Ry

Pedro Miguel Quintas da Conceicéo

o o LAID SINWO

o
-A’b\S\

N
8y P@
€ o5 noN S

Mestrado Integrado em Engenharia de Micro e Nanotecnologias

Low cost rapid prototyping of a microfluidic bioreactor for
electrochemical sensing of 3D cancer cell cultures.

Dissertacdo para obtencdo do Grau de Mestre em
Engenharia de Micro e Nanotecnologias

Orientador:
Doutora Lorena Dieguez

International Iberian Nanotechnology Laboratory

Co-orientador:

Professor Doutor Hugo Manuel Brito Aguas
Departamento de Ciéncias dos Materiais
Faculdade de Ciéncias e Tecnologia
Universidade Nova Lisboa

Jari:
Presidente: Prof. Doutor(a) Jodo Paulo Miranda Ribeiro Borges
Arguente(s): Prof. Doutor(a) Abel Gonzalez Oliva

Vogal(ais): Prof. Doutor(a) Lorena Diéguez

Setembro 2019

FACULDADE DE
CIENCIAS E TECNOLOGIA
UNIVERSIDADE NOVA DE LISBOA



Low cost rapid prototyping of microfluidic bioreactor for electrochemical sensing of 3D cancer
cell cultures




Low cost rapid prototyping of microfluidic bioreactor for electrochemical sensing of 3D cancer
cell cultures

© Pedro Miguel Quintas da Conceicdo Faculdade de Ciéncias e Tecnhologia Universidade Nova de
Lisboa

A Faculdade de Ciéncias e Tecnologia e a Universidade Nova de Lisboa tém o direito, perpétuo e sem
limites geogréficos, de arquivar e publicar esta dissertacdo através de exemplares impressos
reproduzidos em papel ou de forma digital, ou por qualquer outro meio conhecido ou que venha a ser
inventado, e de a divulgar através de repositorios cientificos e de admitir a sua copia e distribuicdo com
objetivos educacionais ou de investiga¢do, ndo comerciais, desde que seja dado crédito ao autor e
editor.



Low cost rapid prototyping of microfluidic bioreactor for electrochemical sensing of 3D cancer
cell cultures




Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D cancer
cell cultures

Acknowledgements

Going to University was always my main goal from the start. After this long travel | need to admit that |
was totally right. This was the best days. | had learned so much and grow a lot as well. | meet some
special friends that will be around me for the rest of my life. This is the collapse of my passion of
technologies and science. This stage of my life is finishing, and | am starting a new one that | hope it

will be rewarding from my degree.

Looking at this last year, | think | learned how to work, not only to handle myself in the field of research
but as well to work on group. | need to thank all the group specially to Krishna Kant, Claudia Lopes,
Alexandra Teixeira, Paulina Piairo and Sara Abalde. These people helped a lot in the laboratory and
outside of it and were never unavailable. Besides the help what they teach me will be with me for a
lifetime.

I want to write so | never forget how hard was this last year with my thesis and a surgery and such hard
recovery after that. | want to thank all the people who helped me recover and still are helping me on

that. | never had so hard times in terms of time and streamlining physiotherapy with the time on the lab.

I cannot forget all the friends | have made and kept along those 5 years. But | need to mention 2 in
particularly. First Filipe Marques, one of the best persons | have met, we can be always arguing but we
kept a truly friendship that | will never forget, and | will keep on my mind. Lastly, Kevin Oliveira, | will
never have words to describe the respect | have and how | am thankful to be there all the time in his on
way. | hope he never forget how he supported my degree and when | had hard times he was one of the
first to reach me out. | wish these two people the best and hopefully i will be there to see them achieving

their own goals.

To someone who is more than a friend but is like a brother, André Azevedo. When | was a little kid, he
was the only one who believed me in every moment. | know we followed different paths but he knows

our friendship will be connected somehow.

| want to thank my girlfriend for the support in this end of Master Thesis and to give me the best words
when | need it most as well as a smile. Such a genuine person like kindest, most caring person in the

world. She has my eternal gratitude for giving me a smile even when things weren’t goings as | expected.

Next to my family. Father, sister, grandmother and grandfather for all the support and giving me your
heart and soul when raising me. Without you this will never be possible. And who | am today is due to
my mother my eternal example who | want to be even know that is impossible. | want to thank all the

efforts they had to do for me.



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D cancer
cell cultures

Lastly, | want to say a word of thanks to Dra. Lorena Diéguez for your invaluable guidance during my
work and enduring all those endless reunions, as well for guidance on the writing of the thesis and
Professor Hugo Aguas, to the International Iberian Nanotechnology Laboratory (INL) and to my

university (NOVA University of Lisbon), for providing all the resources | needed during these year.



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D cancer
cell cultures




Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D cancer
cell cultures

Abstract

Cancer is one of the major health issues worldwide and further understanding of the disease is needed.
To achieve this goal, new tools need to be developed that enable early diagnosis and disease
prevention. To study the different stage of cancer formation, progression and invasion, different in vitro
models have been developed over the years. Mostly in vitro models use 2D cultures that do not mimic
the real tissue. To overcome these limitations, novel 3D tumour models need to be developed.
Microfluidic devices present interesting features such as low cost, low sample and low reagent
consumption, high throughput, and miniaturization, and can easily be coupled with biosensors for
different applications.

In this master thesis a microfluidic bioreactor was developed to enable real time monitoring of cells in a
3D tissue engineered scaffold. The micro-reactor was fabricated in Poly-methyl methacrylate (PMMA)
material, due to its high strength, excellent optical properties and low cost. An electrochemical biosensor
was integrated in the bioreactor to monitor the pH in the cell model, as a representation of different
cancer stages. Simultaneously, the system featured an optical window to allow for inspection and

fluorescence microscopy.

Keywords: Microfluidics; 3D cell culture; electrochemical sensing; Single cancer cells,

immunofluorescent.
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Resumo

O cancro é um dos maiores problemas de satde no mundo e um maior conhecimento da doenca é
necessario. Para alcancar este objetivo novas ferramentas tem de ser desenvolvidas que permitam
diagnésticos mais cedo e prevencdo da doenca. Para estudar as diferentes etapas do cancro,
progressédo e evasao, diferentes in vitro modelos tem de ser desenvolvidos. Maioritariamente, in vitro
modelos usam culturas 2D que néo se assemelham ao verdadeiro tecido.

Para ultrapassar estas limitacdes modelos de cultura 3D tém de ser desenvolvidos. Dispositivos
microfluidicos apresentam interessantes caracteristicas como baixo preco e baixo consumo de
reagentes e solucdes, grandes resultados, monitorizacdo e facil conjungcdo com biossensores para
diferentes aplicacdes.

Nesta Tese de Mestrado um bio-reactor com base na microfluidica foi desenvolvido permitindo em
tempo real monitorizar células em cultura 3D num esqueleto fabricado com técnicas de engenharia. O
dispositivo foi em polimetil-metacrilato (PMMA) devido a uma alta robustez bem como 6timas
propriedades Gticas e baixo custo. Um biossensor eletroquimico foi incorporado no dispositivo para
monitorizar o pH da cultura celular como representacdo das diferentes etapas do cancro.
Simultaneamente o0 sistema destaca uma janela 6ética que permite inspecionar e utilizacdo do

Microscépio fluorescente.

Palavras chave: Microfluidica; eletroquimica; células cancerigenas; Cultura 3D celular

Vi
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Chronopotentiometry with 10 pA applied current, readings in 2 combined MRs. (C) Chronopotentiometry
method with 10 pA applied current, reading in 1 MR. (D) Chronopotentiometry method with 10 pA applied
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Figure 17 - Immunofluorescence assay: (A) configuration used for the assay. (B) Immunofluorescence
images of bright filed image, DAPI, Anti-HER2, Anti-Pan Cytokeratin and overlay with 20x lens. Scale
bars are 100pum. (C) Immunofluorescence images of bright filed image, DAPI, Anti-HER2, Anti-Pan
Cytokeratin and overlay with 20x lens. Scale bars are SOUM. .......covieoiiiiiiiieeie e 25

Figure 18 - Immunofluorescence assay: (A) configuration used for the assay. (B) Immunofluorescence
images of bright filed image, DAPI, Anti-HER2, Anti-Pan Cytokeratin and overlay with 20x lens. Scale
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Figure 19 - Cell culture inside MR. (A) Configuration used in cell culture, SK-BR-3 cancer cells,
measurements were done in Autolab system through chronopotentiometry method. (B) Photograph of
actual cell culture inside micro-reactor. (C) Readings of Chronopotentiometry (10pA) method in third
and Fourth day with the resultant potential. Static conditions in blue and cell medium replace in red(D)
Time (hour) versus theoretical PH VAIUE ............ocuuiiiiiiiiii et 27

Figure 20 - Cell culture inside micro reactor. (A) Configuration used in cell culture, SK-BR-3 cancer cells,
measurements were done in Autolab system through chronopotentiometry method. (B) Readings of
Chronopotentiometry (10pA) method over 72 hours in 5 E 3 SK-BR-3 cells. Static conditions in blue and
cell medium replace in red. (C) Readings of Chronopotentiometry (10pA) method over 72 hours in 1.5
E 4 SK-BR-3 cells. Static conditions in blue and cell medium replace inred. .........ccccccoviiiiiiinnnns 28

Figure 21 - Cell Culture inside MR. (A) Theoretical pH value for 5 E 3 SK-BR-3 cells, in 72 hours. (B)
Theoretical pH value for 1.5 E 4 SK-BR-3 cells, in 72 hours. (C) Immunofluorescence images of bright
filed image, DAPI, Anti-HER2, Anti-Pan Cytokeratin and overlay with 20x lens. Scale bars are 200pum.
5 E 3 SK-BR-3 cells. (D Immunofluorescence images of bright filed image, DAPI, Anti-HER2, Anti-Pan
Cytokeratin and overlay with 20x lens. Scale bars are 200um. 5 E 3 SK-BR-3 cells. .........cccvvvvveeennn. 29
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Figure Al — Different components of MR. (A) 4mm screw. (B) Flangeless Fitting. (C) Big O-ring. (D)
Inner o-ring. (E) Cover slip. (F) GG-hydrogel. (G) Bottom part. (H) top part.......cccccceeeeeeiiiiiiiieeneeenninns

Figure A2 — ArtCAM file to fabricate micro-reactor first generation. (A) Inner parts of micro-reactor in: (i)
Design in ArtCAM. (ii) paths of end-mill tip. (iii) simulation of paths. (B) Outer parts of micro-reactor in:
(i) Design in ArtCAM. (ii) paths of end-mill tip. (iii) simulation of paths. ...........ccccciiiiiii 38

Figure A 3 - ArtCAM file to fabricate micro-reactor first generation. (A) Inner parts of micro-reactor in: (i)
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Motivation and Objectives

Animal testing has a crucial role in drug trials, being the only reasonable in vivo model for drug
screening prior to testing in humans, but these models have still many limitations like biological
differences, animal-human translatability, cost and ethical problems [1]. In this sense, a large
number of drugs are rejected by the human body despite succeeding in the animal studies [1].
The ethical issues together with the need to predict drug rejection in humans, lead to the re-
emergence of in vitro tests using human-derivate cells. Traditional 2D cell cultures grow in
monolayers attached to a plastic surface and have many limitations that make them different from
real tissues. In these 2D cultures, the cell-cell and cell-extracellular environment interaction are
very different to in vivo, which influences differentiation, viability, expression of genes and
proteins, proliferation, drug metabolism, responsiveness to stimuli, loss of phenotype, and other
cellular functions. Hence, to mimic the real cell function, it is important to create a 3D matrix where
cells can grow in every direction without limitations. The aim of this work is to create a micro
reactor where cancer cells can grow in 3D under a continuous unidirectional flow using a Gellam-
gum hydrogel, while monitoring cell growth non-invasively using integrated biosensors. For this
purpose, the specific objectives of this work were:

e To design and develop a micro-reactor (MR) for 3D cell culture

e To monitor and optimize cell growth in the micro-reactor

e To study 3D culture microenvironment using electrochemical sensing for pH monitoring
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1.Introduction

Despite the large investment, time and effort put in the development of new drugs (normally 12 to
15 years), only 11 % of the drugs in clinical trials are finally approved by the authorities [2]-[4],
while most fail in animal or human testing and never reach the market [5]. Besides the ethical
issues, drug testing in animals is a crucial step in the drug development workflow, however animal
organs have different biological and physiological complexity compared to humans, and often
behave different than the human system, ultimately causing the failure of drug testing [1], [4], [6]—
[9]. Recent studies show the poor correlation between animal data and human outcomes. [10]-
[14]. To decrease the associated costs and to improve the efficiency of drug development and
approval, it is important to create simulated microenvironments for drug testing which mimic as
much as possible the human body [4], [15]. This simulated microenvironment can be achieved

with the development of controlled microfluidic-based cell culture model systems.

