanoma 4A5 cells were
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seeded on Matrigel-coated Whatman no. 1. LIVE/DEAD staining was then performed
after 4, 8, 12, 24, and 48 h of incubation.

Figure 62f represents high cell viability over 48 h. Confocal images also confirm the high
cell viability at 4, 8, 12, 24, and 48 h (Figure 62a-e). Moreover, at 4, 8, and 12 h, cells were
not fully attached to the paper (can be observed with circular shape of cells) and were
washed out when LIVE/DEAD stain was added. On the other hand, at 24 h, cells were
more flatted and expanded on top the paper, representing full cell attachment. This can
be applied for the stabilization of the experiment before adding chemoattractant to the
device. According to the use of medium with 10% FBS, cells started to penetrate to the
thickness of the paper at 48 h due to the chemoattractive properties of FBS (Figure 63b),
causing less cell number on the surface of the paper and representing more cells in the

paper pores (Figure 62¢).

24 32
Incubation time (hours)

Figure 62 LIVE/DEAD staining of B16 melanoma 4A5 melanoma cells in the invasion

assay device at a) 4, b) 8, ¢) 12, d) 24, and e) 48 h and f) their % cell viability at
each time point

(green — Calcein-AM; red — Propidium iodide; scale bars: 50 um) Data are presented
as the mean + SD (n = 3).

(This picture was taken from ref. 280.)
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4.20 Impedance characteristics of the device in the presence of cells

According to the optimization of applied potential in the cell-based system from part
Il, we found that 5 mV is not harmful for cells. We then applied the potential of 5
mV in this work after 800,000 B16 melanoma 4A5 cell seeding in the assembled
device using normal medium. Afterwards, impedance was performed every hour for
12 h. Figure 63a shows the normalized impedance magnitude (Equation [5]) as a
function of log frequency based on the impedance spectra acquired after 3, 6, 9, and
12 h incubation. The result indicates that the highest impedance magnitude is
obtained at approximately 100 kHz, which was then chosen for the subsequent

experiments.

In the cell-based impedance measurement, the optimization of cell number is
required due to the necessity of baseline impedance value, which later applied for
evaluating cell response to drugs or chemical treatments (303). In order to optimize
cell seeding number for this work, B16 melanoma 4A5 cell line at a concentration of
25,000 50,000 500,000 and 1,000,000 cells/cm? in normal medium was added in the
assembled invasion assay device. Subsequently, impedance spectra were acquired
every hour for 12 h. Figure 63b shows that cell concentration of 25,000 cells/cm? has
no increasing impedance value over 12 h. Therefore, the cell density of 25,000
cells/cm? is below the limit of detection. Meanwhile, the concentration of 50,000
500,000 and 1,000,000 cells/cm? show the increased impedance value over time. For
1,000,000 cells/cm?, the impedance value 0 h was higher than that at 1 h due to the
turbulence in the medium containing high cell seeding number. Moreover, the
determined impedance at 1,000,000 cells/cm? was the highest, reaching a plateau,
which provided a clear initial baseline prior to introduction of the chemoattractant.
In order to obtain the signal of cellular invasion rapidly with high sensitivity, cell
density of 1,000,000 cells/cm? is an optimal cell seeding concentration for the

subsequent experiments.
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Figure 63 Impedance characteristics of the invasion assay device in the presence of

B16 melanoma 4A5 cells
a) the relationship between normalized impedance magnitude (/ZJyom) and log
frequency after 3,6, 9, and 12 h of incubation, showing a maximum at 100
kHz for each time point, and b) the impedance magnitude at 100 kHz
(/Z]100k:2) OVer time after seeding 25,000 50,000 500,000 and 1,000,000
cells/cm’. Data are presented as the mean + SD (n = 3).

(This picture was modified from ref. 280.)