1.1. Cell culture systems (2D and 3D) and application in
micro devices

Cell culture systems enable the studies of formation, function and pathology of tissues and organs
[16]. Cell cultures enable the study of mechanisms of diseases, tissue morphology, development
of tissue engineering and protein production [17]. In the context of cancer, cell cultures are used
to observe differentiation and growth of cells outside human body, with the advantage of closely
mimic the in vivo genetic features of tumours and thus make it possible to perform some functional
experiments, outside the complex in vivo micro-environment [18]. For cells to grow in vitro it is
necessary to have a specific substrate for cell attachment and a medium that supplies essential
nutrients such as amino acids, carbohydrates, vitamins and minerals [19]. In vitro cultures
facilitate the creation of several experiment replicates to achieve statistically significant results in
a reasonable amount of time. Nowadays, the biotechnology industry use these cell culture
systems for the production of proteins and vaccines, as well as for drug screening [19]. According
to the type of cell anchorage are two types of cell culture systems: 2D or 3D. Traditional 2D cell
cultures are grown in petri dishes, multi-well plates or flasks, while 3D cultures (and organ-on-
chip systems) have flourished in recent years to mimic the real tissue model. A comparison of 2D

versus 3D cell culture systems is provided in Table 1.

Table 1 — 2D culture versus 3D culture methods comparison [18].

Type of culture 2D 3D Refer
ences
Time of culture Fast process (from Relatively slow (from hours to a [20]-
formation minutes to hours) few days) [22]
Easy to interpret, Difficult to interpret, cultures more
Culture quality simplicity of culture, high | difficult to carry out, worse [23]
performance, performance and reproducibility.
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reproducibility and long-
term culture
Structure of the tissue or

Tissues and organs are in 3D form

[71,

In vivo imitation tumour mass is not o o o [24],
L like in the in vivo situation
mimicked [25]
Cell interactions Poor cell-cell and cell- Suitable cell-cell and cell-ECM [26]-
ECM interactions interactions [32]
Loss of polarity and .
Characteristics of phenotype; changed Polgrlty anq phenotype [16],
maintained; Morphology and ways | [33]-
cells morphology and the way L
. of divisions preserved [37]
cells divide
Unlimited access to Variant access to nutrients
Access to essential | nutrients, oxygen, : . ' [38]-
. . oxygen, signalling molecules and
compounds signalling molecules and . [40]
. metabolites
metabolites
MRNA united, modified
gene expression, Same expression of genes, B
MOIeCUIfir biochemistry and biochemistry and topology of cells [41]
mechanisms A [47]
topology dependent of like in vivo
cells
Cost of maintaining | Low cost, rapid and Time consuming, expensive and [48]-
a culture available in the market few tests available on market [51]
Better on drug penetration,
Tumoral . difference in mobility and
. Basic T . . . [52]
heterogeneity approximation via the proliferation
gradient
Angiogenesis Observational Functional [52]

1.1.1. 2D cell culture

Cells growing as a monolayer in a flat petri dish, culture flask or multi-well plate attached to a
surface that provides mechanical support for the cells are referred as the 2D cell cultures [38].
Still, other 2D cell cultures do not need a flat surface to grow, and can be made free floating in
cell medium, known as suspension culture [40]. This type of monolayer culture has access to
nutrients (carbohydrates, minerals, vitamins and amino acids), hormones, growth factors, gases
(CO2 and O2) and regulates the physico-chemical environment (osmotic, temperature, pH and
pressure) through the medium [19], [53], [54]. Due to the limited amount of cell medium available
in petri dishes, the medium needs to be changed every couple of days [18], [55]. The main
drawback of 2D cultures is related to the limited cell movement and position, while almost all cells
(non-circulating) in the human body are surrounded by the so-called extracellular matrix (ECM)
or other cells. In this sense, 2D cell cultures do not take into account the 3D natural environment
of cells [41], [54], [56€], [57].

1.1.2. 3D cell culture
In 3D culture systems, the cells grow supported by diverse artificial ECM or scaffolds mimicking
the specific 3D microarchitecture of tissues and organs [18]. In this 3D systems, an artificial
environment is created where cells can grow or interact with their surrounding in all three
dimensions [18], [58], [59]. The field of 3D culture is further subdivided in scaffold-based or non-
scaffold based [60], [61]. A scaffold is a support where cells can proliferate, migrate and

aggregate, and can be made from synthetic or natural materials (including 3D bioprinting) [54],
3
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[31], [52], [56], [62]. Scaffold-based systems are also called “top-down”, since cells follow a
certain shape and size due to the scaffold structure [32], [63]. Non-scaffold based systems or
spheroids, consist in the formation of multi-cellular aggregates that create their own ECM [64].
They are also called “bottom-up”, as the complex tissue structures are built from individual cells.
Scaffolds: Scaffolds are support materials that allow cells to grow, proliferate and differentiate
on them to form functional tissues [65]. They can be made of different materials with different
porosity, permeability, surface, chemistry and mechanical properties. Adhesion surface and
mechanical strength is delivered by scaffolds to establish interaction with the surrounding tissue
to respond to biological and physiological changes [31], [32], [63]. Scaffolds can be made of
natural biomaterials like: collagen, chitosan, matrigel, agarose, hyaluronic acid, fibronectin,
gelatin, cellulose, starch, silk, fibrillated laminin, vitronectin, plants or microorganisms; but also of
synthetic  polymers  Polyethylene  glycol (PEG), Polyvinyl alcohol(PVA) and
polyhydroxythylmethacrylate (PHEMA) [56]. Hydrogels, which contain high amount of water are
a commonly used material in scaffolds (agarose, collagen, hyaluronic and fibrin) [60], [66]. Solid-

scaffolds have the ability of allowing cells to create similar structures to those of the natural
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Figure 1 —Types of 3D cell cultures: (A) Scaffolds. (B) Bioprinting of microfibrous scaffold encapsulating
endothelial cells to show a bioprinting example [68]. (C) Organ-on-a-chip typical design. (D) Organoids formation
from cancer cells or stem cells. Induced pluripotent stem cells and embryonic stem cells from humans,
generating floating spheroids and posteriorly planted on ECM in culture medium that initiated organoids
formation. (E) spheroids planted in the culture medium and seeded mixed with a ECM (Hydrogel).

tissues, with good structure control and reproducibility [61].
3D bioprinting: 3D bioprinting is a technique where live cells, biomaterial and supporting

components are printed simultaneous in a bottom-up approach [32], [67], [68]. Biomaterial
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solutions or “bioinks” are composed of hydrogels, micro-carriers, cellular structures and/or
decellularized-matrix with the following characteristics: biocompatibility, biodegradability,
biomechanical, printability and biomimicry properties [69]. One example of bioprinting is the self-
assembly and fusion of multicellular spheroids that make their own ECM [70]. This bioprinting
make possible to print breast cancer neotissues without the aid of a supportive ECM [71].
Spheroids: Spheroids are aggregates of single cells or co-cultures with 400-500 pm in size,
spherical form and heterogeneous, grown in scaffolds in a 3D environment [31], [72], [73]. This
irregular cell aggregates do not need a supportive matrix to grow and do not show the organization
of tissues [31], [74]. One of the main advantages is the spherical form, mimicking the biochemical
and cellular conditions found in solid tumours [74]. Organoids: 3D cultures derived directly from
the patient’s cells and either embedded in a specific matrix or forming its own matrix [75].
Organoids well recapitulate large number of biological parameters like cell-cell interactions, cell-
ECM interactions, and spatial organization of heterogeneous tissue-specific cells. Micro-
devices: Microfabrication techniques, including micro-milling, can be used to fabricate low cost
organ-on-chip (OOC) devices [7], [76], [77]. Deriving from lab-on-a-chip systems, this field
requires a mix between microfluidic and cell biology techniques [7], [56]. In this case, cells are
cultured in 2D or 3D inside the micrometre-sized chambers of the microdevices [78], [79].
Microfluidics enables the regulation of factors such as fluid shear stress, tension and compression
torque that influence mechanical cues induced by physiological flow [1], [4], [10], and facilitate the
continuous flow of nutrients and growth factors through the medium [80]. OOCs also present
advantages over current animal models, as they help to reduce significantly the amount of
experiments needed for drug testing. Along with different microscopy techniques, OOCs can also
be integrated with other sensing elements for monitorization [4].

The several advantages of 3D cell culture systems are summarized in the Annex 1.

1.1.3. Organ-on-a-chip
Recently, researchers have successfully developed various types of OOC systems, including
heart on chip, kidney on chip, liver on chip, lung on chip and gut on chip. Jang et al. presented for
the first time a culture of primary human kidney proximal tubular epithelial cells using a microfluidic
device that sandwiched a porous ECM coated polyester membrane (Figure 2A) [81]. Dongeun
et al. developed a device with two microchannels closely separated by a flexible, porous and thin
membrane made of stretchable silicone- Polydimethylsiloxane (PDMS). This membrane
separated an alveolar epithelial cells culture on the upper channel from a vascular endothelial cell
culture on the lower. In the upper was introduced air and in the bottom part culture medium, to
replicate the lung function (Figure 2C) [82]. Kim and Ingber worked on a gut-on-a-chip that solved
a major problem of conventional culture models, by incorporating fluid flow and peristaltic
movements [83]. The cells in this device underwent spontaneous 3D villus morphogenesis as well
as four types of differentiated epithelial cells of the small intestine (absorptive, mucus-secretory,
enteroendocrine and Paneth) (Figure BC) [83]. Brushan and co-workers proposed a microfluidic

device to mimic functional liver tissue of the acinus. The culture in this device contained four
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different types of cells such as hepatocytes, endothelial, stellate and Kupffer cells. These four

types of cells were arranged in a layer-by-layer organization (Figure 2D) [84].
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Figure 2 - Various types of cell cultures currently been used on latest organ-on-chips. (A) This device
design mimics the natural architecture, tissue—tissue interface and dynamically active mechanical
microenvironment of the living kidney proximal tubule [82]. (B) Schematic showing transformation of a
planar intestinal epithelium into villus structure (top) and corresponding phase contrast images of Caco-2
cells that undergo similar villus morphogenesis recorded at 50 and 100 h (bottom) [84]. (C) The
microfabricated lung mimic device uses compart- mentalized PDMS microchannels to form an alveolar-
capillary barrier on a thin, porous, flexible PDMS membrane coated with ECM [83]. (D) The liver acinus
module with a microchip, including a diagram of four liver cell types and sentinel biosensor cells layered
in the device [85].

1.2. Monitoring techniques for organ-on-chip

Along with the advances in tissue-on-chip and OOC systems, researchers have also been
devoted to the development of tools to monitor cell viability and metabolic activity. The most used
technique is optical microscopy, together with fluorescence and confocal microscopy [85].
Another commonly used technique is electrochemical sensing, since miniaturization of the
electrodes is possible, and can be easily integrated in the OOC device. Compared with optical
sensors, electrochemical sensors are attractive due to their detectability, experimental simplicity,
easy to be integrated and low-cost. Furthermore, electrochemical sensors do not need
sophisticated instrumentation and are not affected by matrix interferences as is the case of
fluorophores [40], [86].

1.3. Electrochemical sensing and application in micro
devices

To efficiently extract useful information from 3D culture devices, continuous monitoring is

necessary. And electrochemical sensing can be integrated in OOC systems to achieve this goal.

Electrochemical sensors do not depending of the reaction volume, and only need low power

supply [87]-[89]. The most typical configuration of an electrochemical biosensor is a 3-electrode
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system, comprising a working, a counter, and a reference electrode [90]-[93]. The set-up can be
arranged to measure a current (Amperometry), a potential (Potentiometry) or a charge transfer
resistance (Impedimetric) with time [88], [94]. Another typical measurement is the Cyclic
Voltammetry, which monitors the changes in current at different potentials. The potentiometric
method is good to detect analytes such as proteins, metabolites and certain electroactive species
[94]. Impedimetric method is often chosen to monitor cancer biomarkers that do not have an
specific charge, as miRNAs, proteins and cells [95].