4.21 Invasion assay of B16 melanoma 4A5 cells

Insulin growth factor-1 (IGF) is known as the chemoattractant which increase the
metastasis of cancer, specially melanoma cells (6). In this work, we applied IGF-1 as a
chemoattractant to validate our invasion assay device. The result was compared with
the treatment of normal medium with and without FBS (negative control). After cell
seeding and stabilizing for 24 h, the 100 ng/ml IGF-1, and normal medium with and
without were added into lower compartment of the device. The impedance was
performed every hour throughout 48 h of the incubation. Figure 64a shows that after
the first 24 h of incubation, the cells had a rather similar Cl baseline. During this
period, the Cl slightly increased due to cell adhesion on the paper insert. After 24 h,
the lower compartment was filled with medium without FBS (negative control)
shows no increase cell index, indicating absence of cell invasion. Meanwhile, the
treatment of normal medium with 10%FBS shows increasing cell index during 25-29 h
before reaching plateau until 48 h of the incubation. This result suggests the induced
invasion effect of FBS, which correlates with the conventional transwell assay (Figure
64b). When IGF-1 was introduced, a 3-fold increase in Cl could be observed. This
chemoattractant-induced increase in Cl is probably attributed to the penetration of
cells into the pores of the paper, which results in an additional impediment of

current flow within the system. Thus, the more extensive the observed cell invasion
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is, the more obstruction to the current is caused by the cells penetrating within the
pores of paper, concomitantly increasing the measured impedance. This
phenomenon was similar to the filtration of Matrigel through the pore of paper,
resulted in an increased impedance signal. Additionally, the invasion of B16
melanoma 4A5 under the treatment of FBS and IGF-7 could be distinguished from
negative after 7h of the incubation. Since our developed assay required such rapid
incubation time to observed cellular invasion, the cell index value was less likely to
be influenced by cell proliferation. The confocal image of B16 melanoma 4A5 with
the treatment of medium without FBS (Figure 64c left) also shows more fluorescent
intensity of cells on the surface of the paper than the treatment of IGF-1 (Figure 63c
right). Besides, through the thickness of the paper, the treatment of medium without
FBS shows less fluorescent intensity than the treatment of IGF-1, indicating more
invasion of cells into the pore of papers (Figure 64c). SEM images also confirms the
invasion of cells when observed from the top of the paper. In brief, when treated
with normal medium without FBS, cells form the multi layers with the flatten shape,
indicates their inability to penetrate ECM coated on the paper (Figure 64d). On the
other hand, when treated with IGF-1, cells form 3D structure and penetrate through
the pore of the paper, confirming the invasion of cells towards the treatment of IGF-
1. The invasion results obtained from our developed invasion assay device also
correlated with the transwell assay (Figure 64b), confirming the validity of our

invasion assay device for melanoma cells.
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Figure 64 The real-time invasion study of B14 melanoma 4A5 cells using the
developed device

a) Cl vs. incubation time for B16 melanoma 4A5 cells (initial cell seeding density
of 1000,000 cells/cm?), showing a stable baseline when cells were
maintained in culture medium without FBS, the negative control for the first
24 h, and an increase in Cl (from 25 to 47 h) when the medium in the lower
compartment was replaced by DMEM with 10% FBS or 100 ng/ml IGF-1. b)
Results was confirmed by conventional transwell assay. c) Confocal
microscope and d) SEM images showing B16 melanoma 4A5 cell behavior on
paper insert in the absence (left) and presence (right) of IGF-1 (green -
Calcein-AM; red - Propidium iodide).