Wang et al. developed a substrate based on gold-plated polymeric material with a 3D surface.
The substrate compromises a three-electrode configuration for electrochemical detection of
cancer cells through electrochemical impedance spectroscopy (EIS) technique, making possible
the direct detection of cancer cells in blood solution. It was achieved a sensibility of 5 cells per
mL (Figure 3A) [96]. Shashaani et al. developed a silicon nanowire biosensor with a three-
electrode architecture. CV and DPV electrochemical methods were used for direct detection of
drugs on breast cancer cells with the electrodes surface. The system achieved changes in DPV
peak of 250 nA of the sample (Figure 3B) [97]. Shaibani et al. reported on a system that monitored
the change in pH of media as cancer cells consumed glucose and released lactate. This system
was fast, cost-effective and simple with the ability to measure in real time cancer cell metabolism
and their response to anticancer drugs in a non-invasive way over a period of 2 hours (Figure 3C)

[98]. In this thesis we integrated an electrochemical sensor in a microfluidic bioreactor to

continuously monitor the pH in the 3D tissue culture model.
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Figure 3 - Example of electrochemical systems used in cell culture for monitoring cell activities. (A) Design
of an MBA (full name) modified gold-plated polymeric substrate with a regular 3D surface array for the
capture, detection and release of CTCs [97]. (B) FESEM image from MCF-7 cells attached to the silicon
nanowires surface, followed by the CV of the experiment [98] (C) pH sensitive hydrogel nanofiber integrated
light addressable potentiometric sensor (NF-LAPS) setup. The diagram on the right shows the sensor setup
combing three different electrodes, a semiconductor working electrode (WE), a reference electrode (RE),
and a counter electrode (CE) [99].
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2. Materials and Methods

2.1. Designing and Fabrication of micro-reactor

The micro-reactor (MR) was designed using a 3D CAD software (SolidWorks, Dassault Systemes
Corp., Waltham, MA) and then transferred to Art-Cam software to generate the G-Code for high
speed milling. A computer numerical control (CNC) machine (FlexiCAM, Germany) performed the
milling process using 1 mm and 3 mm End-mill tips (DIXI, Switzerland).

Two generations of MRs were fabricated the second-generation device compromises a big O-ring
and a window in both sides.

The first-generation MR is composed of two parts, made of Poly-methyl methacrylate (PMMA),
the bottom part used as base and the other top part used as lid. Both parts have the same
dimensions (25 mm x 25 mm x 10 mm) and are assembled with 4 screws of 3 mm at each corner.
There are 2 different chambers, one chamber to support the gellam-gum hydrogel (GG-hydrogel),
obtained by a collaborator at 3B’s Portugal, and a chamber for electrodes and fluids (liquid
chamber). The internal diameter of the bottom part was 7 mm with 5 mm depth for the GG-
hydrogel chamber and 5 mm with 3 mm depth for the liquid chamber. The top part had an internal
diameter of the liquid chamber of 5 mm with 4 mm of depth and 7 mm with 1 mm depth for GG-
hydrogel. Once the devices were ready, the connections for the electrodes and microfluidic
channels were made through manual drilling (BOSCH PBD 40, Portugal) using a 0.5 mm drill bit
(DIXI, Switzerland). Threading tools are used to make rings for the screws and microfluidic fittings
in the top and bottom of the system two in each part that can be used either as inlet or outlet.
Flangeless fittings (IDEX H&S, USA) are used to connect the micro-tubing for fluidics. The
electrode wires of 0.5 mm diameter are used for electrochemical analysis. The gold (Au), platinum
(Pt) and silver (Ag) (99.99% Goodfellow, UK) electrodes are used as working, counter and
reference respectively.

The second-generation micro reactor is made of two parts denominated bottom and top part,
similarly to the first generation. Each part having dimensions of (40 mm x 40 mm x 10 mm). The
dimensions were adjusted for new modifications. The internal diameter of the GG-hydrogel
support was 7 mm with a depth of 2 mm in each part. The liquid chamber was produced with an
internal diameter of 5 mm with 6 mm depth. An extra cavity with 1mm depth and 2 mm thickness
was made around a circle of 10 mm to incorporate an O-ring. On the other face of each part a
cavity was milled with 20 mm diameter and 2 mm depth to accommodate the cover slip that

worked as an optical window for optical inspection.

2.2. Electrochemical sensing
To calibrate the system, the pH of Phosphate buffered saline (PBS) (Sigma, Portugal) and
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA) were adjusted using solutions of
citric acid (CeHsO7) and sodium hydroxide (NaOH) and measured using a compact pH meter

8
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(Mettler Toledo, Spain). All electrochemical measurements were performed at room temperature
(RT). Between experiments the device was cleaned with Milli-Q ultrapure water (MQ, Millipore,
USA) and 70% ethanol (CH3CH20H) (aga, Portugal)

Cyclic voltammetry (CV) experiments were performed both, using a commercial Potentiostat
(Autolab, Metroohm, Switzerland) and with a custom-made portable Potentiostat, (PP) developed
in-house (INL, Portugal). This portable system contained an integrated circuit (IC) AD5933
(Analog Devices, Georgia) for high precision impedance measurements, a 32-bit ARM processor
and a USB/I12C bridge microcontroller. The platform was powered with an AC-DC dual output
power supply (Input: 230 V AC, Output: £ 6V DC with 250 mA maximum current capability per
output). It has a DC potential range of £ 2.048 V with a resolution of 250 uV and supports six
current ranges from £ 1pA to + 3mA with 0.05 % of full-scale current resolution. The acquisition
of system data was made using also a custom-made software, based on LabView.

For the electrochemical measurements in the MR, a three-electrode configuration was selected,
where the platinum, gold and silver wires acted as counter, working and reference electrode,
respectively. The measurements were made either in a 10 mM solution of PBS and DMEM cell
medium. Prior to each measurement, the GG scaffold was submerged in solution overnight to
allow for water uptake, which permits the hydrogel to reach maximum hydration showed in Annex
3. Bubbles were removed using a desiccator to avoid interferences in the CV readings [99]. On
the day of the experiment, the scaffold was placed in the MR and the solution was injected using
a syringe pump (New Era Pump Systems, USA) at a flow rate of 200 uL/min. A total amount of
1.5 mL of solution was flown through the MR to make sure it was fully filled, first 0.5 mL through
the top chamber, then 1 mL across. Measurements were made only when the chamber was full
of solution (buffer or media) and without bubbles. CV measurements were recorded from -0.3V
to 0.3V at a scan rate of 0.1 V/s at RT.

Chronopotentiometry and chronoamperometry measurements were performed using commercial
electrodes ( Gold, Platinum and Silver/silver chloride) and wires electrodes with a different
silver/silver chloride (AgCI) reference electrode due to enhanced stability properties [100].
Measurements were first done in a beaker with 5 mL of PBS and DMEM solution at different pH
values. The coating of the silver electrode was made using a 0.1M solution of Hydrochloric acid
(HCI) to deposit the chloride (CI) on the silver electrode. The silver wire was cleaned with distilled
water. The part to be coated was then inserted into 0.1 M HCI and a potential of 1 V was applied
during 1 min using an external power supply, this was coupled by a platinum wire as a cathode.
During the electrolysis, a black deposit is formed on the silver. The electrode was then rinsed with
MQ and dried with compressed air (N2) before use.

Chronopotentiometry measurements were performed only using the Autolab system, applying
currents of 1 pA and 10 pA, for 180 seconds (first 100 seconds to let the system stabilize) and
recording the potential response in 1 ms intervals. The chronopotentiometry curves were

analysed in the stabilized period and the correspondent voltage was taken as data points.
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The chronoamperometry measurements were performed in voltages values from 0.1 Vto 1V The
voltage load was applied on the system, 0.1 V to 0.5 V, 0.8 V,0.9V and 1V, and the current
response was recorded in 1ms intervals. The duration of the measurements was kept constant at

180 seconds.

2.3. Cell culturing/seeding on micro-reactor

The human breast cancer cell line SK-BR-3 (ATCC, USA) was used for the cell culture inside the
Micro reactor. and cultured in DMEM (Lonza, Switzerland), supplemented with 10% fetal bovine
serum (FBS) (Invitrogen, USA) and 1% Penicillin/Streptomycin (Invitrogen, USA). Cells were
cultured as a monolayer in a flask at 37°C in a 5% CO2 humidified atmosphere and were routinely
subculture when reaching confluence, being washed with PBS followed by incubation in 0.25%
Trypsin-EDTA (Invitrogen, USA).

Before cells were seeded, the MR was sterilized with ethanol 70% (Sigma-Aldrich, Portugal).
Ethanol was passed through the inlet and outlet tubing and sprayed directed in every component
of the MR. Also, 15 minutes of Ultra-Violet (UVs) light exposure was done to make sure all the
MR is free from contamination.

Cell seeding was made with a suspension of SK-BR-3 cells in 0.5 mL of DMEM. The cells were
injected through the MR using a syringe pump (Harvard apparatus, Biogen Cientifica Sl, Spain)
at a flow rate of 100uL/min.

Briefly cells were seeded on MR with density of 5E 3, 1.5 E 4, 2.5 E5 and 5.0 E 5 cells per 0.5mL
and grown in the incubator for up to 4 days. Dynamic conditions were reached connecting the MR
to the syringe pump at the flow rate of 2 uL/min, allowing cells a continuous fresh cell medium

over time.

2.4. Cell staining and Microscope Immunofluorescence

The staining of cells was done inside the MR. First it was washed with 1mL of 0.2% TritonX
(Sigma, Portugal) and incubated for 10 minutes in dark condition at 37°C, followed by washing
with 1mL of PBS. Then, the surface was blocked with 1mL of 2% Bovine Serum Albumin (BSA)
(Sigma, Portugal) and incubated for 30 minutes. For immunofluorescence staining SK-BR-3 cells
were incubated with antibodies: anti-ErbB2 Dylight 550 (Immunostep, Spain), Dylight 550 is
excited at 562 nm and emission maximum is 676 nm, Anti-Cytokeratin-FITC (Sigma, Portugal),
FITC is excited at 495 and emission maximum is 519, and 4’, 6-diamidino-2-phenylindole (DAPI)
(Sigma, Portugal), is excited at 359 nm and emission maximum is 461 nm, that stains the cell
nuclei. Cells were incubated for 90 minutes with the antibody and then washed with 1mL of 0.5%
BSA in PBS.

The cells inside the MR were examined with inverted fluorescence microscope (Nikon-Ti)
(Scientifica, UK). The filter used was Brightline Sedat filter (Semrock, USA). It was used 20x and
60x lens (Nikon-Ti).
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3. Results and Discussion

3.1. Design and fabrication of Micro-reactor

The micro-reactor (MR) must be a fully enclosed fluidic microdevice that holds a GG-hydrogel
scaffold for long term dynamic 3D cell culture. The material for the fabrication of the MR must be
robust, and low cost, while displaying good chemical compatibility. Polymers, like PMMA, are
cheap, compatible with micrometric milling, and offer good chemical properties, compatible with
serial sterilization.
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Figure 4- Fabrication of the MR. (A) Design on SolidWorks; (B) ArtCAM simulation that generates G-code
for the CNC machine; (C) High Speed Micro milling CNC machine.

Figure 4 shows the design of the MR made in SolidWorks, displaying 4 inlets/outlets. (Annex 2
includes details on all the relevant parts needed to assemble the microreactor and Annex 4 the
details of GG-hydrogel). The design file was imported in ArtCAM and G-code was generated
towards automated fabrication using CNC micro-milling (additional information relative to the
program can be found in Annex 3). The electrodes and fluidic ports were drilled manually in a
workbench, since our CNC machine can only work on one 2D face. The first-generation MR
contained 2 fluidic ports above the chamber and 2 below, accommodated a diameter of 6.6 mm
height and 4.9 mm height scaffold and 3 electrodes (Figure 5A).

A second-generation MR was designed to accommodate a glass optical window to enable in situ
fluorescence microscopy. Also, optical window facilitates the vision to see acidification in cell
culture due to acidification in cell medium (Annex 8). This second MR also displays space for a

large O-ring to improve the fluidic sealing of the chamber (Figure 5B).
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Figure 5 - Photograph of the fabricated MRs: (A) First generation MR. (B) Second Generation MR with big
O-ring and cover slip.

3.2. Electrochemical sensing in the micro-reactor

The objective of this section was to develop an electrochemical sensing strategy to measure the
pH in the 3D culture, as a way to monitor cancer cell proliferation. Otto Warburg discovered that
production of energy in cancer cells relies abnormally on aerobic glycolysis even when the amount
of oxygen is sufficient which leads to a more acidic microenvironment than in normal tissues [98],
[101], [102]. When the intracellular environment acidifies, cells start apoptosis [103], still cancer
cells can maintain intracellular pH (pHi) rather neutral (7.2 pH) using mechanisms to remove
acids from the glycolysis such as lactate and H* efflux by monocarboxylate transporters and Na-
driven proton extrusion [104]. In this way, the extracellular microenvironment pH (pHe) of cancer
cells is rather acidic [101], [105], reaching pHe values of 6.5, in contrast with the average 7.3 in
normal cells [105], [106].

For this purpose, an electrochemical micro-reactor (EC-MR) was developed containing a GG-
hydrogel for 3D cell culture. The electrochemical flow cell followed a 3-electrode configuration,
using Ag, Pt and Au wires, as reference, counter and working electrodes, respectively. The
developed sensing strategy should provide a reliable calibration curve to monitor the pHe value in
the culture (from 6.4 to 7.4), as a measure of the cancer cells metabolism.

Through the Nernst equation it is possible to see an increase in the potential when the pH is
decreased. Nernst equation is showed next:

Efers = Ef (ﬁ) —2.303 TL—TPH (equation 3.1),

where EJP_eff is an effective formal potential. Provided DA = DB the potential midway between the
peaks for the oxidation B and the reduction A corresponding to E}’leff with the shape of the
A

voltammogram. E}9 (B) representing the standard potential. R is the ideal gas constant. F faraday

constant. T is the temperature. F for Faraday constant. n for the ionic charge.
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The equation is a fundamental to pH measurement. The graph for the Nernst equation is straight.
So for every 1 unit change in pH, the mV reading on the electrochemical sensor should have a
change of 59.16 mV [107].

3.2.1. Stability tests

The stability of the system was tested using Cyclic Voltammetry (CV) measurements in PBS (7.4
pH at RT), which is a known electrochemical technique, already used to monitor pH [108]-[110].
In this experiment, the CV was recorded from -0.3 V to 0.3 V at a scan rate of 0.1 V/s and with
current ranges from £1 nA to + 1 mA. The results were taken out from average oxidation peak of
5 cycles.

First, the influence of the scaffold in the MR was evaluated, running CVs in the system with and
without GG-hydrogel experiments were done in triplicate and results are shown in Figure 6A. The
average oxidation potential response of the MR without GG-hydrogel was 76 mV while the
potential with GG-hydrogel was 81 mV. The small difference can be explained due to the
resistance of GG-hydrogel which made the potential increase.

Next, to evaluate the variability of the signal using different scaffolds, CV measurements were run
in the same MR, but with 5 different GG-hydrogels. As it can be seen in Figure 6B, the behaviour

was very homogeneous, with a small standard deviation of 3 mV, probably due to the differences
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Figure 6 - Stability of CV measurements inside the MR: (A) CV measurements in the MR with and without
GG-hydrogel in the PBS buffer. (B) CV measurements in the MR of the variability between 5 different GG-
hydrogels. (C) CV measurements in the MR with between 3 different MR. (D) stability with time.
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in the GG-hydrogel dimension (Annex.4). This value will be taken into account as noise in the
calibration curves.

To understand the differences across different MRs, CV measurements were run in PBS in 3
different MRs. The potential response varies greatly, from 0.057 V to 0.139 V (Figure 6C). Hence
calibration curves will be done independently for the different MRs.

Finally, the stability of the system with time was evaluated during 5 days. A maximum variability
of 0.005 V was observed (Figure 6D), which will also be taken into account as noise for the
calibration experiments. Altogether to have a decent signal-to-noise ratio, we expect changes in

the potential to be at least 3 times bigger than the overall noise of 8 mV.

Since the final aim is to run electrochemical measurements during long term cell culture, a
portable potentiostat (PP) was developed in house at INL (Figure 7A). Stability tests were also
conducted in the MR using the PP. Similar to the Autolab experiments, the stability of the
electrochemical measurements in the MR when using the PP was tested in the presence and
absence of a scaffold, and signal variability was studied with different scaffolds and different MRs.
The potential of the MR without hydrogel was 0.079 V and with GG-hydrogel it was 0.082 V
(Figure 7B), the experiment was repeated 3 times. The difference of 3 mV is lower, but in the

same order of magnitude as with the Autolab. The standard deviation of the signal obtained with
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Figure 7 - Stability of CV measurements in the MR. (A) Device used in electrochemistry readings with a
typical CV graph. (B) CV measurements in the MR with and without GG-hydrogel in the PBS solution. (C)
CV measurements in the MR of the variability between 5 different GG-hydrogels. (D) Difference between
two distinct MR.

14



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D
cancer cell cultures

5 different hydrogels was 3 mV (Figure 7C), exactly the same as with the Autolab. Finally, the
variability of signal in 2 different MRs was only 7mV (Figure 7D).

Once the stability of the electrochemical MR (EC-MR) has been studied with the Autolab and the
PP separately, a final experiment was conducted using the 2 systems at the same time. For this
purpose, the EC-MR was filled with PBS and CV recorded over a potential window from -0.3 V to
0.3 V at a scan rate of 0.1 V/s and with current ranges from =1 nA to £ 1 mA with both the PP and
the Autolab system, and the signal was compared using 10 different hydrogels. The average
voltage value was 0.078 V and 0.081 V for the Autolab and the PP, respectively (Figure 8C),
hence only showing a variability of 3 mV. With these results, we can conclude that the behaviour
of our PP is very similar to that of the Autolab, so it can be used for the subsequent experiments

with confidence.
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Figure 8 - Readings of 10 different GG-hydrogels inside MR using the Autolab (black) and the PP (red).

10

3.2.2. pH monitoring using CV

Once the stability of the EC-MR was demonstrated, it was time to evaluate the sensitivity of the
system against changes in the pH of the solution. To calculate the value of sensitivity
potential/current was plotted versus pH value. It was made a linear regression as showed in

Figure 9. The slope of the linear regression was used as sensitivity.
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m = Sensitivity

Units of Sensitivity = mV-uA/pH

Voltage/Current (V/A)

pH value

Figure 9 - Potential/Current versus pH value. Slope meaning the sensitivity

Experiments were run using the Autolab and the PP simultaneously, both in the presence of PBS
(Figure 10A) and DMEM (Figure 10C). The CV was recorded over a potential window from -0.3
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Figure 10 - pHe monitoring in the MR: The system was configured to measure in PBS (A) and in a DMEM solution
(C). The voltage peak was plot against pH values (from 6.4 to 7.0) using the Autolab and the PP in PBS (B) and in
media (D).
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V to 0.3 V at a scan rate of 0.1 V/s and with current ranges from 1 nA to £ 1 mA. Solutions were
prepared at different pH in the range from 6.4 to 7, and all experiments were repeated twice. The
influence of the pH in the signal was evaluated plotting the voltage peak against the pH values

and fitting using a linear regression (Figure 10 B,C).

The sensitivity of the EC-MR in PBS was 0.00085 V/pH with R2 of 0.0028 and -0.0077 V/pH with
RZ of 0.1 in the Autolab and PP respectively. The sensitivity in DMEM was -0.015 V/pH and -
0.020 V/pH for the Autolab and the PP system respectively. R2 was a constant value of 0.74 in

both systems.

Despite the sensitivity to the solution pH was better in DMEM, the higher value (20 mV/pH) is only
2.5 times bigger than the value of the noise, meaning than the signal-to-noise ratio of this
configuration is really poor. As a conclusion, the CV configuration cannot be used to monitor the

pHe of the 3D culture.

The results of all the CV experiments done are summarised in Table 2.

Table 2 - Sensitivity and Linear fit value for CV experiments in Autolab and Portable Potentiostat.

Electrochemistry Range Sensitivity 2 Current

Configuration | Solution |Repeats System method V/pH Range

Micro-reactor [2;10] _ 0.0031 _ 0

98 [5.74E-06;1.45E-05]

Electrode PBs 6.56E-06; 2.68E-
wires 60701 0004 | 013 | poc
4 Autolab | | |
* Gold
) .P':itl:,"e‘:m DMEM (6.6,7.0] -0.00657 039  [LOE-6;1.0E5]
Micro-reactor Autolab Cyclic Voltammetry 0.0009 0.00279
Electrode PBS [6.4:7.0] -
i Portable
wires )
+ Gold 2 Potentiostat 0.0077 0.1
*  Platinum
. Silver Autolab 0015 0.74
DMEM ——" [6.4;7.0] -
ortable
-0.02 74
Potentiostat 0.020 0

3.2.3. pH monitoring using Chronopotentiometry and Chronoamperometry

After assessing that the CV strategy was not sensitive enough to monitor pH changes in the range
needed, the sensing strategy was changed to Chronoamperometry and Chronopotentiometry. In
a chronopotentiometry (CP) experiment, a constant current is applied, and the potential is
measured against time. Similarly, in a chronoamperometry experiment (CA) a constant potential

is applied, and the current is measured along time. For both, CP and CA, the current and potential
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values to apply should be extracted from the preliminary CV experiments, according to the
position of the oxidation and/or reduction peaks [111]. Accordingly, CP experiments were run at
1pA and 10pA. For the CA experiments, since the current values obtained from the experiments
were too low, a study was performed to find the best potential to be applied (Annex 5). It was
concluded to use 0.9 V and 1 V to obtain higher values of current.

Initial tests to choose the optimal EC configuration were performed in a beaker (Figure 11A)
containing 5 ml of PBS solution with pH values from 3 to 10. CP experiments were run at 14A and

A Au Pt Ag
i ...Chronopotentiometry
!l =
= o,
= g‘.z.‘. \\\,, _ E
U._‘,-U‘” o’ v 4 ke = Lo m s e
Time (sec) " Time (seq)
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I = 1A 500 F -
13F ® 10uA ]
—|_inear fit 1A
12 | —lnearitioga =00
=~ i <
< 17 = 4001
D 10} 5
8 L ss0t
L oot -
I © 300}
08} -
07l 250 P
2 3 4 5 B8 7 8 9 10 N

pH value (PBS)

Figure 11 - pHe monitoring outside of the MR. (A) new configuration used in experiments, for PBS solution.
(B) Autolab system used followed by typical chronoamperometry and chronopotentiometry curves. (C)
Chronopotentiometry electrochemistry method used with 1pA and 10pA in PBS solution versus pH value
(from 3.0 to 10). (D) Chronoamperometry electrochemistry method used with 0.9V applied voltage in PBS
solution versus pH value (from 3.0 to 10.0).

10pA over a period of 180 s, while CA experiments were run at 0.9 V during 180 s (Figure 11B).
When the current applied between the working and the counter electrodes was 1 pA the sensitivity
was 0.022 V/pH with a R? of 0.9. On the other hand, with a fixed current of 10 YA the sensitivity
was 0.054 V/pH with a R? 0.94. (Figure 11C). For the CA experiment, sensitivity was -2.4E-05
A/pH with a R? of 0.5, not following a trend line (Figure 11D). In this initial test, the method that

delivered better sensitivity with a better linear fit was the CP with an applied current of 10pA.

The configuration with better performance was then used to evaluate the sensitivity of pH
monitoring in DMEM. For this purpose, a beaker with 5 mL of media was used at pH values 7.6
to 8.1 (Figure 12A) and a CP at 10 pA was recorded using the Autolab system (Figure 12B). The
sensitivity was -0.036 V/pH with a R? of 0.31 (Figure 12C), which shows that the potential does
not follow a linear trend in the pH range of our interest and, hence this configuration cannot be

used to monitor the pH in our EC-MR.
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Figure 12 - pHe monitoring outside of the MR. (A) new configuration used in experiments, for DMEM solution.
(B)Autolab system used followed by typical chronopotentiometry curve. (C) Chronopotentiometry
electrochemistry method used with 10 pA applied current in DMEM solution versus pH value (from 7.65 to
8.05).