(This picture was taken from ref. 280.)
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In this part, the paper-based cell culture has shown their potential application as a
membrane insert for real-time invasion assay. Based on the pore size of the paper,
invasive cells were able to break the ECM coated on the paper and penetrate into
the pores. Cell penetration inside paper pores impede the current flow in the device,
related in the increased impedance signal. During the invasion, cells were able to
penetrate into the pores of paper based on their 3D formation. Therefore, cells
could behave similarly to in vivo conditions. Besides, our developed device makes
real-time invasion assay more accessible, since each part of the device can be
fabricated in-lab without relying on the commercial products. The preliminary result
of the melanoma invasion under IGF-1 provides the possibility to develop our device

for the high throughput experiments in the future.
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CHAPTER V CONCLUSIONS

In this thesis, author describes the novel applications of paper-based 3D cell culture
for melanoma study and the real-time biosensing applications. The final goal of this
thesis is to improve the in vitro experimental procedure regarding cost, analysis time,
and reliability. The project started by developing paper-based scaffold for 3D
formation of melanoma cells, which was later applied for anti-melanogenic
screening. This model was then further developed for real-time biosensing
applications based on the so-called Electrochemical Impedance Spectroscopy (EIS).
In order to obtain the parameters for cell-based impedance measurement, author
have begun with the pilot study based on MDCK and MCF-7 cells before applying to
melanoma cells. The parameters obtained from this pilot study were then applied

for the development of real-time estrogenic effect screening as a parallel project.

As describe in the introduction, to access melanoma mechanism, the analysis of
melanin production and understanding its metastatic mechanism are the key. Other
than the low cost, we found that papers could support 3D formation of melanoma
cells. This contributes to the advancement of melanoma study based on 3D cell

culture, which could reflect cellular behavior closer to in vivo conditions.

In order to develop the in vitro method to access the amount of melanin
production, paper has an advantage of their existing white color that ease the
detection of the black color of melanin complexion. The combination of high cell
seeding density with Matrigel encapsulation and the use of paper allowed rapid
melanin color detection within 48 h after cell seeding step. In order to limit cell
culture zone, paper was easily fabricated using wax printing technique. Unlike the
conventional melanin content analysis, the treatment of natural compounds can be
performed together with the seeding step of cells in the paper without the need of
cell attachment step for 4-24 h before. Analysis of the effects of natural compounds
as well as stimuli can be easily analyzed by scanning the paper and measuring the
intensity of melanin with ImageJ software and comparing with the untreated paper.
Accordingly, we improve the conventional melanin content analysis using
absorbance measurement by eliminating the cell centrifugation (takes 15 min),
melanin solubilization (takes 1 h), and absorbance measurement (takes 5-10 min).

Due to the permanent melanin color on the paper after air-dried, the melanin
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intensity was analyzed by ImageJ within 20 min. In order to confirm cell markers or
determine their viability, paper allows the direct fluorescent staining without initial
cell lysing step. The developed paper-based scaffold was validated by using as a
screening device for anti-melanogenic effects in Kojic acid and Arbutin, which
confirmed that the paper-based melanoma cell culture can serve as the platform for
a quick and in situ screening of the effects of compounds of interest on melanin
production and provides great opportunities for developing further high-throughput
platforms i.e. 96-well paper devices that could be used for quantitative melanin

content analysis with more efficacy and accuracy (Table 10).

Table 8 The comparison between paper-based 3D cell culture and conventional

absorbance measurement for screening anti-melanogenic activity

Paper-based devices

Conventional method

Limit of

detection

Preparation

step

Analysis time

10,183 cells per mm? of paper

culture area

Cells can be treated with anti-
melanogenic substance
directly after seeding on the
paper

20 min

Not performed in the B16F10

cell line so far @

Treatment can be performed
only after cells attach to the
bottom of well (which

requires at least 4 h)

120 minutes

a

Fernandes et al. have reported that the detection limit of absorbance

measurement was 310000 cells per ml in the SK-MEL-1 cell line and 630000 cells/ml
in the SK-MEL-23 cell line (14).
(Reproduced from ref.111 by permission of Royal Society of Chemistry)

After we successfully developed and optimized the proper conditions for melanoma
cell culture on the paper, we then applied the paper-based scaffold for invasion
assay. In this work, we made the real-time invasion assay more accessible by
demonstrating the in-house invasion assay device. Most of the device compositions
can be made within the lab except the glassy carbon rod counter electrode. The
membrane insert was made of filter paper, which is cost effective and available in
every scientific laboratory. Besides, the use of paper could ease the establishment of
invasion assay device because it can be easily cut and allows easy customization to
fit different cell culture devices. Device was assembled by simple adhesive tape.