Since the literature reports on the poor stability of silver electrodes, and the improvement when
using a protective chloride layer [100], the configuration of the system was changed using
commercial Au, Pt and Ag/AgCl electrodes, as working, counter and reference respectively
(Figure 13A).

CP experiments were run at 1 pA and 10 pA using the Autolab system, while CP experiments
were run at an increased 1 V (Figure 13B). The CP method fitted to a linear regression with R? =
0.97 and a sensitivity of 0.012 V/pH at 1pA, and R? = 0.9 and sensitivity of 0.0065 V/pH at 10pA
(Figure 13C). The CA method showed a sensitivity of 7.5 pA/pH and a R? of 0.98 (Figure 13D).
As a conclusion, commercial electrodes delivered positive results using both CP and CA methods,

which can be explained by the improved stability of the Ag/AgClI reference electrode.
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Figure 13 - pHe monitoring outside of the MR. (A) new configuration used in experiments, for PBS. (B)
AUTOLAB system used followed by typical chronoamperometry and chronopotentiometry curves. (C)
Chronopotentiometry electrochemistry method used with 1pA and 10pA in PBS solution. (D)
Chronopotentiometry with 1 V of applied potential electrochemistry method used in PBS solution.

To replicate the new results with the wire electrodes, a new set of wires were prepared, including
a freshly coated Ag/AgCl reference electrode, and immersed in a beaker containing 5ml of PBS
(Figure 14A). CP (1 pA, 10 pA) and CA (0.9 V) experiments were performed in the Autolab (Figure
14B). The sensitivity of the system was evaluated in pH ranges 3 to 10 (Figures 14 C,D) and in
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the pH range of interest 7.0-7.5 (Figure 14 E,F). CA showed sensitivities of -9.2 pA/pH (R2 = 0.88)
and -3.7 E-04 A/pH (R2 = 0.81) in the large and small pH range, respectively. CP at 1uA showed
sensitivities of 0.043 V/pH (R? = 0.96, pH range 3-10) and 0.0029 V/pH (R?= 0.83, pH range 7.0-
7.4). CP at 10pA showed sensitivities of 0.11 V/pH (R? = 0.94, pH range 3-10) and 0.011 V/pH
(R?=0.80, pH range 7.0-7.4). In all cases, the linear fit was worse in the pH range of interest, but
the sensitivity was higher. Still, CP experiments showed better performance over CA.
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Figure 14 - pHe monitoring outside of the MR. (A) configuration used in experiments for PBS solution. (B)
AUTOLAB system used followed by typical chronoamperometry and chronopotentiometry curves. (C)
Chronoamperometry with 0.9 V potential applied electrochemistry method in PBS pH values (from 3.0 to 7.0).
(D) Chronopotentiometry electrochemistry method used with 1pA and 10pA current applied in PBS solution pH
value (from 3.0 to 10.0). (E) Chronoamperometry with 0.9 V potential applied electrochemistry method in PBS
pH values (from 7.0 to 7.4). (F) Chronopotentiometry electrochemistry method used with 1pA and 10pA current
applied in PBS solution pH value (from 7.0 to 7.4).
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CP measurements were repeated in DMEM in pH values from 7.65-8.05 using the Autolab system
(Figure 15A,B).

The sensitivity was 0.032 V/pH (R? = 0.075) at 1 pA (Figure 15C) and -0.053 V/pH (R? = 0.95) at
10pA (Figure 15D). Hence, it can be concluded that the best performance is obtained at 10 pA
with better sensitivity and regression coefficient above 0.9.

It is important to notice that, in the case of CP at 10 pA in PBS, the voltage increases with the
increase in pH, but decreases in cell media, which can be explained due to the different

composition of the solutions.
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Figure 15 - pHe monitoring outside of the MR. (A) Configuration used in experiments, for DMEM solution. (B)
AUTOLAB system used followed by typical chronopotentiometry curve. (D) Chronopotentiometry
electrochemistry method used with 1 pA current applied in DMEM solution of pH values (from 7.65 to 8.05).
(E) Chronopotentiometry electrochemistry method used with 10 pA current applied in DMEM solution of pH
values (from 7.65 to 8.05).

To test if the chloride coating was able to resolve stability in CV readings, new CV experiments

were run in the MR with the new electrode configuration. Results are included in Annex 6.

3.2.5. Calibration Curve

CP at 10 pA was chosen as the best method to measure the pH in the EC-MR. To obtain a final
calibration curve, the MR was filled with DMEM and the voltage was monitored at pH values from
6.4 to 7.4 in the Autolab (Figure 16A). Experiments were repeated 3 times in two different MRs

(Figure 16B). Each MR was able to resolve changes of 0.2 in the pH value, with a sensitivity of -
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53 mV/pH and R? of 0.86. To calculate the pH of the system from a certain value of potential, the

equation 3.2 was created:
_ 1.69—x
~ 0.053

(equation 3.2),

where y represents pH value and x represents the potential response in volts.
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Figure 16 - pHe monitoring outside of the MR. (A) Configuration used in experiments for calibration curve
inside the MR, for DMEM solutions in Autolab system with Chronopotentiometry method. (B)
Chronopotentiometry with 10 pA applied current, readings in 2 combined MRs. (C) Chronopotentiometry
method with 10 pA applied current, reading in 1 MR. (D) Chronopotentiometry method with 10 pA applied
current, reading in 1 MR.

Also, the chronoamperometry method was tested in the Autolab and PP systems inside the same
MR. The method was tested in DMEM to achieve a calibration curve in pH values (from 6.4 to
7.4) (Annex 7). This method was tested because Chronopotentiometry method is not possible to
be done in the P.P since it works in Potentiostat way. Further experiments are needed to test if it

is reproducible because experiments were done only 1 time.
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A summary with all the CP and CA experiments performed is included in Table 3. Also, the table

compromises the sensitivity and R2.

Table 3 - Sensitivity and Linear fit value for Chronopotentiometry and Chronoamperometry experiments in
Autolab system

. Slope .
El h R
Configuration Solution ect:ecthir;ustry Value (Zr:_lg)e (v/pH) R? U:'t
_ | (A/pH) _
) 10 pA [3; 10] - - v
A Potentiometry T T i
Electrode wires PBS 1pA [3;10] 0.021 0.907 | V
» Gold A t 0.9V (3; 10] 00535 | h89 | ma
« Platinum mperometry : ; . m
* silver ;
DMEM Potentiometry 10pA | [7.65;8.05] : Y
Potentiometry | 1pA | [3;10] | 0.01209 | 0.977 | V
. 10 pA [3; 10] 0.00645 0909 | V
Commercial electrodes T T T T
. Gold 0.1;0.2;
X PBS 0.3; 0.4; - - - nA
* Platinum Amperometry 05
+ Silver/Silver chloride s !
08V | - - - pa
1V | [3;10] 74966 | 0979 | pA
- [3;10) | 0.00288 | 096 |
Potentiometry H | [7.0; 7.4] 0.04274 0.839 | V
Wires Electrodes 3; 10] 0.01094 | 0.943 | v
*+ Gold PBS 10 pA |
‘ [7.0; 7.4] 0.11016 | 0.803 | V
° Platinum 3;10] | 9266 | 088 | pA
* Silver/Silver chloride Amperometry 09V [3; 10] cE0 | US| U
_ | [7.0;75] 3764 | 081 |mA
DMEM Potentiometry . 1pA [7.65; 8.05] | 0.032 0.075 | \
| 10pA | [7.65,8.05] @ -0.05325 & 095 | V
Micro rea::::::“(;;alibration DMEM Potentiometry 10 pA (6.4;7.4] 005321 | 086 | v

3.3. Cell culture in the micro-reactor

Scaffolds are frequently used to culture cells, due to their ability to allow cell growth, proliferation,
and adhesion in a special 3D distribution, providing researchers with a more physiological context
for their experiments [73]. MRs containing these 3D scaffolds and matrices show major
advantages to traditional cell cultures, but limitations such as oxygen and nutrient diffusion often
occurs, influencing cell growth and differentiation [112]. Dynamic cell culture systems can
overcome the limitations of oxygen and nutrients supply, also contributing to increased culturing
times [112]. The MR designed and fabricated in this thesis was aimed to contain a 3D scaffold

under a continuous flow to supply cells with fresh medium.

To demonstrate the ability of the system to culture cells in dynamic conditions, SK-BR-3 breast
cancer cells were seeded in the MR at a concentration of 5 E 5 cells/0.5 ml and cultured overnight
maintaining a constant media supply at 2 pl/min. 24 h after seeding, the cells were fixed, stained

with CK, HER2 and DAPI, and observed under a fluorescence microscope.
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Figure 17A shows the MR configuration used in the assay, where a glass window enabled in situ
fluorescence microscopy Figures 17B and 17C show brightfield and fluorescence images of the
cells in the MR under 20x and 60x magnification, respectively. As it can be observed, cells were

maintained in the device overnight and were distributed in different focal planes in the 3D scaffold.

A 5€E 5cells/ 0.5 mL _m
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Figure 17 - Immunofluorescence assay: (A) configuration used for the assay. (B) Immunofluorescence
images of bright filed image, DAPI, Anti-HER2, Anti-Pan Cytokeratin and overlay with 20x lens. Scale bars
are 100pum. (C) Immunofluorescence images of bright filed image, DAPI, Anti-HER2, Anti-Pan Cytokeratin
and overlay with 20x lens. Scale bars are 50um.

Since, one of the objectives of present work was to make a low-cost device using low amounts of
solutions, the cell concentration was reduced. Also, the available amount of cell medium inside
the MR is limited to 400 pL Cells were seeded at 2.5 E 5 cells/ 0.5 ml and cultured overnight under

dynamic conditions (Figure 18A). As before, 24 hours later cells were fixed, stained and observed
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using a fluorescence microscope. Again, results in Figure 18B show that cells were maintained

overnight in the MR.
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Figure 18 - Immunofluorescence assay: (A) configuration used for the assay. (B) Immunofluorescence
images of bright filed image, DAPI, Anti-HER2, Anti-Pan Cytokeratin and overlay with 20x lens. Scale bars
are 200pm.

3.4. Monitoring of cell culture pH in the micro-reactor

In order to monitor the pH value of the cell culture in the MR, cells were seeded at low
concentration 2.5 E 5 cells/ 0.5 ml and incubated over three days at 37°C in a 5% CO:2 humidified
atmosphere in static conditions (Figure 19A). To minimise the effect of the flow, and the constant
dilution of the culture pHe in the electrochemical readings, the cell culture was done in static
conditions. Consequently, one of the fluidic outlets was removed and replaced by a flask filter to
enable gas exchange (Figure 19B). On the third and fourth days, the MR was removed from the
incubator and CP measurements were taken. Between third and fourth day the cell medium was
changed overnight. The potential measurements on the 3" and 4" day were 8.9 V and 4 V (Figure
19C) which, according to equation 3.2, corresponded to pH values of -136 and -43, respectively
(Figure 19D). Obviously, these pH values are impossible, and some error was introduced in the
experiment. Potentially, this effect can be explained duo to the increased resistance that cells in

the GG-hydrogel offer to the current applied between the counter and working electrodes.
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Figure 19 - Cell culture inside MR. (A) Configuration used in cell culture, SK-BR-3 cancer cells,
measurements were done in Autolab system through chronopotentiometry method. (B) Photograph of
actual cell culture inside micro-reactor. (C) Readings of Chronopotentiometry (10pA) method in third and
Fourth day with the resultant potential. Static conditions in blue and cell medium replace in red(D) Time
(hour) versus theoretical pH value

To test our hypothesis, the concentration of cells in the hydrogel was reducedto 5 E3 and 1.5 E
4 cells / 0.5 mL respectively in 2 different MRs, hoping to decrease the cell resistance. Cells were
left 24h in static conditions and then fresh media was run through the MR continuously at 2uL/min
overnight, while potential was measured through CP experiments every few hours (Figure 20A).
In the MR with 5 E 3 cells, the potential varied greatly with no clear trend (Figure 20B), but in the
case of the MR with 1.5 E 4 cells the voltage increased steadily with time (Figure 20C).
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Using our calibration curve (equation 3.2), the theoretical pH values were calculated for the 2

MRs. The values obtained for the MR with 5 E 3 cells are beyond the pH range, and indicate an

error in the experimental setup, probably due to presence of air bubbles in the MR (Figure 21A).
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Figure 20 - Cell culture inside micro reactor. (A) Configuration used in cell culture, SK-BR-3 cancer cells,
measurements were done in Autolab system through chronopotentiometry method. (B) Readings of
Chronopotentiometry (10pA) method over 72 hours in 5 E 3 SK-BR-3 cells. Static conditions in blue and cell
medium replace in red. (C) Readings of Chronopotentiometry (10pA) method over 72 hours in 1.5 E 4 SK-
BR-3 cells. Static conditions in blue and cell medium replace in red.
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The pH values obtained for the second MR with 1.5 E 4 cells are also beyond range, but overall

indicate a pH decrease in 2 units after the 72 hours (Figure 21B).