Other than cost reduction, we combined the assay with Electrochemical Impedance
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Spectroscopy, which is the tool for real-time cellular behavior study. By using real-
time EIS measurements, invasion of cells through the pores of paper showed the
direct correlation with impedance signal due to the blockage of current flow within
the device. The insulin growth factor-1 (IGF-1) induced invasion of B16 melanoma
4A5 cells on the paper could be distinguished from a negative control faster than
using a conventional transwell assay. Hence, the invasion study was less influenced
by cell proliferation. The pore size of filter paper was a crucial factor in determining

the suitable paper for the EIS based invasion assay. Filter paper with intermediary

pore size (~11 pym) comparable to the size of melanoma cells resulted in lower
background impedance upon Matrigel coating, allowing more sensitive detection of
the impedance changes caused by cell invasion into the pores of the paper.
Moreover, paper-based scaffold could provide the invasion study of cells based on
3D formation (Figure 64C right). Therefore, the invasion performed in this developed
assay could exhibit similar conditions to in vivo. Our developed device has guided
the user towards the self-made real-time invasion assay device based on 3D cell

culture.

As a parallel project, author has applied the knowledge in cell-based impedance
measurement to develop the real-time impedance-based E-screen assay. The assay
was inspired by the conventional E-screen assay, which is based on the binding of
xenoestrogenic compounds on ER of MCF-7 cells, results in the increased of cell
proliferation. In our work, instead of incubating for 144 h, we reduced analysis time
to 48-120 h by applying EIS for detecting cell proliferation. After the treatment of
xenoestrogenic compounds, the kinetic of cell proliferation can be monitored in real
time. The effect of estrogen and co-treatment with ER antagonist on cell proliferation
can be observed by comparing cell index with negative control (MCF-7 cell culture
using hormone-free medium). Our developed impedance-based E-screen assay could
be used for detecting estrogenic effect with the limit of detection up to 0.1 nM 17§3-
estradiol. Besides, we found that cell attachment step can be reduced to 8 h before
the treatment of compounds of interest. The well-known estrogenic compound, BPA,
was applied for our developed assay validation. The results show the increased cell
index over incubation time and can be distinguished from negative control during 72-
120 h of the incubation. Additionally, we firstly tested the estrogenic effect of Irgarol
1051, the antifouling agent, by the impedance-based and conventional E-screen
assay and found no estrogenic effect in both assays. Our developed impedance-

based E-screen assay does not only improve the analysis time, but also provides the
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kinetic information regarding cell proliferation and their spreading behavior during the
estrogen treatment.

Together with all projects, author has demonstrated the assay development for 3
aspects: melanin content analysis, invasion assay, and estrogenic screening. Every
project could improve analysis time, provide easy experimental setup, and cost
reduction. Since the reliable scientific results could only come from accurate and
well-developed assays, author hopes that this thesis will guide readers towards the

enhancement of scientific methods for life science research.
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CHAPTER VI DISCUSSION

Though the developed paper for melanoma cell culture could be represented as a
cost-effective material for 3D cell culture, the combination of paper-based scaffold
with extracellular matrix is still a crucial part. In this work, we applied Matrigel as an
extracellular matrix to support cells on the paper due to its ability to convert
between solid and liquid state based on the temperature. Hereby, the cost can be
further reduced by using an alternative hydrogel that could provide cell support on
the paper. For example, Polyethylene glycol (PEG) has been known as a blank state
hydrogel with a low cost. PEG allows users to modify its material to present adhesive
lisands for a better cell encapsulation. Besides, the modification of the paper could
improve cell attachment such as the use of iCVD or plasma treatment (see the
literature review). However, the 3D cell morphology needs to be confirmed because
the modification might force cells to attach differently on the paper. In this work, we
were able to demonstrate the semi-quantitative melanin content analytical method.
In order to provide the in-dept information for further study, the quantitative
measurement of melanin amount is desirable. Technically, by using ImageJ software
for analyzing melanin content on the paper, we could demonstrate the intensity of
melanin in quantitative result. In figure 49, we represent the correlation between
melanin intensity on the paper and melanin content obtained from conventional
method. Nevertheless, this result could not exhibit the significant correlation
between the two conditions yet. Therefore, our developed method could only
exhibit the semi-quantitative results of melanin content. This was due to the
instability of melanin color, caused by the inconsistent dispersion of cells in the
paper. Regarding the internal control, the existence of cells in the paper was
confirmed by staining GAPDH, which is a house keeping gene of cells. This result
could be improved further to narrow down the specific marker of melanin-producing
cells. Tyrosinase enzyme is responsible for a rate limiting step of melanin production.
Hence, the staining of T4-Tyrosinase gene could confirm not only the existence of
living cells, but more specific to melanin-producing cells (304). The validation of our
developed paper-based scaffold was performed in the whitening substance, which
could be used in melanoma treatment as well as supplements in cosmetic products.

The application could also be further developed for screening the agonist on
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melanogenesis, in order to improve the effect of whitening substance for melanoma

treatment.

Due to the lack of standard whitening compounds, we validated our paper-based
devices by the treatment of the well-known whitening compounds, Kojic acid and
Arbutin. To improve this experiment, the calibrator is required for anti-melanogenic
assessment. The possible way to calibrate the melanin content on the paper is the
use of synthetic melanin from Sepia Officinalis (305). By varying synthetic melanin
amount and seeding on paper-based scaffold, the standard curve between melanin

amount and intensity on a paper could be used a device calibrator.

For further development, our developed paper-based scaffold has a potential to
apply for melanin content analysis in other melanin-producing cells. For instance,
the quantification of neuromelanin, produced by neuron, which has the efficacy on
the treatment neurodegenerative disease e.g. Parkinson’s disease (306). Other than
the improvement of paper-based melanoma cell culture for quantitatively
measurement of melanin content, the paper was easy to scalable to be used for a
high throughput measurement. For example, paper could be designed to contain 96
cell culture zones by just increase the paper size and well design. The anti-
melanogenic screening could then be performed simultaneously. The paper could
be coupled with the sterile plastic holder to ease medium adding step, reduce
solution usage, and limit the testing area for the treatment of different whitening
compounds in different culture zones. Regarding the analyzing technique used in this
work, we chose Imagel) because it is user-friendly, well-accepted in scientific
community due to its functions, and available for free download. However, other
software could also be used for measuring melanin intensity on the paper such as
Photoshop or Meazure. In the future, the developed mobile application could ease
this step by just taking a picture of papers and automatically measuring the intensity
via ImageJ-inspired applications. This could also ease the analyzing step for high

throughput measurement.

For the impedance-based E-screen assay, author observed the clumping of MCF-7
cells when cultured in 1 and 10 nM 17(3-estradiol. Cell clumping resulted in the low
impedance signal due to the free electrode surface, allowed the current to flow