At the end of the 4™ day of culture, cells were fixed, stained and observed under a fluorescence

microscope. Results of the immunofluorescence for the MRs with 5 E 3 and 1.5 E 4 cells are
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Figure 21 - Cell Culture inside MR. (A) Theoretical pH value for 5 E 3 SK-BR-3 cells, in 72 hours. (B)
Theoretical pH value for 1.5 E 4 SK-BR-3 cells, in 72 hours. (C) Immunofluorescence images of bright filed
image, DAPI, Anti-HER2, Anti-Pan Cytokeratin and overlay with 20x lens. Scale bars are 200pm. 5 E 3 SK-
BR-3 cells. (D Immunofluorescence images of bright filed image, DAPI, Anti-HER?2, Anti-Pan Cytokeratin and
overlay with 20x lens. Scale bars are 200um. 5 E 3 SK-BR-3 cells.

shown in Figure 21C and 21D, respectively. From the images is clear that no cells were left in
either of the 2 MRs. Presumably, the cells died from lack of fresh media the first hours in static

conditions and were washed out of the MR when dynamic conditions were applied.

It is clear that a new calibration curve needs to be prepared in real experimental conditions, to
understand the influence of the cell concentration on the overall voltage of the system. Also, the
conditions for long term dynamic cell culture need to be improved to ensure availability of fresh

media and gas exchange, while not detaching the cells and diluting the pHe in excess.
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4.Conclusion and future perspectives

The design, fabrication and optimisation of a new generation electrochemical micro-reactor was
successfully achieved. The EC-MR system was robust, leak-free, low cost and simple to use to
perform long term cell culture under dynamic conditions. The EC-MR enabled continuous

electrochemical monitoring while allowing for high resolution microscopy through a glass window.

Electrochemical measurements can be performed in the EC-MR without influencing the cell
culture, in a fast and simple way. Different sensing configurations were tested: cyclic voltammetry,
chronopotentiometry and chronoamperometry, using a commercial Autolab system and an in-
house built portable Potentiostat. Using the chronopotentiometry at 10 pA, a calibration curve was
made in DMEM to infer the value of the pH in the MR (R? = 0.86, experiments were repeated 6

times) achieving a sensitivity value of -53 mV/pH.

The MR accommodated a GG-hydrogel were SKBR3 cancer cells were cultured overnight in

dynamic conditions. Immunocytochemistry and fluorescence microscopy were performed in situ.

Despite cell culture and pH measurement were demonstrated independently, we failed to

demonstrate continuous pH monitoring of a cell culture in the MR.

The influence of cell concentration in the electrochemical measurements needs to be studied.

Also, the conditions for static and dynamic long term cell culture also need to be improved.

Future work will comprise the development of a portable potentiostat/galvanostat to enable
continuous electrochemical monitoring without removing the MR from the incubator. Once
conditions of cell culture and electrochemical monitoring are optimised, this novel MR can be

used for further in vitro studies, including drug testing.

30



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D
cancer cell cultures

5. Reference

[1] H. Kimura, Y. Sakai, and T. Fuijii, “Organ/body-on-a-chip based on microfluidic technology
for drug discovery,” Drug Metab. Pharmacokinet., vol. 33, no. 1, pp. 43—-48, Feb. 2018.

[2] M. B. Esch, T. L. King, and M. L. Shuler, “The Role of Body-on-a-Chip Devices in Drug
and Toxicity Studies,” Annu. Rev. Biomed. Eng., vol. 13, no. 1, pp. 55-72, 2011.

[3] J. P. Wikswo et al., “Engineering Challenges for Instrumenting and Controlling Integrated
Organ-on-Chip Systems,” IEEE Trans. Biomed. Eng., vol. 60, no. 3, pp. 682-690, 2013.

[4] A. Geralili et al., “Controlling Differentiation of Stem Cells for Developing Personalized
Organ-on-Chip Platforms,” Adv. Healthc. Mater., vol. 7, no. 2, p. 1700426, Jan. 2018.

[5] H. Avci, S. Erol, and A. Akpek, “Recent advances in organ-on-a-chip technologies and
future challenges: a review,” TURKISH J. Chem., vol. 42, no. 3, Jun. 2018.

[6] S. Ishida, “Organs-on-a-chip: Current applications and consideration points for in vitro
ADME-Tox studies,” Drug Metab. Pharmacokinet., vol. 33, no. 1, pp. 49-54, 2018.

[7] R. Grisler et al., Organ-on-a-Chip Platforms for Drug Delivery and Cell Characterization:
A Review, vol. 27, no. 2. 2015.

[8] E. E. Nelson and A. E. Guyer, “NIH Public Access,” vol. 1, no. 3, pp. 233-245, 2012.

[9] K. Tetsuka, M. Ohbuchi, and K. Tabata, “Recent Progress in Hepatocyte Culture Models
and Their Application to the Assessment of Drug Metabolism, Transport, and Toxicity in
Drug Discovery: The Value of Tissue Engineering for the Successful Development of a
Microphysiological System,” J. Pharm. Sci., vol. 106, no. 9, pp. 2302-2311, 2017.

[10] E.W. Esch, A. Bahinski, and D. Huh, “Organs-on - chips at the frontiers of drug discovery.”

[11] H. Olson et al., “Concordance of the Toxicity of Pharmaceuticals in Humans and in
Animals,” Regul. Toxicol. Pharmacol., vol. 32, no. 1, pp. 56-67, Aug. 2000.

[12] I. W. Mak, N. Evaniew, and M. Ghert, “Lost in translation: animal models and clinical trials
in cancer treatment,” Am. J. Transl. Res., vol. 6, no. 2, pp. 114-118, Jan. 2014.

[13] J. Seok et al., “Genomic responses in mouse models poorly mimic human inflammatory
diseases,” Proc. Natl. Acad. Sci., vol. 110, no. 9, pp. 3507 LP — 3512, Feb. 2013.

[14] V. C. Henderson, J. Kimmelman, D. Fergusson, J. M. Grimshaw, and D. G. Hackam,
“Threats to validity in the design and conduct of preclinical efficacy studies: a systematic
review of guidelines for in vivo animal experiments,” PLoS Med., vol. 10, no. 7, pp.
€1001489—e1001489, Jul. 2013.

[15] L. J. Lesko, M. Rowland, C. C. Peck, and T. F. Blaschke, “Optimizing the science of drug
development: opportunities for better candidate selection and ...,” Eur. J. Pharm. Sci., pp.
803-814, 2000.

[16] K. M. Yamada and E. Cukierman, “Modeling Tissue Morphogenesis and Cancer in 3D,”
Cell, vol. 130, no. 4, pp. 601-610, Aug. 2007.

[17] S. Sanyal, “Culture and Assay Systems Used for 3D Cell Culture,” Corning Cult. Assay
Syst. Used 3D Cell Cult., 2014.

[18] M. Kapatczynska et al., “2D and 3D cell cultures —a comparison of different types of cancer
cell cultures,” Arch. Med. Sci., vol. 14, no. 4, pp. 910-919, 2016.

[19] E.W. K. Young and D. J. Beebe, “Fundamentals of microfluidic cell culture in controlled
microenvironments,” Chem. Soc. Rev., vol. 39, no. 3, p. 1036, 2010.

[20] B. M. Baker and C. S. Chen, “Deconstructing the third dimension — how 3D culture
microenvironments alter cellular cues,” J. Cell Sci., vol. 125, no. 13, pp. 3015-3024, Jul.
2012.

[21] S.Chen, Y. Chang, S. Nieh, C. Liu, C. Yang, and Y. Lin, “Nonadhesive Culture System as
a Model of Rapid Sphere Formation with Cancer Stem Cell Properties,” vol. 7, no. 2, 2012.

[22] S. Khetan and J. A. Burdick, “Patterning network structure to spatially control cellular
remodeling and stem cell fate within 3-dimensional hydrogels,” Biomaterials, vol. 31, no.
32, pp. 8228-8234, 2010.

[23] J. A. Hickman et al., “Three-dimensional models of cancer for pharmacology and cancer
cell biology : Capturing tumor complexity in vitro / ex vivo,” pp. 1115-1128, 2014.

[24] L. G. Griffith and M. A. Swartz, “Capturing complex 3D tissue physiology in vitro,” Nat.
Rev. Mol. Cell Biol., vol. 7, p. 211, Mar. 2006.

[25] N. S. Bhise et al., “Organ-on-a-chip platforms for studying drug delivery systems,” J.
Control. Release, vol. 190, pp. 82-93, 2014.

[26] M. J. Bissell, A. Rizki, and I. S. Mian, “Tissue architecture: the ultimate regulator of breast

31



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D
cancer cell cultures

[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

epithelial function,” Curr. Opin. Cell Biol., vol. 15, no. 6, pp. 753—-762, 2003.

P. M. Gilbert et al., “Substrate Elasticity Regulates Skeletal Muscle Stem Cell Self-
Renewal in Culture,” Science (80-. )., vol. 329, no. 5995, pp. 1078-1081, Aug. 2010.
A.J. Engler, S. Sen, H. L. Sweeney, and D. E. Discher, “Matrix Elasticity Directs Stem Cell
Lineage Specification,” Cell, vol. 126, no. 4, pp. 677-689, Aug. 2006.

D. Cawkill and S. S. Eaglestone, “Evolution of cell-based reagent provision,” Drug Discov.
Today, vol. 12, no. 19-20, pp. 820-825, Oct. 2007.

J. Lee, M. J. Cuddihy, and N. A. Kotov, “Three-Dimensional Cell Culture Matrices: State
of the Art,” Tissue Eng. Part B Rev., vol. 14, no. 1, pp. 61-86, Mar. 2008.

K. A. Fitzgerald, M. Malhotra, C. M. Curtin, F. J. O’ Brien, and C. M. O’ Driscoll, “Life in 3D
is never flat: 3D models to optimise drug delivery,” J. Control. Release, vol. 215, pp. 39—
54, Oct. 2015.

Y. Fang and R. M. Eglen, “Three-Dimensional Cell Cultures in Drug Discovery and
Development,” SLAS Discov., vol. 22, no. 5, pp. 456472, 2017.

O. L. E. William, L. Rnnov-jessen, A. R. Howlettt, and M. J. Bissellt, “Interaction with
basement membrane serves to rapidly distinguish growth and differentiation pattern of
normal and malignant human breast epithelial cells,” vol. 89, no. October, pp. 9064—9068,
1992.

and C.-C. H. Young-Gwang Ko, Carlos C. Co, “Directing cell migration in continuous
microchannels by topographical amplification of natural directional persistence,” vol. 5, no.
3, pp. 379-390, 2014.

K. A. Kilian, B. Bugarija, B. T. Lahn, and M. Mrksich, “Geometric cues for directing the
differentiation of mesenchymal stem cells.,” Proc. Natl. Acad. Sci. U. S. A., vol. 107, no.
11, pp. 4872-7, 2010.

T. Mseka, J. R. Bamburg, and L. P. Cramer, “ADF/cofilin family proteins control formation
of oriented actin-filament bundles in the cell body to trigger fibroblast polarization,” J. Cell
Sci., vol. 120, no. 24, pp. 4332-4344, Dec. 2007.

P. D. Benya and J. D. Shaffer, “Dedifferentiated chondrocytes reexpress the differentiated
collagen phenotype when cultured in agarose gels,” Cell, vol. 30, no. 1, pp. 215-224, 1982.
S. Breslin and L. O’Driscoll, “Three-dimensional cell culture: the missing link in drug
discovery,” Drug Discov. Today, vol. 18, no. 5-6, pp. 240-249, Mar. 2013.

H. B. Frieboes, X. Zheng, C. H. Sun, B. Tromberg, R. Gatenby, and V. Cristini, “An
integrated computational/experimental model of tumor invasion,” Cancer Res., vol. 66, no.
3, pp. 1597-1604, 2006.

A. M. Lara, A. M. Lara, D. Gemma, and G. Bugufia, “Integrated sensors for overcoming
Organ-On-a-Chip monitoring challenges,” Thesis, 2017.

A. Birgersdotter, R. Sandberg, and I|. Ernberg, “Gene expression perturbation in vitro—A
growing case for three-dimensional (3D) culture systems,” Semin. Cancer Biol., vol. 15,
no. 5, pp. 405-412, Oct. 2005.

C. Li, M. Kato, L. Shiue, J. E. Shively, M. Ares, and R.-J. Lin, “Cell Type and Culture
Condition—Dependent Alternative Splicing in Human Breast Cancer Cells Revealed by
Splicing-Sensitive Microarrays,” Cancer Res., vol. 66, no. 4, pp. 1990-1999, Feb. 2006.
E. Fuchs, T. Tumbar, and G. Guasch, “Socializing with the Neighbors: Stem Cells and
Their Niche fied by experiments in which the fate of ESCs is moni-tored following their
subcutaneous injection into nude mice. ESCs isolated from a blastocyst-stage mouse em,”
Cell, vol. 116, pp. 769-778, 2004.

M. J. Gomez-Lechn et al., “Long-term expression of differentiated functions in hepatocytes
cultured in three-dimensional collagen matrix,” J. Cell. Physiol., vol. 177, no. 4, pp. 553—
562, Dec. 1998.

S. Ghosh et al., “Three-dimensional culture of melanoma cells profoundly affects gene
expression profile: A high density oligonucleotide array study,” J. Cell. Physiol., vol. 204,
no. 2, pp. 522-531, Aug. 2005.

C. E. Semino, J. R. Merok, G. G. Crane, G. Panagiotakos, and S. Zhang, “Functional
differentiation of hepatocyte-like spheroid structures from putative liver progenitor cells in
three-dimensional peptide scaffolds,” Differentiation, vol. 71, no. 4-5, pp. 262-270, Jun.
2003.

M. J. Powers, D. M. Janigian, K. E. Wack, C. S. Baker, D. B. Stolz, and L. G. Griffith,
“Functional Behavior of Primary Rat Liver Cells in a Three-Dimensional Perfused
Microarray Bioreactor,” Tissue Eng., vol. 8, no. 3, pp. 499-513, Jul. 2002.

B. B. Aggarwal, D. Danda, S. Gupta, and P. Gehlot, “Models for prevention and treatment

32



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D
cancer cell cultures

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]

[69]

[70]

[71]

[72]

[73]

of cancer: Problems vs promises,” Biochem. Pharmacol., vol. 78, no. 9, pp. 1083—-1094,
Nov. 2009.

R. Beever, “Orosphere assay: A method for propagation of head and neck cancer stem
cells,” Can. Fam. Physician, vol. 55, no. 7, pp. 691-6, Jul. 2009.

L.-B. Weiswald, D. Bellet, and V. Dangles-Marie, “Spherical Cancer Models in Tumor
Biology,” Neoplasia, vol. 17, no. 1, pp. 1-15, Jan. 2015.

T. SODUNKE, K. TURNER, S. CALDWELL, K. MCBRIDE, M. REGINATO, and H. NOH,
“Micropatterns of Matrigel for three-dimensional epithelial cultures,” Biomaterials, vol. 28,
no. 27, pp. 4006—4016, Sep. 2007.

J. Hoarau-Véchot, A. Rafii, C. Touboul, and J. Pasquier, “Halfway between 2D and Animal
Models: Are 3D Cultures the Ideal Tool to Study Cancer-Microenvironment Interactions?,”
Int. J. Mol. Sci., vol. 19, no. 1, p. 181, Jan. 2018.

D. Antoni, H. Burckel, E. Josset, and G. Noel, “Three-Dimensional Cell Culture: A
Breakthrough in Vivo,” Int. J. Mol. Sci., vol. 16, no. 12, pp. 5517-5527, Mar. 2015.

R. Edmondson, J. J. Broglie, A. F. Adcock, and L. Yang, “Three-Dimensional Cell Culture
Systems and Their Applications in Drug Discovery and Cell-Based Biosensors,” Assay
Drug Dev. Technol., vol. 12, no. 4, pp. 207-218, 2014.

J. M. Baust et al., “Best practices in cell culture: an overview,” Vitr. Cell. Dev. Biol. - Anim.,
vol. 53, no. 8, pp. 669-672, Sep. 2017.

P. Saglam-Metiner, S. Gulce-lz, and C. Biray-Avci, “Bioengineering-inspired three-
dimensional culture systems: Organoids to create tumor microenvironment,” Gene, vol.
686, pp. 203-212, Feb. 2019.

P. A. Janmey and C. A. McCulloch, “Cell Mechanics: Integrating Cell Responses to
Mechanical Stimuli,” Annu. Rev. Biomed. Eng., vol. 9, no. 1, pp. 1-34, 2007.

D. Huh, G. A. Hamilton, and D. E. Ingber, “From 3D cell culture to organs-on-chips,”
Trends Cell Biol., vol. 21, no. 12, pp. 745-754, Dec. 2011.

K. Duval et al., “Modeling Physiological Events in 2D vs. 3D Cell Culture,” Physiology, vol.
32, no. 4, pp. 266-277, 2017.

S. T. M. and Jitcy Saji Joseph and M. Ntwasa, “Two-Dimensional (2D) and Three-
Dimensional (3D) Cell Culturing in Drug Discovery,” Intech, vol. i, no. tourism, p. 13, 2016.
E. Knight and S. Przyborski, “Advances in 3D cell culture technologies enabling tissue-like
structures to be created in vitro,” J. Anat., vol. 227, no. 6, pp. 746—756, 2015.

X.Yin, B. E. Mead, H. Safaee, R. Langer, J. M. Karp, and O. Levy, “Engineering Stem Cell
Organoids,” Cell Stem Cell, vol. 18, no. 1, pp. 25-38, Jan. 2016.

C. Bouyer and F. Padilla, “Creating Scaffolds for 3D Neuronal Tissue Models,” Irbm, vol.
39, no. 1, pp. 4-8, 2018.

T. Rodrigues et al., “Emerging tumor spheroids technologies for 3D in vitro cancer
modeling,” Pharmacol. Ther., vol. 184, no. October 2017, pp. 201-211, 2018.

D. W. Hutmacher, “Scaffolds in tissue engineering bone and cartilage,” in The
Biomaterials: Silver Jubilee Compendium, vol. 21, Elsevier, 2000, pp. 175-189.

M. W. Tibbitt and K. S. Anseth, “Hydrogels as extracellular matrix mimics for 3D cell
culture,” Biotechnol. Bioeng., vol. 103, no. 4, pp. 655—663, Jul. 2009.

I. T. Ozbolat, W. Peng, and V. Ozbolat, “Application areas of 3D bioprinting,” Drug Discov.
Today, vol. 21, no. 8, pp. 1257-1271, 2016.

S. Knowlton, S. Onal, C. H. Yu, J. J. Zhao, and S. Tasoglu, “Bioprinting for cancer
research,” Trends Biotechnol., vol. 33, no. 9, pp. 504-513, Sep. 2015.

J. Li, M. Chen, X. Fan, and H. Zhou, “Recent advances in bioprinting techniques:
approaches, applications and future prospects,” J. Transl. Med., vol. 14, no. 1, p. 271,
Dec. 2016.

A. B. Dababneh and I. T. Ozbolat, “Bioprinting Technology: A Current State-of-the-Art
Review,” J. Manuf. Sci. Eng., vol. 136, no. 6, pp. 61011-61016, Oct. 2014.

S. M. King et al., “Development of 3D bioprinted human breast cancer for in vitro screening
of therapeutics targeted against cancer progression Tissue Applications and Systems
Engineering Groups Presentation Number: 1805 The NovoGen MMX ™ Bioprinter,” p.
6275, 2013.

B.-W. Huang and J.-Q. Gao, “Application of 3D cultured multicellular spheroid tumor
models in tumor-targeted drug delivery system research,” J. Control. Release, vol. 270,
pp. 246-259, Jan. 2018.

M. Panek, M. Grabacka, and M. Pierzchalska, “The formation of intestinal organoids in a
hanging drop culture,” Cytotechnology, vol. 70, no. 3, pp. 1085-1095, Jun. 2018.

33



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D
cancer cell cultures

[74]

[75]

[76]

[77]

[78]
[79]
[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]
[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

N. Torras, M. Garcia-Diaz, V. Fernandez-Majada, and E. Martinez, “Mimicking Epithelial
Tissues in Three-Dimensional Cell Culture Models,” Front. Bioeng. Biotechnol., vol. 6, no.
December, pp. 1-7, Dec. 2018.

M. Z. Jin, R. R. Han, G. Z. Qiu, X. C. Ju, G. Lou, and W. L. Jin, “Organoids: An intermediate
modeling platform in precision oncology,” Cancer Lett., vol. 414, pp. 174-180, 2018.

D. C. Duffy, J. C. McDonald, O. J. A. Schueller, and G. M. Whitesides, “Rapid Prototyping
of Microfluidic Systems in Poly(dimethylsiloxane),” Anal. Chem., vol. 70, no. 23, pp. 4974—
4984, Dec. 1998.

E. Leclerc, K. . Furukawa, F. Miyata, Y. Sakai, T. Ushida, and T. Fuijii, “Fabrication of
microstructures in photosensitive biodegradable polymers for tissue engineering
applications,” Biomaterials, vol. 25, no. 19, pp. 4683—-4690, Aug. 2004.

D. Huh, Y. Torisawa, G. A. Hamilton, H. J. Kim, and D. E. Ingber, “Microengineered
physiological biomimicry: Organs-on-Chips,” Lab Chip, vol. 12, no. 12, p. 2156, 2012.

S. N. Bhatia and D. E. Ingber, “Microfluidic organs-on-chips,” Nat. Biotechnol., vol. 32, p.
760, Aug. 2014.

G. M. Whitesides, “The origins and the future of microfluidics,” Nature, vol. 442, no. 7101,
pp. 368-373, 2006.

K.-J. Jang et al.,, “Human kidney proximal tubule-on-a-chip for drug transport and
nephrotoxicity assessment,” Integr. Biol., vol. 5, no. 9, pp. 1119-1129, Sep. 2013.

D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala, H. Y. Hsin, and D. E. Ingber,
“Reconstituting Organ-Level Lung Functions on a Chip,” Science (80-. )., vol. 328, no.
5986, pp. 1662—-1668, Jun. 2010.

H. J. Kim and D. E. Ingber, “Gut-on-a-Chip microenvironment induces human intestinal
cells to undergo villus differentiation,” Integr. Biol., vol. 5, no. 9, p. 1130, 2013.

A. Bhushan et al., “Towards a three-dimensional microfluidic liver platform for predicting
drug efficacy and toxicity in humans,” Stem Cell Res. Ther., vol. 4, no. Suppl 1, p. S16,
2013.

Z. Gorocs and A. Ozcan, “On-Chip Biomedical Imaging,” IEEE Rev. Biomed. Eng., vol. 6,
no. c, pp. 29-46, 2013.

K. Mahato, A. Srivastava, and P. Chandra, “Paper based diagnostics for personalized
health care: Emerging technologies and commercial aspects,” Biosens. Bioelectron., vol.
96, no. May, pp. 246-259, Oct. 2017.

S. V. Murphy, A. Atala, and A. Atala, Regenerative Medicine Technology. Boca Raton :
Taylor & Francis, 2017. | Series: Gene and cell: CRC Press, 2016.

N. J. Ronkainen, H. B. Halsall, and W. R. Heineman, “Electrochemical biosensors,” Chem.
Soc. Rev., vol. 39, no. 5, p. 1747, Oct. 2010.

G. Hanrahan, D. G. Patil, and J. Wang, “Electrochemical sensors for environmental
monitoring: design, development and applications,” J. Environ. Monit., vol. 6, no. 8, p. 657,
2004.

P. Chandra, N. X. Son, H.-B. Noh, R. N. Goyal, and Y.-B. Shim, “Investigation on the
downregulation of dopamine by acetaminophen administration based on their
simultaneous determination in urine,” Biosens. Bioelectron., vol. 39, no. 1, pp. 139-144,
Jan. 2013.