better. Cell clumping was mainly caused by the high cell seeding density together
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with the nature of MCF-7 cells, which usually form a colony like structure instead of
monolayer. Therefore, the impedance signal obtained in the later exponential growth
might cause false understanding to the cell death. In order to improve the assay, the
higher sensitivity electrode is required. Because of the 350 uM gap-electrodes, high
cell seeding number was required due to a very small size of MCF-7 cells. Since MCF-
7 cell is ~ 10 pm size, the smaller gap-electrodes could possibly be suitable because
the chance of cell exposing to the electrode surface is higher. Figure 52 shows the
potential use of 10 um gap electrode, which could detect cell proliferation with low
cell seeding density. To confirm 10 pym gap electrode function on the improvement
of assay sensitivity, the repetition of the experiment in figure 52b is required.
However, as discuss in chapter IV part Il, the use of small-gap electrode must be
careful optimized because of the inconsistent cell distribution after cell seeding.
Accordingly, the various gap sizes should be further studied before applying to MCF-7
cells. Cell clumping not only lead to the false understanding in the impedance-
based setup, but also the conventional method. When cell seeding concentration
was too high (250,000 cells/cm?), cell clumping was also observed in 96 well plate
when treated with 10 nM 173-estradiol. This phenomenon could be observed with
naked eye after fixing cells with TCA at 4° C. Cell clumps were easily removed when
plate was washed multiple times and stained with SRB, resulted in low cell number
when performed absorbance measurement. Another possible way to avoid cell
clumping is to use the ER positive monolayer cells. The use of mammalian cells will
provide the biological information as well as the toxicity of the test compounds.
However, the validation of molecular cell functions should be measured before the

assay development.

For the developed invasion assay device, the paper was further developed as a
membrane insert for invasion assay. The study was performed in melanoma cells
using the optimized conditions, obtained from the first project. In order to represent
the invasiveness, cells should be motile and able to invade through the extracellular
matrix. In this work, we coated Matrigel on top of the paper. Matrigel consists of
collagen, various structural proteins such as laminin, and growth factors that could
promote cell proliferation. Hence, the invasion assay should perform as quick as
possible, to avoid the effect of cell proliferation on the increased impedance

magnitude. In this work, we used EIS to detect cell invasion through the thickness of
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the paper, which can detect melanoma invasion within 7 h after the treatment of
IGF-1. However, the further validation should be performed using various types for
chemoattractants. Regarding the sterilization of the device, paper and micromilled
components had to be sterilized separately using the different protocols. The paper
could only be sterilized using UV while the micromilled components were sterilized
using NaOH. Both micromilled components and paper could not use the same
sterilization technique because paper should not be soaked in a strong NaOH in a
long period, to avoid paper dissolution. On the other hand, the micromilled
components were made of PMMA, which could potentially form a toxic component
after exposing to UV radiation multiple times. The sterilization could not be done
after the device assembly. Therefore, the careful handling during the device

assembly was required.

Regarding the possible development of the invasion assay device, there are many
perspectives to improve the device including the design and fabrication process. In
this work, the invasion assay was developed as a prototype with one culture well.
The repetition of experiments could only be performed in the different device
assemblies. Therefore, the high throughput devices should be further developed.
Currently, we chose micromilling as a fabrication tool. Micromilling provides a
smooth surface of the fabricated device and the possibility to fabricate such a small
structure. However, micromilling gives low throughput, requires a tedious work, and
deliberate design. Besides, a tool changing during the fabrication process is time
consuming. To improve the fabrication process, stereolithography and 3D printing
could potentially be used for device fabrication. Nevertheless, the available materials
are not biocompatible and expensive. In the future, if there are alternative materials,
which are biocompatible and low cost, stereolithography could be used as a high
throughput method for the device fabrication. Regarding the design of the device, in
our work, we developed only one well device, which allows only one experiment to
be performed at a time. However, the high throughput device could be further
developed by easily adjusting the design. Paper could be designed to have as many
well as we need. However, the multiplexing capacity of the impedance analyzer

should be considered.

While the current published works have been focusing on the development of

gradient of chemoattractants in the invasion assay device, we developed the pilot
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work using the paper as a membrane insert. The formation of the gradient of
chemoattractants is still desirable, in order to mimic the in vivo conditions. However,
this is the first step of the use of paper as a membrane insert for real-time invasion
assay, which could be used as a prototype for further development to mimic the in

vivo cancer metastasis as much as possible.
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