P. Chandra, H.-B. Noh, R. Pallela, and Y.-B. Shim, “Ultrasensitive detection of drug
resistant cancer cells in biological matrixes using an amperometric nanobiosensor,”
Biosens. Bioelectron., vol. 70, pp. 418-425, Aug. 2015.

H.-B. Noh, P. Chandra, J. O. Moon, and Y.-B. Shim, “In vivo detection of glutathione
disulfide and oxidative stress monitoring using a biosensor,” Biomaterials, vol. 33, no. 9,
pp. 2600-2607, Mar. 2012.

Y. Zhu, P. Chandra, K.-M. Song, C. Ban, and Y.-B. Shim, “Label-free detection of
kanamycin based on the aptamer-functionalized conducting polymer/gold
nanocomposite,” Biosens. Bioelectron., vol. 36, no. 1, pp. 29-34, Jun. 2012.

K. Mahato, A. Kumar, P. K. Maurya, and P. Chandra, “Shifting paradigm of cancer
diagnoses in clinically relevant samples based on miniaturized electrochemical
nanobiosensors and microfluidic devices,” Biosens. Bioelectron., vol. 100, no. July 2017,
pp. 411-428, 2018.

J.-G. Guan, Y.-Q. Miao, and Q.-J. Zhang, “Impedimetric biosensors,” J. Biosci. Bioeng.,
vol. 97, no. 4, pp. 219-226, 2004.

L. An, G. Wang, Y. Han, T. Li, P. Jin, and S. Liu, “Electrochemical biosensor for cancer
cell detection based on a surface 3D micro-array,” Lab Chip, vol. 18, no. 2, pp. 335-342,

34



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D
cancer cell cultures

[97]

[98]

[99]

[100]

[101]
[102]

[103]

[104]

[105]
[106]

[107]
[108]

[109]

[110]
[111]

[112]

2018.

H. Shashaani, M. Faramarzpour, M. Hassanpour, N. Namdar, A. Alikhani, and M.
Abdolahad, “Silicon nanowire based biosensing platform for electrochemical sensing of
Mebendazole drug activity on breast cancer cells,” Biosens. Bioelectron., vol. 85, pp. 363—
370, 2016.

P. M. Shaibani, H. Etayash, S. Naicker, K. Kaur, and T. Thundat, “Metabolic Study of
Cancer Cells Using a pH Sensitive Hydrogel Nanofiber Light Addressable Potentiometric
Sensor,” ACS Sensors, vol. 2, no. 1, pp. 151-156, Jan. 2017.

N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree, T. T. Eisenhart, and J. L.
Dempsey, “A Practical Beginner’s Guide to Cyclic Voltammetry,” J. Chem. Educ., vol. 95,
no. 2, pp. 197-206, 2018.

M. Sophocleous and J. K. Atkinson, “A review of screen-printed silver/silver chloride
(Ag/AgCl) reference electrodes potentially suitable for environmental potentiometric
sensors,” Sensors Actuators, A Phys., vol. 267, pp. 106-120, 2017.

D. Wei, D. M. Engelman, Y. K. Reshetnyak, and O. A. Andreev, “Mapping pH at Cancer
Cell Surfaces,” Mol. Imaging Biol., Apr. 2019.

P. P. Hsu and D. M. Sabatini, “Cancer Cell Metabolism: Warburg and Beyond,” Cell, vol.
134, no. 5, pp. 703-707, Sep. 2008.

D. Lagadic-Gossmann, L. Huc, and V. Lecureur, “Alterations of intracellular pH
homeostasis in apoptosis: Origins and roles,” Cell Death Differ., vol. 11, no. 9, pp. 953—
961, 2004.

J. Chiche, M. C. Brahimi-Horn, and J. Pouysségur, “Tumour hypoxia induces a metabolic
shift causing acidosis: A common feature in cancer,” J. Cell. Mol. Med., vol. 14, no. 4, pp.
771-794, 2010.

A. I. Hashim, X. Zhang, J. W. Wojtkowiak, G. V. Martinez, and R. J. Gillies, “Imaging pH
and metastasis,” NMR Biomed., vol. 24, no. 6, pp. 582-591, 2011.

M. Damaghi, J. W. Wojtkowiak, and R. J. Gillies, “pH sensing and regulation in cancer,”
Front. Physiol., vol. 4, no. December, pp. 1-10, 2013.

D. A. C. Brownson and C. E. Banks, The Handbook of Graphene Electrochemistry. 2014.
F. E. Galdino et al., “Graphite Screen-Printed Electrodes Applied for the Accurate and
Reagentless Sensing of pH,” Anal. Chem., vol. 87, no. 23, pp. 11666-11672, 2015.

R. D. A. A. Rajapaksha, U. Hashim, S. C. B. Gopinath, and C. A. N. Fernando, “Sensitive
pH detection on gold interdigitated electrodes as an electrochemical sensor,” Microsyst.
Technol., vol. 24, no. 4, pp. 1965-1974, 2018.

M. Lu and R. G. Compton, “Voltammetric pH sensing using carbon electrodes: Glassy
carbon behaves similarly to EPPG,” Analyst, vol. 139, no. 18, pp. 4599-4605, 2014.

T. W. Napporn et al., “Electrochemical Measurement Methods and Characterization on
the Cell Level,” in Fuel Cells and Hydrogen, Elsevier, 2018, pp. 175-214.

M. Tunesi, F. Fusco, F. Fiordaliso, A. Corbelli, G. Biella, and M. T. Raimondi, “Optimization
of a 3D dynamic culturing system for in vitro modeling of Frontotemporal
Neurodegeneration-relevant pathologic features,” Front. Aging Neurosci., vol. 8, no. JUN,
pp. 1-13, 2016.

35



Low cost rapid Prototyping of Microfluidic Bioreactor for electrochemical sensing of 3D

cancer cell cultures

Annex 1 — Types of cell culture

Table 4 -Types of cell culture with respective advantages and disadvantages

Types
of Cell Model Advantages Disadvantages
subtype
Culture
Petri dish: Extreme cell phenqtypes; _ceII-
i e . cell and cell-ECM interactions
2D cell Flask; Low cost; highly accessible, easy to i
- . o2 not reproduced;
culture | Multiwell | manipulate; simple S -
late oversmphﬁgd, no predictive
P power; no high-throughput;
Co-culture; mimic in vivo scenario;
good cell-cell a cell-ECM interactions; | Lack of vasculature; difficulty
compatible with microfluidics; high | in imaging; simplified structure
Scaffolds | reproducibility; Possible to high | with no shear stress, tension
content screening/high throughput | and compression; hard to
screening (HCS/HTS); High control | collect cells for analysis;
on mechanical properties
Chemlcal-physmal gradient; 'pos.smle Lack of HTS; material and cell
3D to high throughput production; co- have some requirements: lack
bioprinting | culture; possible to make special q '
of vasculature;
prototypes for research
3D cell Cr(])—culture; dynamic system W'tz Lack of vasculature; lack of
culture . | shear  stress,  tension anct ' uTs;  expensive  method;
Microfludic | compression; real time measurement TR . L
) . . | complex; Limited dimensions
platforms | and possible to use microscopy; ) Lo
. oo e | cause  of  microfabrication
support 3D tissue construction; mimic | . "
oo ; limitations;
in vivo scenario
Co-culture; Heterogeneity; Good in I;i'm'tﬁf(ijeéo ;?E?urgellv\%ﬁgjé
Spheroids | HTC/HCS; cell-cell and cell-ECM P i .
. o 2| shear stress; required
interactions; Long-term sustainability;
development of assays
Time consuming; lack of
. Mimic in vivo; person specific; | vasculature; hard for
Organoids

unchanged karyotype and phenotype;

HTS/HCS; costly; possible to
be variable
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Annex 2 - Components of Micro-reactor

A

Figure Al — Different components of MR. (A) 4mm screw. (B) Flangeless Fitting. (C) Big O-ring. (D) Inner
o-ring. (E) Cover slip. (F) GG-hydrogel. (G) Bottom part. (H) top part
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Annex 3 - ArtCAM program file

A

First generation

(i) Top part Bottom part
O O O O vee
© o @ (iii)
O O O ®
(ii) Top part Bottom part
® ® ® ®
@
©, ® ® @
B
(i) Top part Bottom part
(iii)
(ii) Top part Bottom part

A &

Figure A2 — ArtCAM file to fabricate micro-reactor first generation. (A) Inner parts of micro-reactor in: (i)
Design in ArtCAM. (ii) paths of end-mill tip. (iii) simulation of paths. (B) Outer parts of micro-reactor in: (i)
Design in AtCAM. (ii) paths of end-mill tip. (iii) simulation of paths.

The end-mill tops had 5 parameters, so the CNC machine was slow to don’t break up but fast
enough to make a fast fabrication. The parameters were stepover (mm), step down (mm), feed
rate (mm/seg), plunge rate (mm/seg) and spindle (r.p.m). For 1. mm end-mill tip values were: 0.5
for the first 4 parameters and 10000 for spindle. For 3 mm end-mill tip values were: 1.5 for the
first 4 parameters and 10000 for spindle.
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A
(1)

Second generation

(i)

Top part Bottom part
Top part Bottom part

(i)

Top part

Bottom part

(ii)

Top part

Bottom part

.

9

(iii)

(iii)

Figure A 3 - ArtCAM file to fabricate micro-reactor first generation. (A) Inner parts of micro-reactor in: (i)
Design in ArtCAM. (ii) paths of end-mill tip. (iii) simulation of paths. (B) Outer parts of micro-reactor in: (i)
Design in ArtCAM. (ii) paths of end-mill tip. (iii) simulation of paths.
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Annex 4 - GG-hydrogel properties
A

Diameter Height Pore Size Pore wall Porosity
(mm) (mm) (um) Thickness (%)
(km)

6.6+03 49+05 262+76 41+5 90%5

Figure A 4 -GG-hydrogel. (A) Dimensions of GG-hydrogel of diameter, height, Pore Size, Pore wall and
porosity obtained from (REF. END). (B) Photograph showing GG-hydrogel in: (i) dry conditions. (ii) soaked
with PBS solution. (iii) soaked with DMEM solution.
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Annex 5 - Chronoamperometry study

Chronoamperometry
3.0E-4
|
2.5E-4 -
2.0E-4
< 1.5E-4 -
1=
o
= 1.0E-4 |-
o
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Figure A 5 — Commercial set of electrodes in Chronoamperometry method. Different potentials used to get
correspondent value of current
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Annex 6 — CV on micro-reactor

Cyclic voltammetry

Voltage (V)
© o o o
o o o o
S & 3 o
1

o

o

a1

a1
|

0.050b—— 1
7.0 71 7.2 7.3 7.4 7.5
pH value (PBS)

Figure A 6 - CV readings with different pH values on PBS. The reference electrode was coated with CI

The sensitivity was 0.3 mV with a R? of 0.01. These values show that even with the coating in
the reference electrode CV was not capable of reaching a good sensitivity value. Also, the
readings didn’t follow the trend line.
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Annex 7 — Chronoamperometry for calibration
curve

Chronoamperometry - 0.9V

25
®  Autolab
1 e PP
Linear fit AUTOLAB u

20F Linear fit P.P
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05¢F

0.0 ' '

64 66 68 70 72 74
pH values (DMEM)

Figure A 7 — Chronoamperometry pH calibration curve in the range of pH from 6.4 to 7.4 in DMEM solution
in AUTOLAB and P.P systems, in the MR.

Besides it was achieved a calibration curve the electrochemical method only in possible to be
used in Galvanostatic system (such as AUTOLAB). The objective of this work is to take continuous
readings with the micro-reactor in the incubator due to the cell culture. The AUTOLAB system is
heavy and huge so it was aimed to use a small one. The Portable system only works on
Potentiostat method. From results the other method was chosen with a potential of 0.9 V applied.
The sensitivity of AUTOLAB was 1.2 pA/pH while for P.P was 0.7 pA/pH. This value show both
systems are sensitivity to changes in pH values. AUTOLAB followed a linear fit value of 0.79 and
P.P RZ2was 0.7.

The potential applied needs more studies to find a better potential for this type of configuration.
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Annex 8- Different colours in DMEM

HE - - . -
Figure A 8 - Different colour in DMEM due to acidification of solutions.
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